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Insights into retinal disease and non-tubulin
glutamylation from a RPGR-TTLL5 complex

structure

James H. Park™*@, Richard J.Y. Liu™*®, Xun Sun?*@®, Kishore K. Mahalingan'@®, Suja Hiriyanna?@®, Tiansen Li?@®, and Antonina Roll-Mecak>®

Mutations in retinitis pigmentosa GTPase regulator (RPGR) cause photoreceptor degeneration, vision loss, and eventual
blindness. RPGR function requires glutamylation by tubulin tyrosine ligase-like 5 (TTLL5) whose mutation is also linked to
severe forms of retinal degeneration. How TTLL5 targets RPGR and how mutations in either protein cause disease are
unknown. Here we report the 2.8-A X-ray crystal structure of the coactivator interacting domain (CID) of human TTLL5 in
complex with the RPGR C terminus, both required for glutamylation. The RPGR C terminus forms a helix that intercalates
through aromatic interactions into the CID helical bundle of novel fold. Interfacial residues are mutated in retinitis
pigmentosa, as well as macular degeneration of unknown etiology. Key mutations at this interface abolish RPGR-TTLL5
interaction in vitro and RPGR glutamylation in mouse photoreceptors. Our work reveals mechanisms of non-tubulin substrate
recognition by TTLL glutamylases, increasingly recognized as broad regulators of the proteome, and sheds light on
mechanisms of disease associated with TTLL5 and RPGR mutations.

Introduction

Mutations in retinitis pigmentosa GTPase regulator (RPGR)
cause 70% of X-linked retinitis pigmentosa, a degenerative
retinal disease that causes blindness (Bader et al., 2003; Meind]l
et al., 1996; Vervoort et al., 2000). In severe cases, visual field
reduction and diminished night vision manifest during child-
hood (Iannaccone et al., 2003). As disease progresses, photo-
receptor outer segments degenerate, and retinal pigmentation
diminishes. The most affected males experience total blindness
by middle age (Bird, 1975). In addition to retinitis pigmentosa,
RPGR mutations are found in cone-rod or cone dystrophy as
well as macular dystrophy (Kolawole et al., 2023; Sergouniotis
et al., 2014). Therefore, RPGR function is intimately associated
with normal retinal function and aging. RPGR is a multi-
domain protein with two major isoforms. The regulator of
chromosome condensation 1 (RCC1)-like guanidine nucle-
otide exchange factor domain is present in both the default
(RPGRPefault) and retina-specific (RPGRORF15) isoforms (Fig. 1 A).
While disease mutations localize to the RCC1-like domain
(Buraczynska et al., 1997), 80% of retinitis pigmentosa-causing
mutations concentrate in the long C-terminal region of the

retina-specific splice variant RPGRO®¥15 in which a portion of
intron 15 replaces exons 16-19 of RPGRPefault (Breuer et al.,
2002; Hong et al., 2003; Mears et al., 2000; Pelletier et al., 2007,
Vervoort et al., 2000) (Fig. 1 A). This extended 3’ region of ORF15
encodes Glu-Gly repeats spanning nearly 400 residues, followed by
a ~ 100 residue-long C-terminal basic domain (BD). The RPGRORF!5
Glu-Gly repeats are similar in length and sequence to the C-terminal
tails of tubulin, which are hotspots for posttranslational regu-
lation (Roll-Mecak, 2020). Like the tubulin tails, the RPGRORF15
Glu-Gly repeats are glutamylated by a member of the tubulin ty-
rosine ligase-like (TTLL) family of enzymes (Sun et al., 2016). These
enzymes add glutamate chains of variable lengths to internal glu-
tamate residues in proteins (Janke et al., 2005). Glutamylation of
RPGR by TTLLS5 is essential for retinal health (Bedoni et al., 2016;
Sun et al., 2016) and loss of TTLL5 phenocopies loss of RPGR,
leading to retinal degeneration in mice (Sun et al., 2016). Consistent
with roles in a shared pathway, TTLL5 mutations were found in
patients diagnosed with X-linked retinitis pigmentosa as well as
severe retinal degeneration (Bedoni et al., 2016; Kolawole et al.,
2023; Oh et al., 2022; Sergouniotis et al., 2014).
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Figure 1. A minimal C-terminal helix in the RPGR BD is sufficient for CID binding and intercalates into the CID helical bundle through a conserved
aromatic network. (A) Domain organization of human TTLL5 and RPGR. TTL catalytic core, blue; cMTBD, maroon; CID, green. RCC1-like B-propeller domain in
RPGR, yellow, with each repeat shown as a separate propeller blade. Sequence for the minimal BD peptide required for TTLL5 targeting to RPGR shown in
magenta at the top. (B) ITC measurements of WT miniBD peptide titrated into CID. Best fit of n = 2 independent experimental replicates. (C) 2.8-A X-ray crystal
structure of human TTLL5 CID in complex with human RPGR miniBD (Table 1) shown in cartoon representation; CID, green; RPGR, magenta. (D and E) Key
conserved hydrophobic interactions at the CID-BD interface. Solid black boxes around residue labels designate disease-associated mutations, dashed boxes
designate mutations without disease annotation in the ClinVar database that we predict are pathogenic based on our structure. RPGR and TTLL5 are colored as

in B; H-bonds are shown as dashed lines.

RPGR localizes to the photoreceptor connecting cilium, a
structure homologous to the primary cilium initial segment and
the motile cilium transition zone. RPGR is targeted there by the
photoreceptor-specific RPGR-interacting protein (RPGRIP1)
(Hong et al., 2001; Shu et al., 2005) and acts as a gatekeeper of
cargo trafficking into the cilia (Hong et al., 2003; Khanna, 2018).
Glutamylation of RPGR by TTLL5 is necessary for cargo traf-
ficking through the connecting cilium, including that of opsins
whose failure to traffic from the cell body to the photoreceptor
outer segment in RPGR and TTLL5 knockout mice is a precursor
to photoreceptor degeneration (Hong et al., 2000; Sun et al.,
2016).

TTLLs share a conserved catalytic domain (TTL) usually fol-
lowed by a cationic microtubule-binding domain (cMTBD) (Fig. 1
A). Together, TTL and cMTBD form the minimum functional
unit for microtubule binding and glutamylation (Garnham et al.,
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2015). Our understanding of substrate recognition by TTLL
glutamylases relies exclusively on structural and mechanistic
work on complexes with microtubules (Campbell et al., 2025,
Preprint; Garnham et al., 2015; Mahalingan et al., 2024). Para-
digms for non-tubulin substrate recognition for TTLL family
members remain unknown even as the list of their non-tubulin
substrates keeps increasing and includes, in addition to RPGR,
histone chaperones Npml and Napl (Lorton et al., 2024; Miller
and Heald, 2015), the PELPI transcription factor (Kashiwaya
et al., 2010), the cytosolic DNA sensor cGAS (Xia et al., 2016),
and the Wnt signaling pathway protein dishevelled 3 (Kravec
et al., 2024). In addition to the TTL and ¢cMTBD domains,
TTLLS has a coactivator interaction domain (CID) and receptor
interaction domain (RID) at its C terminus (Fig. 1 A). CID,
originally described as a glucocorticoid receptor-interacting
domain (He and Simons, 2007), binds to the BD in RPGRORFI5,
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This interaction is essential for RPGR glutamylation (Sun et al.,
2016). TTLL5 does not contribute significantly to tubulin glu-
tamylation in photoreceptors (Sun et al., 2016) but it does in
primary cilia (Backer et al., 2012; He et al., 2018) and sperm tail
axonemes (Bedoni et al., 2016; Lee et al., 2013; Sun et al., 2016).
Consistent with this, a subset of TTLL5 mutations cause, in
addition to retinal degeneration, sperm motility defects and
infertility (Bedoni et al., 2016).

Understanding the RPGR-TTLL5 interaction and the mech-
anism of action of RPGR and TTLL5 disease variants is hampered
by alack of structural information. Because RPGR is a promising
target for gene therapy (Cehajic-Kapetanovic et al., 2020; Deng
etal., 2015; Gumerson et al., 2022; Hong et al., 2005; Michaelides
et al., 2024; Pawlyk et al., 2016), early diagnosis of a protein
defect before the onset of vision loss also has the potential to
significantly improve treatment outcomes. Here we report the
2.8-A X-ray crystal structure of human TTLL5 CID bound to a
minimal RPGRO®Y> C-terminal helix, which we show is strictly
required for recognition by TTLL5. The RPGRORF!5> C-terminal
helix intercalates into the o-helical bundle of the CID through
a network of conserved aromatic residues mutated in patients
with retinitis pigmentosa and macular dystrophy. Combining
biochemical, cellular, and animal studies, we show that muta-
tions of interfacial aromatic residues impair RPGRO®'> gluta-
mylation by TTLL5, with downstream defects in photoreceptor
cilia. Structure-guided analysis of disease mutations enabled
phenotypic classification of patient mutations, providing in-
sights into the disease mechanism of isolated retinal phenotypes
and those associated with fertility defects. Our work sheds light
on molecular mechanisms underlying a major cause of vision
loss and reveals for the first time the recognition mechanism
between a glutamylase and its non-tubulin substrate.

Results and discussion

A minimal RPGR BD C-terminal helix is sufficient for TTLL5 CID
recognition

To understand TTLL5 recognition of RPGRO®F15, we used limited
proteolysis and sequence analysis to guide the design of a min-
imal human RPGRO®'> peptide in the BD that interacts with the
TTLLS5 CID (Fig. 1A, Materials and methods). Isothermal titration
calorimetry (ITC) showed that this minimal RPGRORF!5 BD pep-
tide consisting of residues 1,126-1,152, henceforth called miniBD,
binds recombinant human CID (res. 658-820) with a K4 ~ 0.4
MM (Fig. 1 B). The affinity of TTLL5 for miniBD is similar to that
of other TTLL family glutamylases for microtubules, e.g., TTLL7
(Kq ~ 1.9 uM) (Garnham et al., 2015) and TTLL6 (Kg ~ 0.2 M)
(Mahalingan et al., 2024).

