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ABSTRACT

Human adenoviruses (HAdVs) contain seven species (HAdV-A to -G), each associated with specific disease conditions. Among
these, HAAV-D includes those viruses associated with epidemic keratoconjunctivitis (EKC), a severe ocular surface infection.
The reasons for corneal tropism for some but not all HAdV-Ds are not known. The fiber protein is a major capsid protein; its
C-terminal “knob” mediates binding with host cell receptors to facilitate subsequent viral entry. In a comprehensive phyloge-
netic analysis of HAdV-D capsid genes, fiber knob gene sequences of HAdV-D types associated with EKC formed a unique clade.
By proteotyping analysis, EKC virus-associated fiber knobs were uniquely shared. Comparative structural modeling showed no
distinct variations in fiber knobs of EKC types but did show variation among HAdV-Ds in a region overlapping with the known
CD46 binding site in HAdV-B. We also found signature amino acid positions that distinguish EKC from non-EKC types, and by
in vitro studies we showed that corneal epithelial cell tropism can be predicted by the presence of a lysine or alanine at residue
240. This same amino acid residue in EKC viruses shows evidence for positive selection, suggesting that evolutionary pressure
enhances fitness in corneal infection, and may be a molecular determinant in EKC pathogenesis.

IMPORTANCE

Viruses adapt various survival strategies to gain entry into target host cells. Human adenovirus (HAdV) types are associated with
distinct disease conditions, yet evidence for connections between genotype and cellular tropism is generally lacking. Here, we
provide a structural and evolutionary basis for the association between specific genotypes within HAdV species D and epidemic
keratoconjunctivitis, a severe ocular surface infection. We find that HAdV-D fiber genes of major EKC pathogens, specifically the
fiber knob gene region, share a distinct phylogenetic clade. Deeper analysis of the fiber gene revealed that evolutionary pressure
at crucial amino acid sites has a significant impact on its structural conformation, which is likely important in host cell binding

and entry. Specific amino acids in hot spot residues provide a link to ocular cell tropism and possibly to corneal pathogenesis.

uman adenoviruses (HAdVs) are major causes of respiratory

disease, gastroenteritis, and keratoconjunctivitis (1-4).
HAAV infections are also a major concern in immunocompro-
mised hosts, with fatality rates as high as 55% (5). There are 72
HAAJVs currently genotyped in GenBank, which are classified into
seven species (HAdV-A to -G) as determined by whole-genome
analysis. The majority (n = 47) belong to HAdV-D, including
types 8, 37, 53, 54, 56, and 64 (6-12). Each of these has been
associated with epidemic keratoconjunctivitis (EKC), a highly
contagious ocular surface infection (13). HAdV-D evolves by ho-
mologous recombination within genes encoding the major HAdV
capsid proteins (14). For example, type 64 (previously typed as
19a) is a recombinant with types 19, 22, and 37 in the hexon,
penton base, and fiber genes, respectively (12). With no specific
antiviral treatment available for adenovirus infections, the evolu-
tion of new and potentially more virulent HAdV-Ds represents a
threat to public health.

Virus attachment to its host cell receptor is an obligatory step
in viral infection. Primary receptors identified for HAdV include
the coxsackie adenovirus receptor (CAR), membrane cofactor
CD46, and GD1a glycan (15-20), with the last two proposed as
receptors for the specific HAAV-D types associated with EKC. The
specific ligand on the adenovirus that first engages its host target
cell receptor is the fiber knob (16, 21), the most distal component
of the viral capsid. The fiber protein is a trimer; each fiber mono-
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mer consists of an N-terminal tail, a central shaft, and a C-termi-
nal knob binding domain (22). By crystallography and functional
analyses, Nilsson and colleagues showed direct interactions be-
tween the HAdV-D37 fiber knob and GD1a glycan (20). However,
they found no significant difference in GD1a glycan-fiber knob
interactions between EKC-causing and other, non-EKC-causing
HAAdV-D types. Therefore, GD1a glycan interactions alone do not
explain corneal tropism, leaving open the question of why certain
HAdV-Ds infect the cornea while others do not.

