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The three-dimensional structure of the Vint domain from
Tetrahymena thermophila suggests a ligand-regulated
cleavage mechanism by the HINT fold
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Vint proteins have been identified in unicellular metazoans as a novel
hedgehog-related gene family, merging the von Willebrand factor type A
domain and the Hedgehog/INTein (HINT) domains. We present the first
three-dimensional structure of the Vint domain from Tetrahymena thermo-
phila corresponding to the auto-processing domain of hedgehog proteins,
shedding light on the unique features, including an adduct recognition region
(ARR). Our results suggest a potential binding between the ARR and sulfated
glycosaminoglycans like heparin sulfate. Moreover, we uncover a possible
regulatory role of the ARR in the auto-processing by Vint domains, expand-
ing our understanding of the HINT domain evolution and their use in biotech-
nological applications. Vint domains might have played a crucial role in the
transition from unicellular to multicellular organisms.
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Protein-splicing domains catalyzing self-excision and
concomitant ligation of the flanking protein sequence
are termed inteins, intervening proteins [1,2]. The cata-
lytic domain of protein splicing has a common HINT
(Hedgehog/INTein) fold, sharing the same fold
between the C-terminal auto-processing domain of
hedgehog and inteins [3]. Inteins are prevalent across
three kingdoms of life but found only in unicellular
organisms [4]. In contrast, the hedgehog (Hh) protein
is a signaling molecule that plays a vital role in inter-
cellular communications during developmental pro-
cesses, organ patterning, tissue and stem cell
maintenance, and cell differentiation in multi-cellular
organisms [5]. The aberrant Hh signaling is also linked
to various diseases, including developmental defects

Abbreviations

and cancer [6]. The full-length Hh protein is a 45-kDa
precursor protein composed of two domains: an
N-terminal domain of 19 kDa (Hh-N, hedge) compris-
ing the signaling activity and a catalytic auto-processing
domain of 25 kDa (Hh-C, hog) with structural similar-
ity to inteins (Fig. 1) [3,7]. The precursor hedgehog
protein undergoes auto-processing through self-
cleavage, followed by signal sequence cleavage and
entry into the secretory pathway. Hh-C is the auto-
processing domain responsible for both the peptide
bond cleavage and the attachment of a cholesterol moi-
ety to its carboxyl terminus (Fig. 1A) [§]. In contrast to
inteins, Hh-C (hog) does not catalyze protein splicing
but contains an additional sterol-recognition region
(SRR) at the C-terminus of the catalytic HINT domain,

ARR, adduct-recognition region; HINT, Hedgehog/INTein; IMAC, immobilized metal ion affinity chromatography; IPTG, isopropyl-p-p-1-
thiogalactopyranoside; PDB, Protein Data Bank; RMSD, root mean square deviation; SRR, sterol-recognition region; SUMO, yeast SMT3 pro-
tein; Ulp1, ubiquitin-like-specific protease 1; VWA, von Willebrand factor type A domain.
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Fig. 1. The domain structures of hedgehog protein and Tetrahymena Vint protein. (A) Hh protein undergoes lipid modification steps to
become a mature Hh-N protein. The C-terminal auto-processing domain (Hh-C) catalyzes the attachment of cholesterol moiety at the C-
terminus of Hh-N and the concomitant N-terminal cleavage at the N-terminal end of Hh-C. (B) The sequence alignment of Hh-C from Dro-
sophila and human hedgehog proteins. Hh-C is the auto-processing catalytic domain having the HINT fold. The SRR of Hh-C highlighted in
pink indicates the presumable cholesterol-binding region of which the three-dimensional structure is unknown. (C) The domain structure of
the Vint protein in Tetrahymena thermophila. The Vint (WWA domain and Hint domain proteins) consists of a VWA domain (von Willebrand
factor type A domain), a new domain between the VWA and Vint domain termed Vwaint, and intein-like domain (HINT) followed by a puta-
tive sterol/adduct-recognition region (SRR/ARR).
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which recognizes cholesterol molecules for
their attachment to Hh-N [3-10] (Fig. 1A). The struc-
tural basis of the cholesterol attachment to Hh-N via
the SRR has yet to be delineated [11,12].