X-ray structure reveals BD a-helix intercalates into the CID
helical bundle

To elucidate the mechanism of RPGR recognition by TTLL5, we
determined the X-ray crystal structure of human CID (res. 658-
820) in complex with miniBD (Rgee = 0.289, Ryork = 0.258;
Materials and methods, Table 1). The structure revealed that the
CID consists of a bundle of six a-helices (Fig. 1 C). Search of the
PDB using the Dali server (Holm et al., 2023) revealed no
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Table 1. X-ray data collection and refinement statistics

CID_BD PDB: 9PHH

Data collection

Space group P41212
Wavelength 0.97741
Beamline ALS 501

Cell dimensions
a b, c(A)
aBy()

Resolution (A)*

62.9, 62.9, 166.6
90, 90, 90
44.48-2.80 (8.85-2.80)

Rmerge* 0.060 (0.428)
I/al* 36.0 (7.9)
Completeness (%)* 100 (100)
Redundancy* 25.1(25.3)
Refinement

Resolution (A)* 42.98-2.80 (2.98-2.80)
8,823 (1,422)

0.258/0.289 (0.428/0.459)

No. reflections®

Rwork/Rfree"

No. atoms

Protein 1,223
Ligand/ion 0

Water 0
B-factors

Protein 60.3
Ligand/ion -

Water -
MolProbity 1.27 (100th percentile)
R.m.s. deviations

Bond lengths (A) 0.24
Bond angles (°) 0.41
Ramachandran

Favored (%) 149 (94.3)
Allowed (%) 9(5.7)
Outlier (%) 0 (0)

* Values in parentheses are for highest-resolution shell.

homologous structures. The top hit (Megavirus chilensis nucleo-
tidyl transferase, PDB ID 4AMS) had a Z-score of 5.5 and struc-
tural homology only with helices a2, a3, and a4 of CID. Similarly,
Foldseek (van Kempen et al., 2024) did not identify any struc-
tural homologs. Thus, TTLL5 CID has a previously unreported
fold. The RPGRORF!5 miniBD folds into a helix (res. 1,136-1,149),
which is recognized in a hydrophobic groove formed by helices
a2, a3, and a6 of the CID (Fig. 1 C). The CID-miniBD interface
is conserved across vertebrates (Fig. S1), indicating a shared
binding mode. We note that while AlphaFold (Jumper et al.,
2021) predictions for the isolated CID and miniBD domains
were correct, the model for the complex was not, with the BD
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helix rotated ~ 30° relative to the real orientation, which,
unlike in the prediction, provides optimal packing in the
hydrophobic groove of the CID (Fig. S2 A). The incorrect lo-
cation of the BD helix was predicted with high confidence by
AlphaFold multimer (Evans et al., 2022, Preprint), but this
helix was eventually correctly positioned with AlphaFold 3
(Abramson et al., 2024) (Fig. S2 B), although we note that we
shared our structure with the AlphaFold team by that time.

The CID-BD interface is rich in conserved aromatic residues.
At the center of the interface, invariant RPGR F1140, W1141, and
L1145 are embedded in a large hydrophobic socket in the TTLL5
CID, formed by conserved residues F680, Y683, and L684 in helix
a2, invariant residues L714 and F718 in a3, and invariant resi-
dues E801 and 1804 in a6. These van der Waals interactions are
augmented by hydrogen bonds between Y683 and the indole
ring of W1141 in RPGR (Fig. 1 D). At the C terminus of the miniBD
helix, invariant Y1148 in RPGR rests in a smaller hydrophobic
socket formed by invariant TTLL5 residues L804, Y807, and
T808 in a6 and hydrogen bonds through its hydroxyl group to
the backbone carbonyl of 1804 in TTLL5 (Fig. 1 E). Invariant
L1149 in RPGR forms a hydrophobic endcap against TTLL5 F680
and invariant F755. Interaction with the miniBD C terminus is
mediated through hydrogen bonds between the backbone car-
bonyl of RPGR Y1148 and the hydroxyl group of invariant TTLL5
Y759 and between the backbone carbonyl of RPGR L1151 and the
guanidinium group of conserved TTLL5 R677. The latter is po-
sitioned at this interface by van der Waals interactions with the
aromatic ring of Y759 and a H-bond with invariant T763 in
TTLL5 (Fig. 1E).

Several retinal disease-associated mutations are at the CID-BD
interface. RPGR W114IC (ClinVar VCV001012373.2) removes a
major hydrophobic interaction at this interface and weakens the
complex. The L1151F (Clinvar VCV000438145.2) mutation results
in a clash with TTLL5 Y807 and the N terminus of a2 (Fig. 1 D),
disrupting this interface. TTLL5 R677Q (Clinvar VCV000867152.9)
weakens the CID-BD interface through the loss of a H-bond.
Moreover, our structure reveals that several TTLL5 mutations
with no disease annotations in the ClinVar database may be
pathogenic: F680L (ClinVar VCV001494309.3) destabilizes the
hydrophobic core; F755C (Clinvar VCV001483516.5) and F755L
(Clinvar VCV001004837.7) both weaken the interface with RPGR
by reducing van der Waals interactions with L1149. Thus, our
structure reveals that disruption of the CID-BD interface, either
through RPGR or TTLL5 mutations is associated with retinal dis-
ease, consistent with the importance of targeting TTLL5 to RPGR
for normal function.

CID-BD interface mutations impair RPGR glutamylation in
photoreceptors

To investigate the contribution of key residues at the CID-BD
interface, we synthesized three miniBD peptides corresponding
to human RPGRORF15 mutants F1140A, W1141A, and L1149A (Fig.
S1, Materials and methods). F1140 and W1141 anchor the center
of the miniBD helix within the CID bundle, while L1149 forms a
stabilizing cap at the C terminus of the miniBD helix (Fig. 1, D
and E). Consistent with our structure, we observed no measur-
able binding between TTLL5 and F1140A and WI141A RPGR

Park et al.
RPGR-TTLLS structure and insights into disease

QO

[¢

2JCB

mutant peptides (Fig. 2 A). The L1149A mutant peptide has a ~
50-fold reduction in binding affinity (19.6 uM versus 0.4 uM for
mutant and WT, respectively), congruent with the more pe-
ripheral location of L1149 relative to the CID hydrophobic socket
(Figs. 1 E and 2 A).

We next examined the effect of our structure-guided RPGR
point mutations in photoreceptors. For this, we used adeno-
associated virus (AAV) to deliver WT or mutant mouse RPGR
into the retina of RPGR knockout mice (Hong et al., 2005). A
similar protocol rescues RPGR expression and prevents photo-
receptor degeneration in this mouse line (Pawlyk et al., 2016).
We cloned the mouse equivalents of human RPGR W1141C
(mouse RPGR W1294C) and L1149A (mouse RPGR L1302A). The
former is of particular interest not only because it disrupts a
key residue at the CID-BD-binding interface but also because
this mutation is found in a patient with macular dystrophy
(Clinvar VCV001012373.2). Because macular dystrophy is also a
retinal degeneration disease, the RPGR W1141C mutation is
likely causal. AAV injection led to high expression of both WT
and mutant RPGR compared with the endogenous protein
(Fig. 2, Band C). Only a fraction of the overexpressed WT RPGR
is glutamylated by TTLLS5, likely reflecting that not all over-
expressed RPGR targets to the connecting cilium (Hong et al.,
2005). Consistent with our structural analysis, both W1294C
and L1302A RPGR mutants are markedly less glutamylated
compared with the injected WT RPGR (Fig. 2 B). Quantification
from multiple injected retinas shows RPGR W1294C glutamylation
is decreased >10-fold compared with WT, while the L1302A mu-
tant is decreased ~ 100-fold (Fig. 2 C). These in vivo results are
consistent with our solution biophysics data that show large im-
pairment in binding to the TTLL5 CID for these two mutations
(Fig. 2 A). Both mutants have similar tubulin glutamylation levels
(Fig. 2 B), indicating that the integrity of the CID-BD interface is
important for targeting TTLL5 to RPGR, but not to tubulin or
microtubules. Taken together, our results show that the CID-BD
interface is necessary for RPGR glutamylation in photoreceptors
and reveal that a RPGR mutation found in macular dystrophy
results in complete loss of RPGR glutamylation in vivo, implicating
glutamylation by TTLLS5 in this retinal disease also.

The photoreceptor connecting cilium where RPGR localizes
divides the cell body compartment, which contains rootletin,
and the photoreceptor outer segment, which contains retinitis
pigmentosa 1 (RP1). To assess whether the defects in RPGR glu-
tamylation are not due to failure of the mutants to localize cor-
rectly, we visualized RPGR by immunofluorescence microscopy
using either rootletin or RP1 as markers (Sun et al., 2016). As
expected, immunofluorescence of WT mouse retina shows
overlapping RPGR and glutamylation staining (detected by
GT335) adjacent to rootletin and RP1 staining (Fig. 3 A). The
RPGR KO mouse has no RPGR or glutamylation signal in this
region, while the outer segment shows no changes in gluta-
mylation between WT and RPGR KO (Fig. 3 C), in line with
previous observations that RPGRO®¥5 and not tubulin is the
major glutamylated molecule in the connecting cilium (Sun et al.,
2016). Staining of retina from AAV rescue mice reveals that WT
RPGR as well as the two interface mutants, W1294C and L1302A,
localize to the connecting cilium (Fig. 3, D-I). However, only
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Figure2. The aromatic network at the CID-BD interface is essential for complex formation and RPGR glutamylation. (A) ITC measurement of F1140A,
W1141A, and L1149A mutant miniBD peptides titrated into WT CID; n = 2 independent experimental replicates for both W1141A and F1140A mutant peptides,
shown as triangles and squares; n = 3 independent experimental replicates for L1149A, shown as triangles, squares and circles. (B) Western blot of RPGR
expression and glutamylation in one set of RPGR knockout mice injected with WT or mutant RPGR. Black arrow in overexposed RPGR blot indicates trace
glutamylation of RPGR L1302A. Two WT mice are shown to illustrate the variability of replicate injections. Saturated pixels appear in red. Double dotted lines
indicate cropping to exclude samples with failed AAV injection (uncropped Western blots, including samples with failed AAV injection provided as Source Data)
LE, left eye; RE, right eye. (C) RPGR glutamylation signal normalized to RPGR expression (Glu-RPGR/RPGR, hashed bars) and RPGR levels (solid bars) for WT and
mutants in AAV-injected RPGR KO mice. The RPGR expression levels are similar between the WT and mutants and higher than endogenous. Each circle or
triangle indicates one retina analyzed. Circles and triangles denote different secondary antibody detection scheme (Materials and methods). Uncropped
western blots including samples with failed AAV injection are provided in Source Data. Bars indicate mean + SD. n = 7 biological replicates for RPGR WT, six for
RPGR L1302A, and four for RPGR W1294C. P values from two-tailed unpaired Welch’s t test. Source data are available for this figure: SourceData F2. KO,

knockout.

WT RPGR restored glutamylation in this compartment
(Fig. 3 D). Analysis of multiple cilia shows that, unlike for the
WT, where the GT335 and the RPGR signals overlap closely
(Fig. 3 E and Fig. S3 A), glutamylation does not overlap with
RPGR staining for the W1294C and L1302A mutants (Fig. 3, F-I;
and Fig. S3, B and C). This confirms that these mutations pre-
vent RPGR glutamylation and that the observed loss in gluta-
mylation is not due to failure to target to the connecting cilium,
consistent with earlier reports that RPGR localization is not
affected by TTLL5 KO (Pawlyk et al., 2016; Sun et al., 2016). To
quantitate the difference in glutamylation, we traced con-
necting cilia from WT and each mutant RPGR AAV rescue and
measured the fluorescence intensity of GT335 and RPGR
staining. In cilia expressing WT RPGR, the maxima GT335 and
RPGR signals overlap closely (Fig. 3 E and Fig. S3 A). In contrast,
GT335 signal is weaker and poorly correlated with that for the
L1302A (Fig. 3G and Fig. S3 B) and W1294C RPGR mutants
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(Fig. 3 I and Fig. S3 C), indicating impaired RPGR gluta-
mylation. Quantitation of GT335 signal normalized to RPGR at
the point of maximum RPGR signal shows that this ratio is
significantly higher in the WT compared with the L1302A and
W1294C mutants (Fig. 3 J), confirming the impaired gluta-
mylation of these mutants. In toto, our results indicate that
RPGR localization is independent of glutamylation and that the
conserved aromatic residues at the CID-BD interface are nec-
essary for RPGR glutamylation but not localization.