Amino acid mutations in residues at the molecular interface
between a viral ligand and its host cell receptor can facilitate a
survival advantage for the virus (23-25). Such positive selection
represents an evolutionary tactic for securing and expanding viral
tropism. However, evidence for positive selection in the fiber knob
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leading to corneal tropism is limited (26). In the work described
here, we demonstrate that the HAdV-D fiber knobs of viruses
associated with EKC form a unique phylogenetic clade, which is
not evident for other genomic regions. We also show amino acid
variations specific to EKC virus-associated fiber knobs. Finally, we
demonstrate how knowledge of specific amino acids in a particu-
lar fiber knob can be used to predict corneal epithelial tropism.
These results demonstrate for the first time a genomic correlate for
corneal tropism in EKC.

MATERIALS AND METHODS

Cell culture and virus purification. A549 (CCL-185), a human alveolar
carcinoma cell line, was obtained from American Type Culture Collection
(ATCC), Manassas, VA. Telomerase-immortalized human corneal epi-
thelial (THE) cells were the kind gift of Jerry Shay (University of Texas-
Southwestern Medical Center, Dallas, TX) and were maintained in de-
fined keratinocyte serum-free medium with supplements (Gibco, Grand
Island, NY). Primary human corneal fibroblasts (HCF) were derived from
human donor corneas and processed as previously described (20, 27) and
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin. All experiments with primary HCF were per-
formed at third passage.

HAdV-D37 and -D9 (GenBank accession no. DQ900900 and
AJ854486) were obtained from the ATCC. HAdV-D56 (accession no.
HM770721) was kindly provided by C. Henquell et al. (28). All three virus
stocks were grown in A549 cells, purified by CsCl gradient centrifugation,
dialyzed, and stored at —80°C. All viruses and cell lines tested negative for
endotoxin and mycoplasma contamination prior to use. Virus titration
was performed in A549 cells, and the 50% tissue culture infective dose
(TCIDs,) titer was calculated by the formula of Reed and Muench (29).

Proteotype analysis. The concept of proteotyping was first introduced
to study the evolution of avian influenza virus (30) and later applied to
HAdV-D recombination (14). A multiple amino acid sequence alignment
was performed using CLUSTALW in MEGAG6 (31). A phylogenetic tree
was constructed using the maximum-likelihood method with a bootstrap
test of 1,000 replicates and the JTT matrix-based model algorithm. In the
alignment, each amino acid was assigned a unique, arbitrary color. The
most commonly represented consensus amino acid was colored white,
and gaps in the alignment were colored black. Unique amino acids with a
threshold of <10% divergence were used to distinguish individual pro-
teotypes.

Homology modeling and structure validation. Homology fiber knob
models were built in Swiss ExPASy (http://swissmodel.expasy.org) using
the crystal structure of HAdV-D37 as the template (Protein Data Bank
[PDB] code 1UXA) (32). The structure validation was performed in
PROCHECK using the Structure Analysis and Verification Server (http:
//services.mbi.ucla.edu/SAVES/) for PROCHECK (33) and VERIFY3D
(34). The distribution of phi (¢)-psi () torsion angles in Ramachandran
plots showed at least 83% residues in most favored core region and fewer
than 1.2% residues in disallowed regions for the generated models. The
VERIFY3D results showed at least 98.38% of the residues with an averaged
3D-1D score =0.2. UCSF Chimera v1.9 (35) was used for visualization
and root mean square deviation (RMSD) analysis.

Cy3-virus labeling. HAdV-D37, HAdV-D56, and HAdV-D9 were
conjugated with Cy3 dye (GE Healthcare, Piscataway, NJ) as previously
described (36). Briefly, 1 mg of Cy3 dye was reconstituted in 1 ml of 0.1 M
sodium bicarbonate (pH 9.3). Labeling was performed by conjugating the
reconstituted Cy3 dye with ~10'? adenovirus particles/ml. The reconsti-
tuted dye was 20% of the final solution, and the mixture was incubated for
30 min in the dark with gentle mixing every 10 min. The Cy3-labeled virus
was then dialyzed overnight to remove the excess dye and aliquots stored
at 4°C for up to 4 weeks. We have previously established that Cy3 adher-
ence to HAAV capsid and subsequent intensity of fluorescence are inde-
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pendent of the HAAV genotype and that virus labeled with Cy3 grows to a
titer equal to that of unlabeled virus (37).