Hh-N domains of hedgehog proteins are highly con-
served signaling molecules that are crucial in body orga-
nization. Nematodes lack a bonafide hedgehog protein
but contain hedgehog-related proteins with auto-
processing domains [8—10]. Extensive genomic sequence
analysis identified Hh-related proteins containing the von
Willebrand factor type A domain (VWA) fused to a
HINT domain distinct from bacterial-intein-like (BIL)
proteins and inteins [9,10]. This specific group of HINT
domain-containing Hh-related proteins was termed Vint
(VWA domain and the Hint-like domain) proteins [9].
The novel HINT domain associated with vVWA domains
was correspondingly identified in tetrahymena, fungi, and
several other protists [9,10]. The HINT-containing Vint
domain also contains a C-terminal putative adduct-
recognition region (ARR), reminiscent of the SRR in
hedgehog proteins. However, its role in a possible adduct
addition reaction remains unknown (Fig. 1) [9,10].

We report here the first three-dimensional structure
of the Vint domain, including the ARR, from Tetrahy-
mena thermophila (TthVint). The three-dimensional
structure of the Vint domain revealed the first atomic
structure of the adduct/sterol recognition region
(ARR/SRR), widely identified among Hh-related and
hedgehog proteins. We further investigated the possi-
ble functional role of the Vint domain in Hh-related
proteins, which might include a regulatory function of
auto-processing by the Vint domain. The regulation by
the ARR could potentially provide new insights into
the functional roles of the Hint superfamily and a
unique opportunity to control the auto-processing of
the Vint domain as a biotechnological tool.

Methods

Construction of vectors bearing the Vint domain
from T. thermophila SB210

The gene encoding the HINT domain of the Vint protein
(residues 512-680) from T. thermophila SB210 (ciliates) was
codon-optimized for Escherichia coli expression based on
the protein sequence deduced from TTHERM_00471620
using the genetic code of tetrahymena. This step was neces-
sary because of the alternative codon usage in
T. thermophila [13]. The codon-optimized DNA for E. coli
expression was chemically synthesized and cloned into the
pIDTSMART-KAN vector, which was purchased from
Integrated DNA Technologies Inc. (Leuven, Belgium). We
fused the N-terminal yeast SMT3 (SUMO) protein with the
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Vint (512-680) to facilitate protein purification [14]. All
the variants with various mutations and deletions were con-
structed and summarized in Table S1.

Protein expression and purification of the Vint
domain

The Vint domain (512-680) with C514A (Cl1A) mutation
was expressed as an N-terminally His-tagged SUMO-fusion
protein in the E. coli strain T7 Express (NEB, Ipswich,
MA, USA) [14]. The cells were transformed with plasmid
pBHRSF123 (Table S1) and grown at 37 °C in 2 L of LB
medium supplemented with a final concentration of
25 pg-mL~! kanamycin. The SUMO-fusion protein was
induced with a final concentration of 1 mm isopropyl-B-p-
thiogalactoside (IPTG) for 2.5 h when ODyggy reached 0.6.
The induced cells were harvested by centrifugation at
4700 g for 10 min, 4 °C and lysed in 20 mL Buffer A
(50 mm sodium phosphate, pH 8.0, 300 mm NaCl) using
continuous passaging through an EmulsiFlex-C3 homoge-
nizer (AVESTIN, Ottawa, ON, Canada) at 15 000 psi for
10 min at 4 °C. Lysates were cleared by centrifugation at
38 000 g for 60 min at 4 °C and loaded on a 5-mL
HisTrap HP column (Cytiva, Marlborough, MA, USA).
The column was extensively washed with 50 mm imidazole
in Buffer A and eluted with a linear imidazole gradient to
300 mm in Buffer A. The elution fractions containing the
SUMO-fusion protein were collected and dialyzed over-
night against 2 L phosphate-buffered saline. The SUMO-
fusion protein was digested with yeast ubiquitin-like specific
protease (Ulpl) at 30 °C for 4 h [14]. The reaction mixture
was again applied to a 5-mL HisTrap HP column to
remove the cleaved SUMO domain, Ulpl protease, and the
uncleaved fusion protein. The flow-through fractions from
immobilized metal ion affinity chromatography (IMAC)
were dialyzed against 2 L of Milli-Q water, concentrated to
14.6 mg-mL~" for crystallization, and stored at —70 °C.