RPGRORFYS requires glutamylation for its function in photo-
receptors where it regulates opsin trafficking (Cehajic-Kapetanovic
et al., 2022; Hong et al., 2005; Pawlyk et al., 2016; Sun et al., 2016).
The high degree of conservation across vertebrates of the aromatic-
rich sequence in the RPGRO®'> C terminus was noted when this
isoform was initially identified (Vervoort et al., 2000). Now our 2.8-
A resolution X-ray crystal structure of a CID-BD complex (Fig. 1)
reveals that this aromatic-rich sequence forms a short helix that
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Figure 3. RPGR glutamylation at the connecting cilium is mediated by the CID-BD interaction. (A) Ciliary region of a WT mouse retina stained for RPGR
(magenta), GT335 (yellow), RP1 (white; upper panel), and rootletin (cyan; lower panel). White boxes in the RPGR and GT335 channels show a magnified single
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connecting cilium. Smaller white box in the merged channels panel indicates magnified region shown in inset panel on the right. RPGR localizes to the con-
necting cilium, equivalent to the transition zone in the primary cilium (for photoreceptor diagram see B). GT335 also stains the transition zone and extends
distally beyond the connecting cilium in a domain that overlaps with the photoreceptor protein RP1. The ciliary rootlet, stained by the rootletin antibody,
extends proximally away from the connecting cilium. RPGR signal fully overlaps with GT335 signal in the connecting cilium (pink, inset), and glutamylated RPGR
accounts entirely for the GT335 signal within the connecting cilium (Sun et al., 2016). (B) Schematic diagram of a photoreceptor cell, highlighting the ciliary
region, with different domains stained by antibody markers indicated. (C) The ciliary region of an RPGR knockout (KO) mouse retina stained with RPGR
(magenta), GT335 (yellow), and rootletin (cyan). Both RPGR and GT335 signals are absent from the connecting cilium, and GT335 stains only a domain distal
from the connecting cilium, likely containing glutamylated tubulin. The connecting cilium appears as a gap between the rootletin and GT335 signals
(inset). (D) Representative image of the ciliary region of a RPGR knockout (KO) mouse injected subretinally with an AAV vector carrying WT RPGR. The
staining pattern largely resembles that of the WT mouse retina, where RPGR and GT335 colocalize to the connecting cilium and appear pink on the merged image
(inset). The injected retina shows some background because recombinant RPGR does not cleanly localize to the connecting cilium, as documented previously
(Hong et al., 2005). Importantly, only RPGR localized to the connecting cilium is glutamylated, as evidenced by the GT335 signal. (E) Line trace of GT335 (yellow)
and RPGR (magenta) signal along the connecting cilium marked with a white line in the inset of the overlay in D. (F) Representative image of matching ciliary
region of an RPGR knockout (KO) mouse injected subretinally with an AAV vector carrying the L1302A mutant form of RPGR. The L1302A mutant localizes to the
connecting cilium, like WT RPGR, but is not glutamylated as evidenced by the lack of GT335 signal (inset). (G) Line trace as in E. (H) Representative image of
matching ciliary region of an RPGR knockout (KO) mouse injected subretinally with an AAV vector carrying the W1294C (human equivalent W1141C) disease
mutant form of RPGR. As with L1302A, there is no co-staining of mutant RPGR with GT335 (inset), indicating lack of glutamylation. (I) Line trace as in E. Only WT
RPGR injections (E) show correlated GT335 and RPGR signal. (J) Ratio of GT335:RPGR signal at point of maximum RPGR signal obtained from line traces of
multiple connecting cilia for WT and RPGR mutants. Each data point indicates an individual cilium analyzed. Bars indicate mean + SD. P values from two-tailed
unpaired t test. n = 30 cilia for WT (three injections), n = 30 cilia for L1302A (three injections), and n = 20 cilia for W1294C (two injections). Data points originating

from separate injections are indicated by squares, circles, and triangles. For additional examples of intensity profiles see Fig. S3.

nestles within the a-helical bundle of the CID and is responsible for
targeting TTLL5 to RPGR to glutamylate it. By combining bio-
physical assays with localized genetic rescue of RPGR KO mice, we
show that mutations that disrupt the CID-BD interface impair
RPGR glutamylation, which is needed for photoreceptor mainte-
nance. Thus, the CID is an RPGR-specific adapter in TTLL5.

Our work shows how the modular architecture of TTLL5
enables it to modify both microtubules and RPGR through its
adapter domains: the cMTBD for microtubules and the CID for
RPGR. These distinct targeting modules provide an explanation
for the disparate disease outcomes in patients with different
TTLL5 mutations. For example, TTLL5 I756F, a point mutation in
CID helix 04, causes retinal degeneration but not male infertility
(Bedoni et al., 2016). 1756 lies at the interface between a2 and a4
of the CID. Its substitution to a bulky phenylalanine destabilizes
these helices and likely impairs BD binding and RPGR gluta-
mylation. The cMTBD is unaffected, likely leading to normal
microtubule recognition and glutamylation. In contrast, trun-
cations and point mutations in the catalytic domain of TTLL5 or
cMTBD, which folds against the catalytic domain (Garnham
et al., 2015; Mahalingan et al., 2024), cause not only retinal de-
generation but also sperm motility defects (Fig. 4) (Bedoni et al.,
2016; Lee et al., 2013) and, in some cases, hearing loss (Oh et al.,
2022) consistent with defects both in glutamylating RPGR in the
retina and tubulin in the axoneme. Two disease-associated point
mutations were identified in the TTLL5 cMTBD: R409Q (Clinvar
VCV000851210.8) in a patient with cone-rod dystrophy and
R478Q in a female patient with severe retinal degeneration
(Kolawole et al., 2023). In the TTLL structures known to date,
TTLL6 (Mahalingan et al., 2024), TTLL7 (Garnham et al., 2015),
and TTLL11 (Campbell et al., 2025, Preprint), the cMTBD packs
against the TTL-like core, and therefore these mutations likely
impact not only microtubule binding but also catalytic activity.
Interestingly, mutations in the RID, including R964* (Clinvar
VCV002888538.7) and W1118* (Clinvar VCV000139515.3), were
found in patients with cone-rod dystrophy 19, while R1170*
(Clinvar VCV000866515.8) was found in a patient with retinal
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dystrophy, suggesting that the RID is also functionally relevant in
photoreceptors (Fig. 4). Using TTLL5 and RPGR overexpression
in HEK293 cells, we previously observed that the TTLL5 W1118*
mutant glutamylates tubulin and RPGR but not higher molecular
weight proteins endogenous to the HEK293 that the WT modi-
fies, suggesting that the RID may target TTLL5 to other substrates
(Sun et al., 2016). Alternatively, the RID mutations may affect
TTLL5 expression or stability in photoreceptors. The molecular
mechanisms of disease mutations in this region of TTLL5 will
require future studies.

TTLL glutamylases add glutamate chains of variable
lengths to proteins by first adding a branched glutamate on an
internal glutamate in the target protein—initiation—followed
by the subsequent elongation of this branch (Mahalingan et al.,
2020; van Dijk et al., 2007). The active site signature of TTLL5 is
consistent with it functioning as a glutamyl initiase (Mahalingan
etal., 2020), i.e., it adds primarily monoglutamates to substrates.
This activity is consistent with immunoblotting of RPGR from
photoreceptors, which revealed that RPGR is mostly mono-
glutamylated, with low signal for longer polyglutamate chains
(Sun et al., 2016). Interestingly, hyperglutamylation due to de-
fects in cytosolic carboxypeptidase 5 (CCP5), which strictly re-
moves monoglutamates (and not polyglutamate chains) from
tubulin and non-tubulin substrates (Chen et al., 2024), causes
retinal degeneration (Aljammal et al., 2024; Mercey et al., 2024).
These results suggest that homeostasis of monoglutamates on
RPGR achieved through the balance of TTLL5 and CCP5 activity is
important for photoreceptor maintenance and function. Tubulin
glutamylation regulates the binding and activity of microtubule-
associated proteins tau (Boucher et al., 1994; Genova et al., 2023),
MAPIA and MAPIB (Bonnet et al., 2001), kinesin motors
(Lessard et al., 2019; Sirajuddin et al., 2014), and microtubule-
severing enzymes spastin (Lacroix et al., 2010; Ten Martin
et al., 2025; Valenstein and Roll-Mecak, 2016) and katanin
(Sharma et al., 2007; Szczesna et al., 2022; Ten Martin et al.,
2025; Zehr et al., 2020). RPGR glutamylation could similarly
modulate the recruitment of effectors to the connecting cilium,
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Figure 4. Proposed model for the division of substrate recognition between the TTLL5 core and CID leading to distinct disease manifestations.
Schematic showing how RPGR and TTLL5 mutations impact distinct specialized cells in retina and male reproductive system (left). In healthy photoreceptors,
opsin (red dots) is trafficked (red arrow) through the connecting cilium containing glutamylated RPGR to the outer segment. In RPGR/TTLL5 mutations, opsin
trafficking is disrupted, leading to outer segment degeneration (middle, top). In healthy sperm, TTLL5 glutamylates tubulin in axonemes (axonemal doublets in
dark and light green). When TTLL5 recognition of tubulin is disrupted, axonemal glutamylation is insufficient, and sperm morphology and motility are com-
promised (middle, bottom). Right: at the protein level, our results suggest that mutations in RPGR miniBD region and point mutations in TTLL5 CID specifically
impact RPGR glutamylation in photoreceptors but not tubulin glutamylation in sperm axoneme. Mutations in TTLL5 catalytic domain or MTBD cause loss of
both RPGR and tubulin glutamylation. Additionally, mutations in TTLL5 RID may cause retinal degeneration by impacting protein stability, localization, or
recognition of non-TTLL5 and non-RPGR substrates. TTLL5 and RPGR domains colored according to Fig. 1 A. Disease-associated RPGROR™1> and TTLL5 mu-
tations reported previously (Bedoni et al.,, 2016) are indicated in black on the protein schematic. Additional mutations from the ClinVar database that we predict

cause retina-specific disease are shown in gray.

where they could function as part of a barrier that selectively
allows transport into the photoreceptor outer segment.

In addition to offering insight into the mechanism of
TTLL5 targeting to RPGR and the etiology of retinal diseases
caused by TTLL5 and RPGR mutations, our work also pro-
vides the first mechanistic insight into the targeting of a
TTLL family enzyme to a non-tubulin substrate. Biochemical
and cellular overexpression studies indicate that TTLL5 and
TTLL4 have multiple non-tubulin substrates (van Dijk et al.,
2008). Therefore, specialized recognition domains like the
CID may be a more general strategy for non-tubulin sub-
strate recognition by TTLLs. Future studies will be needed to
dissect the complex regulatory interactions that target TTLL
glutamylases to their diverse cell type- and tissue-specific
substrates.