In vitro infection and confocal microscopy. A549, THE, and HCF
cells were grown to ~80% confluence on slide chambers (Nunc, Roches-
ter, NY), and Cy3-labeled virus was added and kept at 4°C for synchroni-
zation of infection. After 30 min, the cells were washed and incubated for
1 hat 37°C. The cells were then fixed in 4% paraformaldehyde for 10 min,
washed in phosphate-buffered saline (PBS) containing 2% bovine serum
albumin (BSA), permeabilized in a solution containing 0.1% Triton
X-100 in 2% BSA for 10 min, blocked in 2% BSA—PBS for 30 min, and
treated with 1 pug/ml of Alexa 488-conjugated phalloidin (Thermo Fisher
Scientific, Waltham, MA) for 45 min at room temperature. Cells were
then washed, and mounting medium containing DAPI (4,6-diamidino-
2-phenylindole) (Vectashield; Vector Laboratories, Burlingame, CA) was
added. Sealed coverslip slides were then scanned with a confocal laser
scanning microscope (TCS SP5; Leica, Heidelberg, MA). Quantification
of the Cy3 label was performed using image processing and analysis
(Image] v1.49, National Institutes of Health, Bethesda, MD). For each
virus and cell type, 10 randomly chosen high-power fields (X1,000) with
at least 20 cells were quantified and plotted as pixel units per cell. Each
experiment was repeated three times.

Quantitative reverse transcription-PCR (qRT-PCR). Cells were in-
fected with HAdV-D37, -D56, or -D9 at multiplicity of infection (MOI) of
10 for 1 and 2 h, washed with PBS and lysed in TRIzol (Zymo Research,
Irvine, CA). RNA was extracted using the Direct-zol RNA kit (Zymo)
according to the manufacturer’s instructions, and the eluent was treated
with Turbo DNase (Ambion, Austin, TX) for 30 min at 37°C. For cDNA
synthesis, 500 ng of RNA was reverse transcribed using oligo(dT) and
Moloney murine leukemia virus (M-MLV) reverse transcriptase (Pro-
mega, Madison, WI) according to the manufacturer’s instructions. Real-
time PCR was performed with Fast SYBR green mix (Thermo Fischer
Scientific, Waltham, MA) in the QuantStudio 3 system (Thermo Fischer
Scientific) with consensus E1A primers for HAdV-D37, -D56, and -D9,
designed using NCBI Primer-BLAST (http://www.ncbinlm.nih.gov
/tools/primer-blast/). The forward and reverse primer sequences were
5'-GAA GGT TTT CCT CCCAGC GA and 5'-CTT ATC CCG GTG GTA
CTG GCA, respectively. Human GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) primers were applied as an internal normalization con-
trol. Data were analyzed by the comparative threshold cycle (C;) method.
Each experimental condition was analyzed in triplicate wells and repeated
three times.

Selection pressure analysis. To identify fiber codons under positive
selection, relative rates of synonymous substitutions per site (dS) and
nonsynonymous substitutions per site (dN) were calculated using the
HyPhy package in Datamonkey (http://www.datamonkey.org/) (38, 39).
The sequence alignment was analyzed using genetic algorithm recombi-
nation detection (GARD) to account for recombination bias, followed by
internal fixed-effects likelihood (IFEL) modeling, which is a more conser-
vative method. A P value of <0.10 was considered significant (40, 41).

Statistical analysis. The Shapiro-Wilk W test was performed for anal-
ysis of normal distribution. Medians with interquartile ranges (IQR) were
used to describe variables with skewed distribution and the data analyzed
by the Kruskal-Wallis test. Relative gene expression levels were analyzed
by two-way analysis of variance (ANOVA), and a P value of <0.05 was
considered statistically significant. Except for IFEL modeling, all analyses
were performed using STATA 11 (StataCorp. College Station, TX) or
GraphPad Prism v6.0 (GraphPad Software, San Diego, CA).

RESULTS

EKC-associated HAdV-D types form a distinct fiber clade and
closely adjacent proteotypes. The major proteins of the adenovi-
rus capsid are the hexon, penton base, and fiber. For HAdV-D, the
corresponding genes are stereotypically hypervariable in compar-
ison to the rest of the genome (14). We focused our analyses on the
fiber knob region, given its known importance to initial binding of
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FIG 1 Fiber knob proteotyping alignments for 48 HAdV-D proteins. (A) Maximum-likelihood phylogenetic tree and amino acid signatures (proteotypes) for
fiber knob proteins. For proteotype assignments, each amino acid that varied from the consensus sequence was assigned a unique color (bottom right).
Consensus amino acids at each position across all 48 viruses were assigned white, and gaps in the alignment are shown in black. All six EKC-associated viruses
form closely associated fiber knob clusters. (B) Proteotypes of aligned vertical colored bars (as shown in panel A) that were <10% different and match the
clade-guided sequence alignment are numbered in order for all three major capsid proteins. EKC viruses shared two fiber knob proteotypes (HAdV-DS8, -D53,
-D54, and -D56 in proteotype 1 and HAdV-D37 and -D64 in proteotype 3). Hexon and penton base proteotypes were considerably different. The HAdV-D65
proteotype was not determined for hexon and penton base and therefore is not included.