Protein expression of Vint variants

Small-scale expressions of the SUMO-fusion proteins with
various mutations were performed as described above in
5 mL LB medium cultures of E. coli T7 Express (NEB) using
the plasmids listed in Table S1. The cells were harvested by
centrifugation and lysed with B-PER Bacterial Protein
Extraction Reagent (Thermo Fisher Scientific, Waltham,
MA, USA). The supernatant was loaded after the centrifuga-
tion onto a Ni-NTA spin column (Qiagen, Hilden, Germany)
and eluted with 250 mm imidazole in Buffer A [15].

Crystallization of the Vint_C1A domain and
diffraction data collection and processing

Diffracting crystals for Vint_CIA were obtained at room
temperature by mixing 100 nL concentrated protein
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(14.6 mg-mL™") with 100 nL mother liquid (2% PEG 400,
2.4 M ammonium sulfate, 0.1 M HEPES pH 6.8). Glycerol
was used as a cryoprotectant. Diffraction data were collected
at beamline ID23-1 at ESRF (Grenoble, France), which was
equipped with a Pilatus detector. Data were processed with
XDS using AUTOPROC at the nominal resolution of 1.80 A
(Table S2). An initial model was obtained using the PHASER
molecular replacement protocol, with the solution structure
of the bacterial intein-like domain from (PDB: 2LWY)
selected as a search model [16,17]. The model was further
improved using PHENIX AUTOBUILD and cooT and refined to
1.80 A using PHENIX [18,19]. The final model was built with
coort, followed by rounds of refinement using REFMACS and
PHENIX [18,20]. The entire polypeptide chain could be traced
into the electron density map, although the linker connecting
two B-strands in the ARR was traced only approximately.
The quality of the final structure was validated using the
MolProbity web server [21]. The coordinates and structure
factors have been deposited in the Protein Data Bank with
accession number 8R2C for TthVint.

Results

The three-dimensional structure of TthVint

Vint domains were identified as a novel HINT gene
family in many eukaryotes encoding a VWA domain
fused to a distinct HINT domain [9]. As the first step
toward understanding the biological function of Vint
proteins and the evolutionary relationship with inteins
and hedgehog proteins, we determined the three-
dimensional structure of the Vint domain by X-ray
crystallography at the 1.8-A resolution (Fig. 1).

Vint proteins were originally identified by their
sequence homology to hedgehog proteins. Conse-
quently, the structure of TthVint domain also showed
the highest structural similarity to Hh-C (PDB code:
1ATO) from Drosophila melanogaster with an RMSD
of 2.0 A for 105 residues of Hh-C with a Z-score of
14.0, as calculated by the Dali server [22]. BIL domain
(PDB code: 2LWY [16]) had the second-highest Z-
score of 13.6 for 109 residues, confirming that the Vint
domain is structurally related to the HINT superfam-
ily. Interestingly, the HINT domain of TthVint is even
smaller than the smallest reported intein (120 residues)
and has a distinct additional region at the C-terminus,
presumably recognizing an adduct [10]. The ARR of
TthVint corresponds to the SRR of Hh-C, of which
no structural information exists in the previously
reported three-dimensional structure of Drosophila
Hh-C [7]. The ARR of Vint domain is located on the
ventral side of the horseshoe-crab shape of the HINT
fold, where the N-terminus of Vint is also on the same
side [23] (Fig. 2A). The ARR consists of a single

Vint structure suggests ligand-regulated cleavage

o-helix and three B-strands. The three-dimensional
structure of the ARR from TthVint is distinct from
the structural models of the SRR of hedgehog pro-
teins, which feature a-helical domains constituting the
sterol-binding site [12,24]. The ARR structure implies
that the adduct is unlikely a sterol molecule as in
hedgehog proteins. It is noteworthy that we could
model five sulfate ions present in the crystallization
medium into the clear electron density (Fig. 3A).