Materials and methods

Protein expression and purification

The mEGFP-SUMO-CID (human res. 658-820) -BD (human res.
1,126-1,152) fusion cassette was synthesized and cloned into the
PET28a backbone using Nhel and EcoRI restriction sites. To ex-
press human TTLL5 CID (res. 658-820) for ITC measurements, a
STOP codon was inserted by site-directed mutagenesis into the
linker between the Human TTLL5 658-820 (NP_055887.3) and
Human RPGR 1126-1,152 (NP_001030025.1) in the vector used to
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express CID-BD. Vectors were sequenced by Psomagen standard
Sanger sequencing service.

CID-BD, 6xHis-mEGFP-SUMO-TTLLS5 (res. 658-820)-RPGR
(res. 1,126-1,152), and TTLL5 CID, 6xHis-mEGFP-SUMO-TTLL5
(res. 658-820) were expressed in LOBSTR Escherichia coli
(Andersen et al., 2013). Bacteria was grown in 4-L conical flasks
containing 2 L PowerBroth media (AthenaES 0106) with 50 pg/
ml kanamycin at 37°C with 210 rpm orbital agitation to ODggo of
1.2-1.8 and induced with 1 mM IPTG at 16°C overnight. Cells
were harvested by centrifugation using a JLA 8.1,000 rotor
(363688; Beckman Coulter) at 4,500 rpm for 15 min. Media was
removed, and cell pellet was resuspended in lysis buffer
(50 mM Tris, pH 8, 300 mM NaCl, 5 mM MgCl,, 2 mM CaCl,, and
10% glycerol) with 0.5 mM TCEP, 0.17 mg/ml PMSF, 1 pg/ml leu-
peptin, 2 pg/ml aprotinin, and 1 ug/ml pepstatin added at the time of
use. 50 ml lysis buffer was used per 4 L culture. Resuspended cells
were either lysed immediately for protein purification or flash
frozen in liquid nitrogen and stored at -80°C until needed.

Frozen cells were partially thawed in a water bath kept at
37°C and then placed on ice to fully thaw. Cells were lysed by
passing three times through a microfluidizer. Lysate was di-
gested with 1:10,000 Pierce Universal Nuclease (88700; Thermo
Fisher Scientific) on ice for 10 min before centrifugating at 4°C
for 30 min using a JA20 rotor (334831; Beckman Coulter) at
18,000 rpm. A 10-ml bed of Ni-NTA agarose beads (30250;
Qiagen) in a gravity column was equilibrated with lysis buffer.
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Clear supernatant was supplemented to 20 mM imidazole using
1 M imidazole stock and allowed to flow-through the equili-
brated bead bed. The beads were washed with 30 ml high-salt
wash (50 mM Tris, pH 8, 2M NaCl, and 20 mM imidazole), fol-
lowed by 30 ml low-salt wash (50 mM Tris, pH 8, 150 mM Nacl,
and 20 mM imidazole). The fusion protein was eluted in 2 x
25 ml fractions of elution buffer (50 mM Tris, pH 8, 150 mM
NaCl, 200 mM imidazole, and 0.5 mM TCEP). 200 11 0.5 M EDTA
was added to the eluted protein, and recombinant Ubl-specific
protease 1 (ULP) protease was added to a final concentration of
3 pg/ml. The digestion reaction was dialyzed overnight at 4°C in
3.5 L volume of dialysis buffer (for CID-BD: 20 mM Tris, pH 8,
35 mM Na(Cl, and 0.5 mM TCEP; for CID: 20 mM Tris, pH 8,
150 mM NaCl, and 0.5 mM TCEP) using 10-kDa MWCO Snake-
Skin dialysis membrane (68100; Thermo Fisher Scientific). For
the CID-BD purification, the sample was further purified after
the protease digestion by using a 5-ml Q-HP anion exchange
column (17115401; Cytiva) on an AKTA Pure FPLC system, fol-
lowed by butyl FF hydrophobic interaction chromatography
(17519701; Cytiva). The preparation was polished by size exclu-
sion chromatography using a Superdex S75 10/300 gel filtration
column (17517401; Cytiva) with gel filtration buffer consisting of
20 mM HEPES, pH 7.5, 100 mM NacCl, and 1 mM DTT. Purified
CID-BD was concentrated to >20 mg/ml using 10 kDa MWCO
Amicon 15 spin concentrator (UFC901024; Millipore), supple-
mented with 10% vol/vol glycerol, snap-frozen in liquid nitrogen
and stored at -80°C.

For the CID purification, the sample was further purified
after the protease digestion reaction by using a tandem 5-ml
HisTrap column (17524802; Cytiva) and 5-ml HiTrap Q-HP
anion exchange column (17115401; Cytiva) on an AKTA Pure
FPLC system. Columns were equilibrated with running buffer
(20 mM Tris, pH 8, 150 mM NaCl, and 0.5 mM TCEP) until
constant conductance. The sample was loaded using a sample
pump at 1.5 ml/min, and fractionation was manually started
when A,sonm Started to increase and continued until Asgonm
returned to baseline. Fractions from the HisTrap-Q-HP flow-
through were concentrated to 500 pl or less final volume using
a 10 kDa MWCO Amicon 15 spin concentrator (UFC901024;
Millipore) and further purified by size exclusion chromato-
graphy using a Superdex S75 10/300 gel filtration column
(17517401; Cytiva) with gel filtration buffer (20 mM HEPES, pH
7.5, 150 mM NaCl, and 1 mM DTT). Purified CID at 1-6 mg/ml
was supplemented to 10% vol/vol glycerol and aliquoted in
100-300 pl. Protein was flash frozen in liquid nitrogen and
stored at -80°C.

Crystallization and X-ray data collection

TTLL5 CID-RPGR BD crystals were obtained by the sitting drop
vapor diffusion method at room temperature using 22 mg/ml of
the protein in solution (20 mM HEPES, pH 7.5, and 100 mM
NaCl) mixed with an equal volume of crystallization reservoir
solution (100 mM sodium citrate, pH 6.4, and 1.625 M Li,SO,).
Crystals grew with symmetry of P 4, 2; 2 with one copy per
asymmetric unit (Table 1). Crystals were cryo-protected prior to
data collection by quickly soaking in fresh reservoir solution
containing 25% glycerol. Crystals were flash frozen by plunging
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directly into liquid nitrogen. X-ray diffraction data were col-
lected at the Advanced light source beamline 5.0.1 with wave-
length of 0.97741 A. The diffraction data were indexed and
integrated using XDS (Kabsch, 2010). The integrated data were
then scaled using Scala in the CCP4 program suite (Rigden et al.,
2008; Winn et al., 2011). Data collection statistics are reported in
Table 1.

The phase solution to the structure was obtained by molec-
ular replacement using PHASER-MR (McCoy et al., 2007) as
implemented in Phenix (Afonine et al., 2012) using the model for
the CID predicted by AlphaFold (Jumper et al., 2021) as the
search model. Difference maps revealed unambiguous density
for the RPGR BD, which was then manually built into the elec-
tron density. Several rounds of iterative model building and
refinement were performed using COOT (Emsley and Cowtan,
2004) and Phenix, respectively. All analysis software was ac-
cessed through the SBGrid consortium (Herre et al., 2024). The
current refined model includes residues 659-811 of CID and
residues 1,129-1,152 in the BD. CID residues 770-782 corre-
sponding to the loop between ¢4 and o 5 show no interpretable
electron density and thus are presumed disordered. The linker
between CID and BD is also not resolved. Model statistics are
reported in Table 1.

(4

[*

ITC

ITC was performed using a MicroCal iTC200 calorimeter. CID
was thawed and dialyzed overnight at 4°C using Side-A-Lyzer
10 kDa MWCO dialysis cassettes (66383; Thermo Fisher Sci-
entific) into ITC buffer (20 mM HEPES, pH 7.5, and 150 mM
NaCl). To ensure chemical equilibrium, the synthesized BD
peptide was either reconstituted using the same dialysis
buffer used for dialyzing CID or previously reconstituted ali-
quots were thawed and dialyzed alongside CID using Slide-A-
Lyzer mini 2-kDa MWCO dialysis cassettes (69580; Thermo
Fisher Scientific). Peptides were synthesized by LifeTein
and shipped in lyophilized form. Lyophilized peptides were
stored at -80°C until needed. Peptide sequences are RPGR
BD WT: SKRLLKNGPSGSKKFWNNVLPHYLELK; RPGR BD
F1140A: SKRLLKNGPSGSKKAWNNVLPHYLELK; RPGR BD W1141A:
SKRLLKNGPSGSKKFANNVLPHYLELK; RPGR BD L1149A:
SKRLLKNGPSGSKKFWNNVLPHYAELK. CID and BD concen-
trations were determined by 280 nm absorbance measurements
using a NanoDrop 2000 spectrophotometer. For measurements
with the WT BD peptide, the CID was diluted to 20-50 uM, and
the BD peptide concentration was 9-11-fold in excess molar
concentration. For measurements with the mutant BD peptides, a
CID concentration as high as 200 uM was used, and BD peptide
concentration was 9-11 fold in excess molar concentration. ITC
cell and syringe were loaded with CID and BD peptide, respec-
tively, according to the manufacturer’s instructions. ITC meas-
urements were performed at 25°C in high feedback mode with
one 0.4 pl priming injection, followed by 16 2.45-ul injections
with 150-s spacing and stirring at 750 rpm. Binding curves were
fitted to a monovalent binding model using NITPIC 1.3.0 and
SEDPHAT 15.2b (Zhao et al., 2015). Confidence intervals were
calculated using one-dimensional error surface analysis in
SEDPHAT.
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AAV plasmid construction and AAV vector packaging

DNA fragments of interest corresponding to the C-terminal tail
of RPGRO®®>, containing the designed missense mutations and
the necessary restriction sites, were synthesized at GENEWIZ.
The synthetic fragments were used to swap out the corre-
sponding regions of WT RPGRO®F'® to generate RPGRORFIS-
W1294C and RPGRORFI5-11302A variants. The two variants along
with WT RPGRO®F15 plasmids were packaged into AAV vectors
by triple plasmid transfection into HEK293 cells. AAV vectors
were purified by density gradient ultracentrifugation. Vector
titers were quantified using TagMan real-time PCR assays.