HAGJV to host cell receptors. In a comprehensive analysis of all 47
HAAdV-D types currently in GenBank plus one novel HAdV-D
(accession no. KF268200), we applied proteotyping (30) to iden-
tify uniquely shared fiber knob protein types. The generated max-
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imum-likelihood tree and the amino acid alignment reveal a pat-
tern where the six EKC-associated viruses, along with five others,
form a closely associated “EKC clade” (Fig. 1A). The non-EKC
HAdV-Ds also present in the EKC clade were HAdV-D9, -D10,
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FIG 2 Comparative structural analysis of EKC and non-EKC fiber knobs. Homology modeling of fiber proteins was performed using an HAdV-D37 template
(PDB ID 1UXA). EKC fiber proteins for HAdV-D8 and -D37 are 100% identical to those for HAdV-D53 and -D64, respectively. Therefore, representative types
are modeled. (A and B) Superimpositions of HAdV-D37 (tan) with EKC-associated virus types (A) and representative non-EKC types (B). The F-G and C'-D
loops with significant conformational changes are indicated by black arrows. The inset shows a close-up view of the conformational changes, with HAdV-D37
amino acids indicated in red. Structural variations observed in the F-G loop were common for both EKC and non-EKC viruses. In addition, the distant non-EKC
clade types (HAdV-D67 and -D72) showed structural variations in the C'-D loop. (C) RMSD values of two superimposed structures and corresponding protein
sequence identity. (D) The secondary structure of HAdV-D37 fiber knob protein shows a-helices (cylinders), B-strands (arrows), and terminal ends (yellow

box). The conformational changes shown in panels A and B indicate the beta strand connecting loops.

-D19, -D59, and -D65. In total, using an arbitrary threshold of
<10% amino acid divergence to distinguish unique proteotypes
(14), we found 24 distinct fiber knob proteotypes among 48
HAdV-D viral genotypes (data not shown).

A tabular form of capsid protein proteotyping for the EKC
clade, when anchored on the fiber knob (Fig. 1B), shows EKC
viruses grouped into two closely adjacent proteotypes, suggesting
a direct link between the fiber knob and corneal tropism. Other
major capsid proteins, for example, the penton base, may also play
a role in tropism. The penton base contains two hypervariable
loops, the first with unknown function and the second containing
an Arg-Gly-Asp (RGD) motif important to viral internalization.
After primary binding of the fiber knob to its host cell receptor, the
RGD motifs on the five-sided penton base capsomer bind to host
cellular integrins to mediate endocytosis of the virus (42—45). We
previously showed that the two corresponding hypervariable re-
gions of the penton base open reading frame frequently undergo
homologous recombination (14, 46), and we have suggested that
penton base hypervariable regions may be important to viral
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pathogenesis (47). Our proteotyping analysis showed that the two
hypervariable loops of the penton base protein of the EKC virus
HAdV-D56 and the non-EKC virus HAdV-D9 are shared, as was
previously shown (10). The first hypervariable loop of HAdV-D56
is also shared with HAdV-D8 and -D10. Otherwise, no EKC virus
falls in the same penton base proteotype as any other EKC virus.
The hexon protein is the most abundant protein in the viral cap-
sid, with 240 hexon trimers in every capsid. The hexon protein’s
two closely adjacent hypervariable loops form the epsilon deter-
minant responsible for humoral immune responses and permit
differentiation of serotypes by serum neutralization testing. No
EKC virus shared a hexon proteotype with any other EKC virus.
Therefore, for the major capsid genes, the fiber knob region was
uniquely similar within the six EKC types, consistent with a role in
pathogenesis.