The interaction with the ARR in the Vint domain

The observation of sulfate ions at the interface between
ARR and the HINT structure prompted us to speculate
on the identity of potential naturally occurring adducts
or molecules recognized by the ARR of Vint proteins
(Fig. 3A). Vint proteins were identified as associated
with the vVWA domain, a well-characterized domain
family that plays a significant role in cell adhesion
within extracellular matrix proteins [25]. Therefore, we
decided to use a heparin sepharose column to examine
the potential interactions between the Vint domain and
heparin sulfate, one of the glycosaminoglycans (GAGs)
in cell surfaces and the extracellular matrix (Fig. 3B).
Indeed, we observed the binding of the Vint domain to
a heparin column, which could be effectively eluted
using a sodium chloride gradient. To confirm the bind-
ing, we mutated Argl54, a residue involved in the
observed interactions in the crystal structure with sul-
fate ions, to Ser. Indeed, we observed that the R154S
variant eluted at a lower salt concentration from the
heparin column (Fig. 3B). The R152M mutation further
reduced binding to the heparin column (Fig. 3B). The
mutational studies on the interacting residues with sul-
fate ions provided strong evidence supporting an inter-
action between the Vint domain and heparin. Heparin
or sulfated glycosaminoglycans could thus serve as nat-
urally occurring interacting partners, possibly engaging
in an adduct reaction.

The functional role of the ARR in the Vint
domain

For protein expression in E. coli, we fused the Vint
domain to a SUMO domain containing an N-terminal
hexahistidine tag with a three-residue wild-type
sequence at the N-terminal junction preceding the Vint
domain (Fig. 4A) [14,26]. The expressed fusion protein
immediately underwent self-cleavage via N-S acyl shift
at the first Cys residue, yielding two bands in an
SDS-PAGE gel used to monitor the overexpression in
E. coli (Fig. 4B) [26]. This observation indeed suggests
that the Vint domain is an auto-processing domain,
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Fig. 2. The three-dimensional structures of TthVint and Drosophila Hh-C. (A) A cartoon model of TthVint. B-sheets and a-helices of the HINT
fold are shown in yellow and red, respectively. The helix and B-sheets in the ARR/SRR are shown in cyan and magenta, respectively. The
modeled four sulfate ions are displayed as stick models with two interacting arginine residues. N and C denote the N- and C-termini, respec-
tively. (B) Cartoon representation of the three-dimensional structure of Drosophila Hh-C without SRR. N and C denote the N- and C-termini,
respectively. (C) The secondary structures of the Vint domain along the amino acid sequence. The first residue of the catalytic cysteine of
the HINT fold was mutated to Ala (C1A). The active site His residue, the first Ala residue, and two Arg residues interacting with sulfate ions
are in bold. Vertical broken lines indicate the boundaries of the HINT fold. The numbers above the amino acid sequence indicate the number
from the first residue of the HINT fold. (D) The structure-based sequence alignment between Hh-C (PDB: 1AT0) and Tetrahymena Vint
domain.
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Fig. 3. Interactions between SRR/ARR and sulfate ions. (A) Electron density map around modeled sulfate ions. Residues R152 and R154,
which were tested for their effect on the binding to a heparin sepharose column, are labeled. (B) Elution profiles of the Vint domain (C1A)
and two variants bearing additional R152M and R154S mutations from a heparin sepharose column by a linear NaCl concentration gradient.