Subretinal AAV injections and immunohistochemistry
Animal care and experimental procedures were carried out in
adherence to institutional guidelines and approved protocols.
AAV injection was performed as described previously (Sun etal.,
2016). Briefly, adult mice were anesthetized, and 1 ul of AAV (3 x
10'2-8 x 102 viral genomes/ml) was injected subretinally in the
nasal quadrant of the retina. Immunohistochemistry was per-
formed as described previously (Sun et al., 2016). Mice were
euthanized 12 wk post-AAV injection, and eyes were enucleated.
Unfixed eyes were immediately embedded in optimal cutting
temperature compound and frozen in dry ice-cooled isopentane.
Eyes were sectioned vertically in 10-um slices. Sections were
postfixed in 1% paraformaldehyde and processed as described
previously (Hong et al., 2000). Tissue sections were blocked
with 5% vol/vol donkey serum in PBS with 0.1% vol/vol Triton X-
100 (PBS-Tx) and incubated overnight with primary antibody.
After wash with PBS-Tx, slides were stained with fluorescent
dye-conjugated secondary antibody and counterstained with
DAPI for 2 h. Secondary antibodies used were AlexaFluor 488-
conjugated goat-anti-rabbit (A48282; Thermo Fisher Scientific),
AlexaFluor 555-conjugated goat-anti-mouse (A48287; Thermo
Fisher Scientific), AlexaFluor 488-conjugated donkey-anti-rab-
bit (A21206; Thermo Fisher Scientific), AlexaFluor 555-conju-
gated donkey-anti-mouse (A31570; Thermo Fisher Scientific),
AlexaFluor 647-conjugated donkey-anti-chicken (703-605-155;
Jackson ImmunoResearch), and Dylight549-conjugated donkey-
anti-chicken (Jackson ImmunoResearch, discontinued). Confo-
cal microscopy was performed at the NEI Biological Imaging
Core Facility. Tissue sections were imaged on a Zeiss LSM 880
AxioObserver scanning confocal microscope with a 40x oil im-
mersion objective lens (EC Plan-Neofluar 40x/1.30 Oil DIC M27)
and 405, 488, 561, and 633 nm lasers. The 405- and 633-nm
channels utilized photomultiplier tube detectors PMT1 and
PMT2, respectively, and 488- and 561-nm channels utilized the
gallium arsenide phosphide cathode detector. Objective lens
immersion medium was ZEISS Immersol 518F Qil, and tissue
sections were imaged at ambient temperature. Micrographs
were collected with pixel size of 0.0761 pwm/px. Acquisition
software is ZEN Black 2.3 SP1, and native image processing
software ZEN 3.0 (Black edition) was used to produce maximum
intensity projections. Images were processed for figures using
Image], Adobe Photoshop (v25) and Adobe Illustrator (v25).
For quantification of RPGR and glutamylation in the con-
necting cilium, longitudinal traces of the connecting cilium were
manually defined in Image], and fluorescence intensity values
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were extracted. For each cilium, the ratio of GT335 and RPGR
signal was calculated at the point of maximum RPGR intensity.
Fluorescence intensity was graphed and statistical analysis
(unpaired two-tailed t test) was performed in Prism 10. For P
values <1 x 10715, statistical analysis was repeated in Microsoft
Excel to report precise P values. Data distribution was as-
sumed to be normal, but this was not formally tested.

(4

[*

Glutamylation analysis in the retina by western blot
Glutamylation levels were analyzed by western blot using a
procedure similar to the one described previously (Sun et al.,
2016). Mouse eyes were stored on ice until neuronal retinas were
dissected in a physiological buffer. Retinas were homogenized in
RIPA buffer (R0278; Sigma-Aldrich) with complete Protease
Inhibitor Cocktail (11836153001; Roche). Tissue debris was re-
moved by centrifugation. Proteins were resolved on a 4-15%
SDS-PAGE gel, which was then transferred to a polyvinylidene
fluoride membrane. Two replicate gels were run in parallel.
Membranes were blocked with EveryBlot blocking buffer
(Cat#1201020; Bio-Rad). One membrane was incubated with
GT335 overnight at 4°C, while the other with rabbit anti-RPGR.
This was due to the lack of suitable secondary antibodies at the
time, which we could not order. Membranes were then washed
with PBS-0.05% tween-20 (sc-29113; ChemCruz sc-362299), fol-
lowed by incubation with HRP-conjugated donkey anti-rabbit or
anti-mouse IgG (Jackson ImmunoResearch). They were devel-
oped by chemiluminescence detection (SuperSignal West Pico,
Dura or Femto Chemiluminescent; Thermo Fisher Scientific) and
imaged using the ChemiDoc MP Imaging System (Bio-Rad).
Mouse monoclonal anti-y-tubulin (T6557; Sigma-Aldrich) was
used as a loading control as can be seen in Fig. 2 B. This method
of analysis was used for 2 WT, 1 L1302A, and 1 W1294C, and
quantification for this set of experiments is shown with triangles
in Fig. 2 C. For 5 WT, 5 L1302A, and 3 W1294C-injected retinas,
we used the following experimental design: membranes were
incubated with GT335 and rabbit anti-RPGR and then detected on
the same membrane using HRP-conjugated donkey anti-mouse
and IRDye800-conjugated donkey anti-rabbit (926-32213; LI-
COR). RPGR signal was normalized to Glu-tubulin signal, and
Glu-RPGR to RPGR ratio was calculated directly. Each circle in
Fig. 2 C indicates one retina analyzed. Long exposures were used
to identify accurately areas for quantification of faint Glu-RPGR
bands (but same exposure settings were used to quantify signal).
Band intensities were quantified in Image]. The aggregated data
from these experiments are shown in Fig. 2 C, with individual
data points shown as triangles and circles. Statistical analysis
(unpaired two-tailed Welch’s t test) was performed in Prism 10.
Data distribution was assumed to be normal, but this was
not formally tested. Raw, uncropped blots are provided in
Source Data.

Online supplemental material

Fig. S1 shows multiple sequence alignment of vertebrate TTLL5
CID and RPGR BD. Fig. S2 shows comparison of the experimental
CID-miniBD X-ray crystal structure with AlphaFold predictions.
Fig. S3 shows traced cilia and representative intensity profiles
from one biological replicate quantified in Fig. 3 J.
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Data availability

PDB coordinates and structure factors have been deposited with
the PDB ID 9PHH. Requests for resources and reagents per-
taining to animal lines and AAV-related material will be fulfilled
by Tiansen Li (Tiansen.Li@nih.gov). All other requests for re-
agents will be fulfilled by Antonina Roll-Mecak (Antonina@
mail.nih.gov). Source data are included with all figures.

Acknowledgments

The authors thank Dr. G. Piszczek and Dr. D. Wu (National
Heart, Lung and Blood Institute Biophysics Core) for help with
isothermal titration calorimetry. We thank the National Eye
Institute (NEI) Ocular Gene Therapy Core for their expertise in
generating AAV virus. Confocal microscopy was performed at
the NEI Biological Imaging Core Facility. X-ray diffraction data
were collected at Beamline 5.0.1 of the Advanced Light Source, a
DOE Office of Science User Facility.

Part of this work was supported by grant ZIAEY000490 (T.
Li). This research was supported by the Intramural Research
Program of the National Institutes of Health (NIH). The con-
tributions of the NIH author(s) were made as part of their official
duties as NIH federal employees, are in compliance with agency
policy requirements, and are considered works of the United
States government. However, the findings and conclusions pre-
sented in this paper are those of the author(s) and do not nec-
essarily reflect the views of the NIH or the U.S. Department of
Health and Human Services and National Institute of Neuro-
logical Disorders and Stroke (1ZIANS003163).

Author contributions: James H. Park: conceptualization, data
curation, formal analysis, investigation, methodology, software,
validation, visualization, and writing—review and editing. Rich-
ard J.Y. Liu: conceptualization, data curation, formal analysis,
investigation, methodology, project administration, validation,
visualization, and writing—original draft, review, and editing.
Xun Sun: data curation, formal analysis, investigation, metho-
dology, resources, validation, and visualization. Kishore K.
Mahalingan: investigation and validation. Suja D. Hiriyanna:
investigation and methodology. Tiansen Li: formal analysis,
investigation, methodology, supervision, and writing—review
and editing. Antonina Roll-Mecak: conceptualization, funding
acquisition, project administration, supervision, visualization,
and writing—review & editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 4 August 2025
Revised: 9 February 2026
Accepted: 2 March 2026

References

Abramson, J., J. Adler, J. Dunger, R. Evans, T. Green, A. Pritzel, O. Ronne-
berger, L. Willmore, A.J. Ballard, J. Bambrick, et al. 2024. Accurate
structure prediction of biomolecular interactions with AlphaFold 3.
Nature. 630:493-500. https://doi.org/10.1038/541586-024-07487-w

Afonine, P.V., R.W. Grosse-Kunstleve, N. Echols, ].J. Headd, N.W. Moriarty,
M. Mustyakimov, T.C. Terwilliger, A. Urzhumtsev, P.H. Zwart, and P.D.

Park et al.
RPGR-TTLLS structure and insights into disease

)

(0]

2 JCB
3]
IV

Adams. 2012. Towards automated crystallographic structure refine-
ment with phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 68:352-367.
https://doi.org/10.1107/S0907444912001308

Aljammal, R., T. Saravanan, T. Guan, S. Rhodes, M.A. Robichaux, and V.
Ramamurthy. 2024. Excessive tubulin glutamylation leads to pro-
gressive cone-rod dystrophy and loss of outer segment integrity. Hum.
Mol. Genet. 33:802-817. https://doi.org/10.1093/hmg/ddae013

Andersen, K.R., N.C. Leksa, and T.U. Schwartz. 2013. Optimized E. coli ex-
pression strain LOBSTR eliminates common contaminants from his-tag
purification. Proteins. 81:1857-1861. https://doi.org/10.1002/prot.24364

Backer, C.B., J.H. Gutzman, C.G. Pearson, and I.M. Cheeseman. 2012. CSAP
localizes to polyglutamylated microtubules and promotes proper cilia
function and zebrafish development. Mol. Biol. Cell. 23:2122-2130.
https://doi.org/10.1091/mbc.E11-11-0931

Bader, 1., O. Brandau, H. Achatz, E. Apfelstedt-Sylla, M. Hergersberg, B.
Lorenz, B. Wissinger, B. Wittwer, G. Rudolph, A. Meindl, and T. Mei-
tinger. 2003. X-linked retinitis pigmentosa: RPGR mutations in Most
families with definite X linkage and clustering of mutations in a short
sequence stretch of exon ORFI5. Invest. Ophthalmol. Vis. Sci. 44:
1458-1463. https://doi.org/10.1167/i0vs.02-0605

Bedoni, N., L. Haer-Wigman, V. Vaclavik, V.H. Tran, P. Farinelli, S. Balzano,
B. Royer-Bertrand, M.E. El-Asrag, O. Bonny, C. Ikonomidis, et al. 2016.
Mutations in the polyglutamylase gene TTLL5, expressed in photore-
ceptor cells and spermatozoa, are associated with cone-rod degenera-
tion and reduced male fertility. Hum. Mol. Genet. 25:4546-4555. https://
doi.org/10.1093/hmg/ddw282

Bird, A.C. 1975. X-linked retinitis pigmentosa. Br. J. Ophthalmol. 59:177-199.
https://doi.org/10.1136/bjo.59.4.177