EKC-associated viruses do not exhibit a unique fiber knob
conformation. As discussed above, the adenovirus fiber knob me-
diates primary interaction with the host cell. To determine
whether EKC virus fiber knobs share a unique structure, we con-
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FIG 3 Receptor binding sites and observed structural variations in fiber knob proteins. (A) Known cellular receptor interactions of CAR, CD46, and GD1a glycan
are mapped in the surface-filled representation of the HAdV-D37 structural model (PDB ID 1UXA) and indicated in blue, pink, and red, respectively. (B)
Structural variations of EKC and non-EKC viruses identified by comparative modeling were located (orange). The observed conformational changes did not
overlap the GD1a glycan or coxsackie adenovirus receptors (CAR), but the conformational change identified in the F-G loop partially overlapped the known

CD46 interaction site.

structed homology models for structural comparisons of the fiber
knobs of EKC (Fig. 2A) and representative non-EKC viruses (Fig.
2B). The models were superimposed on the HAdV-D37 structure
for comparison, and the structural divergences were measured by
root mean square deviation (RMSD) (Fig. 2C). Each fiber knob
monomer had 12 B-strands and 3 «-helices, and observed struc-
tural variations were located accordingly (Fig. 2D). Consistent
with the phylogenetic data, the RMSD values of superimposed
structures showed a definite relationship. Comparison of struc-
tural models within EKC viruses showed conformational changes
in the F-G connecting loop with RMSD values between 0.130 and
0.138. In addition to T297S and T/A298N substitutions, a glycine
residue absent in HAdV-D37 gave an altered conformation at this
F-G loop (Fig. 2A). Similar structural divergence was observed
within closely identical non-EKC types in the F-G loop. Therefore,
although we found structural variations at distinct loci when com-
paring one HAdV-D virus to another, we could not identify con-
formational changes specific to EKC viruses. The RMSD values
were high for distant clades (representative types 29, 67, and 72),
illustrating increased structural divergence, and showed an addi-
tional conformational change at C'-D connecting loops (Fig. 2B).
Types 10 and 19 had identical residues at these crucial positions
and therefore showed no structural variation (data not shown).
Structural variations among fiber knobs overlap the CD46
receptor binding site. To determine if the observed structural
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variations overlap cellular receptor binding sites, we mapped the
known HAdV-cellular receptor interactions for CAR, CD46, and
GD1a glycan on the homology model (16, 20, 32, 44, 48-54). The
two structural variations viewed in a surface filled model (Fig. 3)
showed partial overlap with the CD46 receptor interaction sites at
the F-G loop (Fig. 3B). Further analyses of amino acid differences
in the same receptor interaction sites did not identify specific
amino acid differences between EKC and non-EKC types within
the EKC clade. It is noteworthy that HAdV-D17, chosen for inclu-
sion in the analysis because it was closely related phylogenetically
but not in a shared proteotype with the any of the EKC viruses,
showed more amino acid variations than the other viruses within
the EKC clade (data not shown).

Specific fiber knob amino acids differentiate EKC viruses
from non-EKC viruses. To further probe for characteristics of the
fiber knob specific to EKC viruses, we analyzed an alignment of
EKC clade sequences (Fig. 1A), including the six viruses associated
with EKC, the five other viruses in the EKC clade, and HAdV-D17
(Fig. 4). Upon comparison between EKC and non-EKC viruses in
the EKC clade, amino acid residues at three positions showed
considerable variation. In particular, residue 240 showed five dis-
tinct amino acids. EKC-associated viruses had lysine (K) or ala-
nine (A) at residue 240. Two non-EKC viruses, HAdV-D9 and
-D59, also had alanine at residue 240. The other non-EKC types
contained glutamic acid (E), serine (S), or threonine (T). Com-
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FIG 4 Amino acid differences between EKC and non-EKC viruses in the EKC clade. A multiple-sequence alignment of EKC and non-EKC fiber knobs is shown.
Amino acid residues are color coded by residue type. Residues that differ between EKC and non-EKC types are boxed in red and the highly varied positions are
indicated by arrows. HAdV-D17, a divergent clade control, showed comparatively high amino acid substitutions. Amino acid start positions are according to the

HAdV-D37 sequence (accession no. DQ900900).

pared to the EKC viruses, the non-EKC type D19 had only a single
amino acid substitution at position 240, type 65 had substitutions
at positions 240 and 252, and type 59 had an amino acid substitu-
tion at position 350. In addition to the amino acid substitution at
position 240, HAdV-D10 had amino acid substitutions at five
other positions.