Bonnet, C., D. Boucher, S. Lazereg, B. Pedrotti, K. Islam, P. Denoulet, and
J.C. Larcher. 2001. Differential binding regulation of microtubule-
associated proteins MAP1A, MAPIB, and MAP2 by tubulin poly-
glutamylation. J. Biol. Chem. 276:12839-12848. https://doi.org/10
.1074/jbc.M011380200

Boucher, D., ].C. Larcher, F. Gros, and P. Denoulet. 1994. Polyglutamylation of
tubulin as a progressive regulator of in vitro interactions between the
microtubule-associated protein Tau and tubulin. Biochemistry. 33:
12471-12477. https://doi.org/10.1021/bi00207a014

Breuer, D.K., B.M. Yashar, E. Filippova, S. Hiriyanna, R.H. Lyons, A.]. Mears,
B. Asaye, C. Acar, R. Vervoort, A.F. Wright, etal. 2002. A comprehensive
mutation analysis of RP2 and RPGR in a North American cohort of
families with X-linked retinitis pigmentosa. Am. J. Hum. Genet. 70:
1545-1554. https://doi.org/10.1086/340848

Buraczynska, M., W. Wu, R. Fujita, K. Buraczynska, E. Phelps, S. Andreasson,
J. Bennett, D.G. Birch, G.A. Fishman, D.R. Hoffman, et al. 1997. Spectrum
of mutations in the RPGR gene that are identified in 20% of families with
X-linked retinitis pigmentosa. Am. J. Hum. Genet. 61:1287-1292. https://
doi.org/10.1086/301646

Campbell, J., M. Vosahlikova, S. Ismail, M. Volnikova, L. Motlova, ]. Kudla-
cova, K. Ustinova, I. Snajdr, Z. Novakova, M. Basta, et al. 2025. Ex-
panding the tubulin code: TTLLI1 polyglutamylase drives elongation of
primary tubulin chains. bioRxiv. https://doi.org/10.1101/2025.02.24
.639257 (Preprint posted February 27, 2025).

Cehajic-Kapetanovic, J., C. Martinez-Fernandez de la Camara, J. Birtel, S.
Rehman, M.E. McClements, P. Charbel Issa, A.J. Lotery, and R.E. Ma-
cLaren. 2022. Impaired glutamylation of RPGRO®F!® underlies the cone-
dominated phenotype associated with truncating distal ORF15 variants.
Proc. Natl. Acad. Sci. USA. 119.e2208707119. https://doi.org/10.1073/pnas
.2208707119

Cehajic-Kapetanovic, J., K. Xue, C. Martinez-Fernandez de la Camara, A.
Nanda, A. Davies, L.J. Wood, A.P. Salvetti, M.D. Fischer, ].W. Aylward,
AR. Barnard, et al. 2020. Initial results from a first-in-human gene
therapy trial on X-linked retinitis pigmentosa caused by mutations in
RPGR. Nat. Med. 26:354-359. https://doi.org/10.1038/541591-020-0763
-1

Chen, J., E.A. Zehr, J.M. Gruschus, A. Szyk, Y. Liu, M.E. Tanner, N. Tjandra,
and A. Roll-Mecak. 2024. Tubulin code eraser CCP5 binds branch glu-
tamates by substrate deformation. Nature. 631:905-912. https://doi.org/
10.1038/541586-024-07699-0

Deng, W.T., F.M. Dyka, A. Dinculescu, J. Li, P. Zhu, V.A. Chiodo, S.L. Boye, T.J.
Conlon, K. Erger, T. Cossette, and W.W. Hauswirth. 2015. Stability and
safety of an AAV vector for treating RPGR-ORF15 X-Linked retinitis
pigmentosa. Hum. Gene Ther. 26:593-602. https://doi.org/10.1089/hum
.2015.035

Emsley, P., and K. Cowtan. 2004. Coot: Model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60:2126-2132. https://doi
.org/10.1107/S0907444904019158

Journal of Cell Biology
https://doi.org/10.1083/jcb.202508020

9z0z |14dv 80 uo 1senb Agq Jpd 0z080520Z 99 [/0596202 /0208052022 /9 /S22 /4pd -8 |9 11Je/qo [ /1o "ssaudni//:d 1y wo iy papeo jumog

110f13


mailto:Tiansen.Li@nih.gov
mailto:Antonina@mail.nih.gov
mailto:Antonina@mail.nih.gov
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1093/hmg/ddae013
https://doi.org/10.1002/prot.24364
https://doi.org/10.1091/mbc.E11-11-0931
https://doi.org/10.1167/iovs.02-0605
https://doi.org/10.1093/hmg/ddw282
https://doi.org/10.1093/hmg/ddw282
https://doi.org/10.1136/bjo.59.4.177
https://doi.org/10.1074/jbc.M011380200
https://doi.org/10.1074/jbc.M011380200
https://doi.org/10.1021/bi00207a014
https://doi.org/10.1086/340848
https://doi.org/10.1086/301646
https://doi.org/10.1086/301646
https://doi.org/10.1101/2025.02.24.639257
https://doi.org/10.1101/2025.02.24.639257
https://doi.org/10.1073/pnas.2208707119
https://doi.org/10.1073/pnas.2208707119
https://doi.org/10.1038/s41591-020-0763-1
https://doi.org/10.1038/s41591-020-0763-1
https://doi.org/10.1038/s41586-024-07699-0
https://doi.org/10.1038/s41586-024-07699-0
https://doi.org/10.1089/hum.2015.035
https://doi.org/10.1089/hum.2015.035
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158

Evans, R., M. O'Neill, A. Pritzel, N. Antropova, A. Senior, T. Green, A. 7idek, R.
Bates, S. Blackwell, J. Yim, et al. 2022. Protein complex prediction with
AlphaFold-multimer. bioRxiv. https://doi.org/10.1101/2021.10.04.463034
(Preprint Posted March 10, 2022).

Garnham, C.P., A. Vemu, E.M. Wilson-Kubalek, I. Yu, A. Szyk, G.C. Lander,
R.A. Milligan, and A. Roll-Mecak. 2015. Multivalent microtubule rec-
ognition by Tubulin Tyrosine ligase-like family glutamylases. Cell. 161:
1112-1123. https://doi.org/10.1016/j.cell.2015.04.003

Genova, M., L. Grycova, V. Puttrich, M.M. Magiera, Z. Lansky, C. Janke, and
M. Braun. 2023. Tubulin polyglutamylation differentially regulates
microtubule-interacting proteins. EMBO J. 42.e112101. https://doi.org/
10.15252/embj.2022112101

Gumerson, ].D., A. Alsufyani, W. Yu, J. Lei, X. Sun, L. Dong, Z. Wu, and T. Li.
2022. Restoration of RPGR expression in vivo using CRISPR/Cas9 gene
editing. Gene Ther. 29:81-93. https://doi.org/10.1038/541434-021-00258
-6

He, K., X. Ma, T. Xu, Y. Li, A. Hodge, Q. Zhang, ]. Torline, Y. Huang, J. Zhao, K.
Ling, and J. Hu. 2018. Axoneme polyglutamylation regulated by Joubert
syndrome protein ARL13B controls ciliary targeting of signaling mole-
cules. Nat. Commun. 9:3310. https://doi.org/10.1038/s41467-018-05867-1

He, Y., and S.S. Simons Jr. 2007. STAMP, a novel predicted factor assisting
TIF2 actions in glucocorticoid receptor-mediated induction and re-
pression. Mol. Cell. Biol. 27:1467-1485. https://doi.org/10.1128/MCB
.01360-06

Herre, C., A. Ho, B. Eisenbraun, J. Vincent, T. Nicholson, G. Boutsioukis, P.A.
Meyer, M. Ottaviano, K.L. Krause, J. Key, and P. Sliz. 2024. Introduction
of the Capsules environment to support further growth of the SBGrid
structural biology software collection. Acta Crystallogr. D Struct. Biol. 80:
439-450. https://doi.org/10.1107/52059798324004881

Holm, L., A. Laiho, P. Tér6nen, and M. Salgado. 2023. DALI shines a light on
remote homologs: One hundred discoveries. Protein Sci. 32.e4519.
https://doi.org/10.1002/pro.4519

Hong, D.H., B. Pawlyk, M. Sokolov, K.J. Strissel, J. Yang, B. Tulloch, A.F.
Wright, V.Y. Arshavsky, and T. Li. 2003. RPGR isoforms in photore-
ceptor connecting cilia and the transitional zone of motile cilia. Invest.
Ophthalmol. Vis. Sci. 44:2413-2421. https://doi.org/10.1167/iovs.02-1206

Hong, D.H., B.S. Pawlyk, M. Adamian, M.A. Sandberg, and T. Li. 2005. A
single, abbreviated RPGR-ORF15 variant reconstitutes RPGR function
in vivo. Invest. Ophthalmol. Vis. Sci. 46:435-441. https://doi.org/10.1167/
iovs.04-1065

Hong, D.H., B.S. Pawlyk, J. Shang, M.A. Sandberg, E.L. Berson, and T. Li.
2000. A retinitis pigmentosa GTPase regulator (RPGR)-deficient mouse
model for X-linked retinitis pigmentosa (RP3). Proc. Natl. Acad. Sci. USA.
97:3649-3654. https://doi.org/10.1073/pnas.97.7.3649

Hong, D.H., G. Yue, M. Adamian, and T. Li. 2001. Retinitis pigmentosa
GTPase regulator (RPGRr)-interacting protein is stably associated
with the photoreceptor ciliary axoneme and anchors RPGR to the
connecting cilium. J. Biol. Chem. 276:12091-12099. https://doi.org/10
.1074/jbc.M009351200

lannaccone, A., D.K. Breuer, X.F. Wang, S.F. Kuo, E.M. Normando, E. Fili-
ppova, A. Baldi, S. Hiriyanna, C.B. MacDonald, F. Baldi, et al. 2003.
Clinical and immunohistochemical evidence for an X linked retinitis
pigmentosa syndrome with recurrent infections and hearing loss in
association with an RPGR mutation. J. Med. Genet. 40.e118. https://doi
.0org/10.1136/jmg.40.11.e118

Janke, C., K. Rogowski, D. Wloga, C. Regnard, A.V. Kajava, J.M. Strub, N.
Temurak, ]. van Dijk, D. Boucher, A. van Dorsselaer, et al. 2005. Tubulin
polyglutamylase enzymes are members of the TTL domain protein
family. Science. 308:1758-1762. https://doi.org/10.1126/science.1113010

Jumper, J., R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K.
Tunyasuvunakool, R. Bates, A. Zidek, A. Potapenko, et al. 2021. Highly
accurate protein structure prediction with AlphaFold. Nature. 596:
583-589. https://doi.org/10.1038/541586-021-03819-2

Kabsch, W. 2010. Integration, scaling, space-group assignment and post-
refinement. Acta Crystallogr. D Biol. Crystallogr. 66:133-144. https://doi
.org/10.1107/S0907444909047374

Kashiwaya, K., H. Nakagawa, M. Hosokawa, Y. Mochizuki, K. Ueda, L. Piao, S.
Chung, R. Hamamoto, H. Eguchi, H. Ohigashi, et al. 2010. Involvement
of the tubulin tyrosine ligase-like family member 4 polyglutamylase in
PELPI1 polyglutamylation and chromatin remodeling in pancreatic
cancer cells. Cancer Res. 70:4024-4033. https://doi.org/10.1158/0008
-5472.CAN-09-4444

Khanna, H. 2018. More than meets the eye: Current understanding of RPGR
function. Adv. Exp. Med. Biol. 1074:521-538. https://doi.org/10.1007/978
-3-319-75402-4_64

Park et al.
RPGR-TTLLS structure and insights into disease

)

(%%
< D
IV

Kolawole, 0.U., C.Y. Gregory-Evans, R. Bikoo, A.Z. Huang, and K. Gregory-
Evans. 2023. Novel pathogenic variants in Tubulin Tyrosine like 5
(TTLLS5) associated with cone-dominant retinal dystrophies and an
abnormal optical coherence tomography phenotype. Mol. Vis. 29:
329-337. 5

Kravec, M., O. Sedo, J. Nedvédova, M. Micka, M. Sulcova, N. Zezula, K.
Gomoryova, D. Potésil, R. Sri Ganji, S. Bologna, et al. 2024. Carboxy-
terminal polyglutamylation regulates signaling and phase separation of
the dishevelled protein. EMBO J. 43:5635-5666. https://doi.org/10.1038/
$44318-024-00254-7

Lacroix, B., J. van Dijk, N.D. Gold, J. Guizetti, G. Aldrian-Herrada, K. Ro-
gowski, D.W. Gerlich, and C. Janke. 2010. Tubulin polyglutamylation
stimulates spastin-mediated microtubule severing. J. Cell Biol. 189:
945-954. https://doi.org/10.1083/jcb.201001024

Lee, G.S., Y. He, EJ. Dougherty, M. Jimenez-Movilla, M. Avella, S. Grullon,
D.S. Sharlin, C. Guo, J.A. Blackford Jr., S. Awasthi, et al. 2013. Disruption
of Ttll5/stamp gene (tubulin tyrosine ligase-like protein 5/SRC-1 and
TIF2-associated modulatory protein gene) in male mice causes sperm
malformation and infertility. J. Biol. Chem. 288:15167-15180. https://doi
.0rg/10.1074/jbc. M113.453936

Lessard, D.V., O.J. Zinder, T. Hotta, K.J. Verhey, R. Ohi, and C.L. Berger. 2019.
Polyglutamylation of tubulin’s C-terminal tail controls pausing and
motility of kinesin-3 family member KIF1A. J. Biol. Chem. 294:6353-6363.
https://doi.org/10.1074/jbc.RA118.005765

Lorton, B.M., C. Warren, H. Ilyas, P. Nandigrami, S. Hegde, S. Cahill, S.M.
Lehman, ]. Shabanowitz, D.F. Hunt, A. Fiser, et al. 2024. Glutamylation
of Npm2 and Napl acidic disordered regions increases DNA mimicry
and histone chaperone efficiency. iScience. 27:109458. https://doi.org/10
.1016/j.is¢i.2024.109458

Mabhalingan, K.K., D.A. Grotjahn, Y. Li, G.C. Lander, E.A. Zehr, and A. Roll-
Mecak. 2024. Structural basis for a-tubulin-specific and modification
state-dependent glutamylation. Nat. Chem. Biol. 20:1493-1504. https://
doi.org/10.1038/541589-024-01599-0

Mabhalingan, K.K., E. Keith Keenan, M. Strickland, Y. Li, Y. Liu, H.L. Ball, M.E.
Tanner, N. Tjandra, and A. Roll-Mecak. 2020. Structural basis for pol-
yglutamate chain initiation and elongation by TTLL family enzymes.
Nat. Struct. Mol. Biol. 27:802-813. https://doi.org/10.1038/541594-020
-0462-0

McCoy, AJ., R.W. Grosse-Kunstleve, P.D. Adams, M.D. Winn, L.C. Storoni,
and R.J. Read. 2007. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40:658-674. https://doi.org/10.1107/S0021889807021206

Mears, A.J., S. Hiriyanna, R. Vervoort, B. Yashar, L. Gieser, S. Fahrner, S.P.
Daiger, ].R. Heckenlively, P.A. Sieving, A.F. Wright, and A. Swaroop.
2000. Remapping of the RP15 locus for X-linked cone-rod degeneration
to Xpll.4-p21.], and identification of a de novo insertion in the RPGR
exon ORF15. Am. J. Hum. Genet. 67:1000-1003. https://doi.org/10.1086/
303091

Meind], A., K. Dry, K. Herrmann, F. Manson, A. Ciccodicola, A. Edgar, M.R.
Carvalho, H. Achatz, H. Hellebrand, A. Lennon, et al. 1996. A gene
(RPGR) with homology to the RCC1 guanine nucleotide exchange factor
is mutated in X-linked retinitis pigmentosa (RP3). Nat. Genet. 13:35-42.
https://doi.org/10.1038/ng0596-35

Mercey, O., S. Gadadhar, M.M. Magiera, L. Lebrun, C. Kostic, A. Moulin, Y.
Arsenijevic, C. Janke, P. Guichard, and V. Hamel. 2024. Glutamylation
imbalance impairs the molecular architecture of the photoreceptor
cilium. EMBO ]. 43:6679-6704. https://doi.org/10.1038/s44318-024
-00284-1

Michaelides, M., C.G. Besirli, Y. Yang, D.E.G. Tac, S.C. Wong, R.M. Huckfeldt,
J.I. Comander, J.A. Sahel, S.M. Shah, J.J.L. Tee, et al. 2024. Phase 1/
2 AAV5-hRKp.RPGR (Botaretigene sparoparvovec) gene therapy: Safety
and efficacy in RPGR-associated X-Linked retinitis pigmentosa. Am.
J. Ophthalmol. 267:122-134. https://doi.org/10.1016/j.2j0.2024.05.034

Miller, K.E., and R. Heald. 2015. Glutamylation of Napl modulates histone H1
dynamics and chromosome condensation in Xenopus. J. Cell Biol. 209:
211-220. https://doi.org/10.1083/jcb.201412097

Oh, J.K,, ].G. Vargas Del Valle, ].R. Lima de Carvalho Jr., Y.J. Sun, S.R. Levi, J.
Ryu, J. Yang, T. Nagasaki, A. Emanuelli, N. Rasool, et al. 2022. Ex-
panding the phenotype of TTLL5-associated retinal dystrophy: A case
series. Orphanet J. Rare Dis. 17:146. https://doi.org/10.1186/s13023-022
-02295-9

Pawlyk, B.S., O.V. Bulgakov, X. Sun, M. Adamian, X. Shu, AJ. Smith, E.L.
Berson, R.R. Ali, S. Khani, A.F. Wright, et al. 2016. Photoreceptor rescue
by an abbreviated human RPGR gene in a murine model of X-linked
retinitis pigmentosa. Gene Ther. 23:196-204. https://doi.org/10.1038/gt
.2015.93

Journal of Cell Biology
https://doi.org/10.1083/jcb.202508020

| 1idvy 80 uo 31senb Aq 4pd 020805202 90 /0596202 /0208052023 /9 /SZZ /4pd -8 |2 1318 /qd [/B 1o "ssaidnu//:d 11y woly papeo juwoq

920¢

12 0f 13


https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1016/j.cell.2015.04.003
https://doi.org/10.15252/embj.2022112101
https://doi.org/10.15252/embj.2022112101
https://doi.org/10.1038/s41434-021-00258-6
https://doi.org/10.1038/s41434-021-00258-6
https://doi.org/10.1038/s41467-018-05867-1
https://doi.org/10.1128/MCB.01360-06
https://doi.org/10.1128/MCB.01360-06
https://doi.org/10.1107/S2059798324004881
https://doi.org/10.1002/pro.4519
https://doi.org/10.1167/iovs.02-1206
https://doi.org/10.1167/iovs.04-1065
https://doi.org/10.1167/iovs.04-1065
https://doi.org/10.1073/pnas.97.7.3649
https://doi.org/10.1074/jbc.M009351200
https://doi.org/10.1074/jbc.M009351200
https://doi.org/10.1136/jmg.40.11.e118
https://doi.org/10.1136/jmg.40.11.e118
https://doi.org/10.1126/science.1113010
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1107/S0907444909047374
https://doi.org/10.1107/S0907444909047374
https://doi.org/10.1158/0008-5472.CAN-09-4444
https://doi.org/10.1158/0008-5472.CAN-09-4444
https://doi.org/10.1007/978-3-319-75402-4_64
https://doi.org/10.1007/978-3-319-75402-4_64
https://doi.org/10.1038/s44318-024-00254-7
https://doi.org/10.1038/s44318-024-00254-7
https://doi.org/10.1083/jcb.201001024
https://doi.org/10.1074/jbc.M113.453936
https://doi.org/10.1074/jbc.M113.453936
https://doi.org/10.1074/jbc.RA118.005765
https://doi.org/10.1016/j.isci.2024.109458
https://doi.org/10.1016/j.isci.2024.109458
https://doi.org/10.1038/s41589-024-01599-0
https://doi.org/10.1038/s41589-024-01599-0
https://doi.org/10.1038/s41594-020-0462-0
https://doi.org/10.1038/s41594-020-0462-0
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1086/303091
https://doi.org/10.1086/303091
https://doi.org/10.1038/ng0596-35
https://doi.org/10.1038/s44318-024-00284-1
https://doi.org/10.1038/s44318-024-00284-1
https://doi.org/10.1016/j.ajo.2024.05.034
https://doi.org/10.1083/jcb.201412097
https://doi.org/10.1186/s13023-022-02295-9
https://doi.org/10.1186/s13023-022-02295-9
https://doi.org/10.1038/gt.2015.93
https://doi.org/10.1038/gt.2015.93

Pelletier, V., M. Jambou, N. Delphin, E. Zinovieva, M. Stum, N. Gigarel, H.
Dollfus, C. Hamel, A. Toutain, J.L. Dufier, et al. 2007. Comprehensive
survey of mutations in RP2 and RPGR in patients affected with distinct
retinal dystrophies: Genotype-phenotype correlations and impact on
genetic counseling. Hum. Mutat. 28:81-91. https://doi.org/10.1002/
humu.20417

Rigden, D.J., R.M. Keegan, and M.D. Winn. 2008. Molecular replacement
using ab initio polyalanine models generated with ROSETTA. Acta
Crystallogr. D Biol. Crystallogr. 64:1288-1291. https://doi.org/10.1107/
S0907444908033192

Roll-Mecak, A. 2020. The tubulin code in microtubule dynamics and infor-
mation encoding. Dev. Cell. 54:7-20. https://doi.org/10.1016/j.devcel
.2020.06.008

Sergouniotis, P.I,, C. Chakarova, C. Murphy, M. Becker, E. Lenassi, G. Arno,
M. Lek, D.G. MacArthur, U.C.-E. Consortium, S.S. Bhattacharya, et al.
2014. Biallelic variants in TTLL5, encoding a tubulin glutamylase, cause
retinal dystrophy. Am. J. Hum. Genet. 94:760-769. https://doi.org/10
1016/j.ahg.2014.04.003