In natural infection of the human cornea during EKC, adeno-
virus enters and replicates first in the corneal epithelium (55). We
have previously shown that a telomerase-immortalized human
corneal epithelial cell line (THE) can recapitulate corneal tropism;
EKC viruses readily enter and traffic in THE cells, while non-EKC
viruses do not (12, 37). EKC is defined in part by corneal infection,
and adenovirus keratitis occurs only in the context of EKC. There-
fore, corneal tropism appears to be a requisite component of EKC.
The non-EKC virus HAdV-D9 contained an alanine at residue 240
and closely resembled the EKC virus type 56 in the fiber knob and
in the consensus EKC fiber shaft (reference 10 and data not
shown). Therefore, we predicted that type 9 should also enter THE
cells. We tested this hypothesis by comparing cellular entry of
Cy3-labeled HAdV-D9 virus with that of two EKC virus types,
HAdV-D56 and HAdV-D37, in both THE cells and primary HCF,
with A549 cells as a control. At 1 h postinfection (hpi), a time at
which we previously demonstrated differential entry of HAdV-
D19 and -D64 into the same two corneal cell types (12), HAdV-D9
appeared to enter both (Fig. 5A). Quantification of red signal with
Image] that showed entry of HAdV-D9 into THE cells at 1 hpi was
greater than that of the EKC virus HAdV-D56 (P < 0.05) (Fig. 5B)
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although less than HAdV-D37. By real-time RT-PCR, HAdV-D9
E1A gene expression in THE cells was greater than that of HAdV-
D56 at 1 hpi (P < 0.05) (Fig. 5C) and was essentially equal to that
of HAdV-D37 (the latter is known to cause particularly severe
EKC infections). By 2 hpi, there was no significant difference in
viral gene expression between viruses (P > 0.05).

Fiber knob residues under positive selection determine the
cellular specificity of EKC viruses. Selection pressure on a gene
can be estimated by the ratio of nonsynonymous substitutions
(dN) to synonymous substitutions (dS). A finding of a dN/dS ratio
of >1 for a given amino acid position indicates positive selection,
in which individual changes in hot spot residues are believed to
increase viral fitness. In order to determine if certain virus types
have an evolutionary advantage in EKC, we performed selection
pressure analysis of the complete fiber genes of all 48 HAdV-Ds
analyzed above. By codon-based selection pressure analysis us-
ing IFEL models, seven positively selected sites were identified
(Table 1). Interestingly, the amino acid at position 240, shown
above to be involved in an altered structural conformation at
the C'-D loop and which was also consistently identified as an
amino acid that differentiates EKC and non-EKC types, ap-
peared to be under positive selection pressure (P = 0.01).
Three other positively selected sites were identified in the N-
terminal tail region and another three codons in the fiber knob
at positions 306, 321, and 324, all in close proximity to the
GD1a glycan binding site (data not shown). These data suggest
that these latter positively selected sites may enhance receptor
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TABLE 1 Selection pressure analysis of human adenovirus D fiber
codons for the total 48 reference sequences

Normalized

Codon” ds dN dN/dS dN — dS P value®
2 0 0.324 Infinite 0.030 0.016
73 0 0.515 Infinite 0.048 0.08

87 0 0.343 Infinite 0.032 0.06
240 0 10.111 Infinite 0.94 0.01
306 1.538 6.203 4.032 0.433 0.07
321 0.235 1.659 7.067 0.132 0.06
324 0.534 3.749 7.023 0.29 0.08

“ Codon positions are according to the HAdV-D37 sequence.
b P value with default GARD and IFEL analysis models (significance levels of <0.1).

binding interactions for other tissue sites but that amino acid
240 is a crucial residue for corneal tropism.

DISCUSSION

Our analyses provide a structural basis for understanding
HAdV-D fiber knob evolution and tropism. By phylogenetic and
proteotyping analysis of the major capsid proteins of character-
ized HAAV-D types, we demonstrated a unique relatedness
among all six EKC-associated viruses in the whole fiber protein
and also in the fiber knob alone, but not in the penton base or
hexon. We next aimed to determine potential structural related-
ness within EKC viruses that might influence cellular binding and
contribute to disease. Comparisons of fiber knob protein models
showed substantial structural variations at two positions, the F-G
and C’'-D connecting loops, but conformational changes in these
regions were observed in both EKC and non-EKC types and did
not distinguish them.