Sharma, N., J. Bryant, D. Wloga, R. Donaldson, R.C. Davis, M. Jerka-Dziadosz,
and J. Gaertig. 2007. Katanin regulates dynamics of microtubules and
biogenesis of motile cilia. J. Cell Biol. 178:1065-1079. https://doi.org/10
.1083/jcb.200704021

Shu, X., A.M. Fry, B. Tulloch, F.D. Manson, J.W. Crabb, H. Khanna, A.J. Far-
agher, A. Lennon, S. He, P. Trojan, et al. 2005. RPGR ORF15 isoform co-
localizes with RPGRIPI at centrioles and basal bodies and interacts with
nucleophosmin. Hum. Mol. Genet. 14:1183-1197. https://doi.org/10.1093/
hmg/ddi129

Sirajuddin, M., L.M. Rice, and R.D. Vale. 2014. Regulation of microtubule
motors by tubulin isotypes and post-translational modifications. Nat.
Cell Biol. 16:335-344. https://doi.org/10.1038/ncb2920

Sun, X., J.H. Park, J. Gumerson, Z. Wu, A. Swaroop, H. Qian, A. Roll-
Mecak, and T. Li. 2016. Loss of RPGR glutamylation underlies the
pathogenic mechanism of retinal dystrophy caused by TTLL5 mu-
tations. Proc. Natl. Acad. Sci. USA. 113:E2925-E2934. https://doi.org/
10.1073/pnas.1523201113

Szczesna, E., E.A. Zehr, S.W. Cummings, A. Szyk, K.K. Mahalingan, Y. Li, and
A. Roll-Mecak. 2022. Combinatorial and antagonistic effects of tubulin
glutamylation and glycylation on katanin microtubule severing. Dev.
Cell. 57:2497-2513 e2496. https://doi.org/10.1016/j.devcel.2022.10.003

Park et al.
RPGR-TTLLS structure and insights into disease

)

(0]

2 JCB
3]
IV

Ten Martin, D., N. Jardin, J. Vougny, F. Giudicelli, L. Gasmi, N. Berbee, V.
Henriot, L. Lebrun, C. Haumaitre, M. Kneussel, et al. 2025. Tubulin
glutamylation regulates axon guidance via the selective tuning of
microtubule-severing enzymes. EMBO ]. 44:107-140. https://doi.org/10
.1038/544318-024-00307-x

Valenstein, M.L., and A. Roll-Mecak. 2016. Graded control of microtubule
severing by Tubulin glutamylation. Cell. 164:911-921. https://doi.org/10
.1016/j.cell.2016.01.019

van Dijk, J., J. Miro, J.M. Strub, B. Lacroix, A. van Dorsselaer, B. Edde, and C.
Janke. 2008. Polyglutamylation is a post-translational modification
with a broad range of substrates. J. Biol. Chem. 283:3915-3922. https://
doi.org/10.1074/jbc.M705813200

van Dijk, J., K. Rogowski, J. Miro, B. Lacroix, B. Edde, and C. Janke. 2007. A
targeted multienzyme mechanism for selective microtubule poly-
glutamylation. Mol. Cell. 26:437-448. https://doi.org/10.1016/j.molcel
.2007.04.012

van Kempen, M., S.S. Kim, C. Tumescheit, M. Mirdita, J. Lee, C.L.M. Gilchrist,
J. Soding, and M. Steinegger. 2024. Fast and accurate protein structure
search with Foldseek. Nat. Biotechnol. 42:243-246. https://doi.org/10
.1038/541587-023-01773-0

Vervoort, R., A. Lennon, A.C. Bird, B. Tulloch, R. Axton, M.G. Miano, A.
Meind], T. Meitinger, A. Ciccodicola, and A.F. Wright. 2000. Mutational
hot spot within a new RPGR exon in X-linked retinitis pigmentosa. Nat.
Genet. 25:462-466. https://doi.org/10.1038/78182

Winn, M.D., C.C. Ballard, K.D. Cowtan, E.J. Dodson, P. Emsley, P.R. Evans,
R.M. Keegan, E.B. Krissinel, A.G. Leslie, A. McCoy, et al. 2011. Overview
of the CCP4 suite and current developments. Acta Crystallogr. D Biol.
Crystallogr. 67:235-242. https://doi.org/10.1107/S0907444910045749

Xia, P., B. Ye, S. Wang, X. Zhu, Y. Du, Z. Xiong, Y. Tian, and Z. Fan. 2016.
Glutamylation of the DNA sensor cGAS regulates its binding and syn-
thase activity in antiviral immunity. Nat. Immunol. 17:369-378. https://
doi.org/10.1038/ni.3356

Zehr, E.A., A. Szyk, E. Szczesna, and A. Roll-Mecak. 2020. Katanin grips the
B-tubulin tail through an electropositive double spiral to sever micro-
tubules. Dev. Cell. 52:118-131 el16. https://doi.org/10.1016/j.devcel.2019
.10.010

Zhao, H., G. Piszczek, and P. Schuck. 2015. SEDPHAT--a platform for global
ITC analysis and global multi-method analysis of molecular interac-
tions. Methods. 76:137-148. https://doi.org/10.1016/j.ymeth.2014.11.012

Journal of Cell Biology
https://doi.org/10.1083/jcb.202508020

| 1idvy 80 uo 31senb Aq 4pd 020805202 90 /0596202 /0208052023 /9 /SZZ /4pd -8 |2 1318 /qd [/B 1o "ssaidnu//:d 11y woly papeo juwoq

920¢

13 0f 13


https://doi.org/10.1002/humu.20417
https://doi.org/10.1002/humu.20417
https://doi.org/10.1107/S0907444908033192
https://doi.org/10.1107/S0907444908033192
https://doi.org/10.1016/j.devcel.2020.06.008
https://doi.org/10.1016/j.devcel.2020.06.008
https://doi.org/10.1016/j.ajhg.2014.04.003
https://doi.org/10.1016/j.ajhg.2014.04.003
https://doi.org/10.1083/jcb.200704021
https://doi.org/10.1083/jcb.200704021
https://doi.org/10.1093/hmg/ddi129
https://doi.org/10.1093/hmg/ddi129
https://doi.org/10.1038/ncb2920
https://doi.org/10.1073/pnas.1523201113
https://doi.org/10.1073/pnas.1523201113
https://doi.org/10.1016/j.devcel.2022.10.003
https://doi.org/10.1038/s44318-024-00307-x
https://doi.org/10.1038/s44318-024-00307-x
https://doi.org/10.1016/j.cell.2016.01.019
https://doi.org/10.1016/j.cell.2016.01.019
https://doi.org/10.1074/jbc.M705813200
https://doi.org/10.1074/jbc.M705813200
https://doi.org/10.1016/j.molcel.2007.04.012
https://doi.org/10.1016/j.molcel.2007.04.012
https://doi.org/10.1038/s41587-023-01773-0
https://doi.org/10.1038/s41587-023-01773-0
https://doi.org/10.1038/78182
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1038/ni.3356
https://doi.org/10.1038/ni.3356
https://doi.org/10.1016/j.devcel.2019.10.010
https://doi.org/10.1016/j.devcel.2019.10.010
https://doi.org/10.1016/j.ymeth.2014.11.012

(e 3 »
;’3’0

Supplemental material

A al a2 a3
- ———— ]
700
SGGQTFSASWAAKE 708

Homo sapiens 657

Mus musculus 670 SAYLQ SGGQTLSPSWAA 721
Bos taurus 631 PIKENIBMQIBBQDNCGNBIRYVSEL I - |- -/ - -|- -f[-|- - - - - - - 654
Oryctolagus cuniculus 656 AY HGGQNF SASWAA 707
Xenopus tropicalis 602 RNPERV - - - -QP! 649
Danio rerio 594 SR-ANRSPAWTQ 644

a4

750
Homo sapiens 760
Mus musculus 773
Bos taurus 706
Oryctolagus cuniculus 759
Xenopus tropicalis 701
Danio rerio 696
Homo sapiens 812
Mus musculus 825
Bos taurus 758
Oryctolagus cuniculus 811
Xenopus tropicalis 750
Danio rerio 745

Homo sapiens 813

Mus musculus 826

Bos taurus 759
Oryctolagus cuniculus 812
Xenopus tropicalis 751
Danio rerio 746

831
844
77
830
769
764

B
Homo sapiens 1152
Mus musculus 1305
Danio rerio 1413
Gallus gallus 1324
Urocitellus parryii 1340
Odocoileus virginianus texanus 1207

Bos taurus 1505

Figure S1. Multiple sequence alignment of vertebrate TTLL5 CID and RPGR BD. (A) TTLL5 CID. (B) RPGR miniBD. Secondary structure elements indicated
above the sequence and based on our X-ray crystal structure of the complex; gaps of disordered, unmodeled residues are indicated by a dotted line. Hy-
drophobic residues at the CID-BD interface indicated with blue boxes. Residues mutated for ITC experiments indicated with black arrows above the sequence.
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Figure S2. Comparison of the experimental CID-miniBD X-ray crystal structure with AlphaFold predictions. (A) Top, AlphaFold 2.3.2 predicted
structures of fused CID-BD (light gray), similar to the construct we crystallized, and AlphaFold 2.3.2 multimer prediction of the complex with CID and BD as
separate chains (dark gray) superimposed on the X-ray crystal structure of the CID-BD complex with chains colored as in Fig. 1. TTLL5 CID 658-811 rendered
transparent; residues 812-820 in TTLL5 CID are highlighted by a red box. Our analysis suggests that the incorrect modeling of these residues by AlphaFold
result in an incorrect prediction of the position of the BD helix in the CID-BD complex. (B) X-ray crystal structure of the CID-miniBD complex compared with
AlphaFold 2.3.2, AlphaFold 2.3.2 multimer, and AlphaFold 3.0.1 predictions. Dotted red line overlaying predicted structures indicates orientation of miniBD.
Alphafold prediction structures colored by confidence score. Both AlphaFold 2.3.2 and AlphaFold 2.3.2 multimer assign medium to high confidence to the
incorrectly predicted BD helix, with high confidence for the entire miniBD helix assigned by AlphaFold 2.3.2 multimer.
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Figure S3. Traced cilia and representative intensity profiles from one biological replicate quantified in Fig. 3 J. (A-C) WT, (B) L1302A, and (C) W1294C
RPGR AAV-injected mouse retina. Top for each condition: micrographs of immunostained mouse retina with GT335 in yellow, RPGR in magenta, and DAPI in
blue. White arrows point to each of 10 traced connecting cilia, with yellow lines indicating traces. Cilia were manually traced and intensities extracted in
Image). Bottom for each condition: five intensity profiles of GT335 (yellow) and RPGR (magenta) along line traces, numbered according to panel above. Mice
injected with WT RPGR AAV have strong GT335 signal at the proximal portion of their connecting cilia where RPGR is localized, while both mutant forms of
RPGR show low GT335 signal where RPGR is localized.
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