The fiber protein is one of three major capsid proteins and is
responsible for initial attachment of adenovirus to host cell recep-
tors. Despite an absence of distinct structural features at the fiber
knob that might distinguish EKC types, we sought to determine if
the observed conformational changes overlap the known binding
sites for the known HAdV host cell receptors CAR, CD46, and
GDla glycan. Indeed, the conformational variation at the
HAAdV-D fiber knob F-G loop partially overlapped with the
CD46 binding site established for HAdV-B (50). However, our
data showed that the conformational change at this position is
not specifically related to tropism specificity in EKC. Structural
variations in the F-G loop were common for both EKC and
non-EKC types, and no defining amino acid differences were
identified in the recognized interacting sites. We also mapped
the interacting positions previously established for HAdV-B11
and HAdV-A12 (17, 50) and found a similar knob F-G loop
(data not shown).

Wu and coworkers previously showed that the HAdV-D37 fi-
ber knob directly binds the extracellular domain of CD46, but the
interacting amino acid determinants were not studied (19). In
other work, the rigidity of the fiber shaft was shown to be a possi-
ble factor in tropism (56). However, using a human conjunctival
cell line also shown to contain HeLa markers (57) and recombi-
nant wild-type and mutant fiber proteins, Huang and colleagues
demonstrated that a single amino acid substitution in the non-
EKC-causing Ad19 fiber knob, Glu240 to Lys, conferred binding,
while the reverse substitution in the Ad37 fiber knob abrogated
binding (26). Amino acid 240 is not in a known cellular interac-
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tion site. In our analysis of amino acids at residue 240, we noted
that EKC-associated types had lysine or alanine. Two non-EKC
viruses, HAdV-D9 and -D59, also had alanine substitutions at
amino acid position 240, but HAdV-D59 had an additional
N350D substitution. Therefore, we tested whether HAdV-D?9,
with an alanine at fiber knob amino acid 240 similar to the case for
EKC viruses, would confer corneal epithelial cell tropism. To per-
form these studies, we used THE cells, which were previously
shown to accurately recapitulate corneal tropism for EKC-associ-
ated viruses within HAAV-D (12, 37, 47). We compared
HAdV-D9 entry and early gene expression with those of the EKC
viruses HAdV-D37 and -D56. HAdV-D9 infection of THE cells
was as robust as that of HAdV-D37 and greater than that of
HAdV-D56. Interestingly, the ATCC reported years previously
that their HAdV-D8 isolate was contaminated with HAdV-D9
and -D10 (58), raising the speculation that HAdV-D9 might
also be a cause of EKC, albeit rarely isolated. We previously
showed that HAdV-D19 demonstrates reduced viral entry into
THE cells in comparison with HAdV-D64 (12). The fiber knobs
of these viruses differ in only two amino acids in total, at posi-
tions 240 and 340. In the latter, the asparagine (N) in HAdV-
D19 is also found in other EKC viruses, not including HAdV-
D37 and -D64. These data add further evidence for the possible
importance of amino acid 240 to corneal tropism and, by asso-
ciation, to EKC.

Lysine is a positively charged amino acid, and its polarity can
enhance electrostatic interactions between a ligand and its recep-
tor. Lys345 was suggested to play a crucial role in HAdV-D37
binding to sialicacid (59). Similarly, lysine residues are involved in
HAJdV-CAR interactions (4, 24). It is possible that three adjacent
lysine residues, at positions 236, 242, and 247, stabilize the inter-
actions to result in increased virulence. Similar to the crucial lysine
fence in the globular head of hemagglutinin, and associated with
pandemic influenza A/HINT (2009) virus (60, 61), our proposed
crucial lysine residues are structurally exposed on the outer sur-
face of the fiber knob (data not shown). We therefore speculate
that position 240 is a hot spot and a novel interaction site for virus
attachment and cell entry.

In conclusion, protein structure and evolutionary fitness are
closely linked (62). Selection pressure leads to evolutionary con-
sequences, wherein individual changes at hot spot residues can
select for a survival benefit or disadvantage. A ratio of nonsynony-
mous to synonymous mutations of greater than 1 at a particular
codon indicates positive selection and is consistent with increased
fitness. Our analysis revealed positive selection at seven positions
in the fiber domain, including codon 240. Positive selection at this
codon correlated with structural variation in the fiber knob C'-D
loop and paralleled the finding of amino acids specific to EKC
viruses. These data provide circumstantial evidence for the possi-
ble role of amino acid 240 as a molecular determinant for corneal
tropism and EKC pathogenesis.
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