catalyzing an effective self-cleavage reaction in the
tested construct. We then examined the active site resi-
dues in the HINT domain. In class 1 inteins and BILs,
the first residue of the HINT domain is typically either
cysteine or serine, involved in the initial N-S acyl shift
[16,27]. This N-S acyl migration forms a thioester bond
that can be cleaved or used for ligation via a

nucleophile. To validate the auto-processing mechanism
further, we mutated the first Cys residue (Cys515) to
Ala, aiming to hinder the N-S acyl shift of the Vint
domain (Fig. 4). As anticipated, the C1A mutation pre-
vented self-cleavage during protein expression.
Consequently, the fusion protein bearing Vint with
C1A mutation was purified without cleavage. This result
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Fig. 4. The effect of mutations in the Vint domain. (A) A summary of the impact of various mutations and a deletion on the N-cleavage reac-
tions by the Vint domain. Residues 514-680 of TthVint were fused with a yeast SUMO domain at the N-terminus with an N-terminal hexahisti-
dine tag. The mutations are indicated in red. The residue numbers of Vint domains are shown. The numberings from the first Cys residue of
the HINT fold used in this article are shown in brackets. AC52 indicates the deletion of the SRR/ARR after residue 114 from the Vint domain.
“++ + " designates observed immediate N-cleavage during the protein expression. Variants with no detectable cleavage are indicated by “—",
whereas “+" represents the variants with weak cleavage during protein purification using the N-terminal His-tag. (B) SDS-PAGE analysis of the
wild-type, the C1A variant, the deletion variant (AC52), and the deletion variant with C1A mutation (AC52 C1A). M, 0 h, 3 h, and E indicate
molecular weight markers, before induction, 3 h after the protein induction, and the elution fraction from the Ni-NTA spin column, respectively.
Arrowheads indicate the bands for the precursor protein. Red arrows indicate the bands of the cleaved Vint domain.

aligns with published reports on the N-S acyl shift as the His67, corresponding to the most conserved histidine in
initial reaction step during the auto-processing in class 1 block B of inteins [28]. As anticipated, substituting
inteins and BIL domains [1,16]. Next, we focused on His67 with alanine (H67A) abolished the self-cleavage
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Fig. 5. A hypothetical model for regulating the auto-processing of the Vint protein by the HINT domain and the ARR/SRR. (A) The three-
dimensional structure of the Vint domain with ARR. The ARR is highlighted with a pink oval. R152, R154, and three sulfate ions with the dis-
tances between them are shown as stick models. The B-sheet and a-helical turn of the HINT domain are shown as cartoons in yellow and
red, respectively. The B-sheet and o-helix of ARR are colored in magenta and cyan, respectively. N and C indicate the N- and C-termini,
respectively. (B) The solution structure of a heparin fragment (PDB: 3IRJ) is shown as a stick model with the distances between sulfur
atoms. (C) A hypothetical regulation mechanism of the auto-processing of Vint proteins by adducts. (D) A possible unregulated cleavage by

the ARR deletion.

of the Vint fusion protein (Fig. 4 and Fig. S1). However,
when we introduced a single mutation at one of the two
cysteine residues near the C-terminal end of the Vint
domain, we observed no apparent effect on the auto-
processive N-cleavage (Fig. 4). This finding implies that
the side-chain thiol groups in these residues are not
directly involved in the N-cleavage reaction.
Intriguingly, when we removed the ARR domain
from the Vint domain (AC52) without any mutations,
the fusion protein showed a slow cleavage during
IMAC purification. Surprisingly, the cleavage profile
remained unchanged even with additional C1A muta-
tion (Fig. 4 and Fig. S1). The ClA variant with the
ARR deletion might suggest that the ARR deletion

variant employs a cleavage mechanism that signifi-
cantly differs from the one used by class 1 inteins
(Fig. 4B and Fig. S1) [31]. Nevertheless, removing the
ARR offered crucial evidence, indicating that ARR
plays a role in regulating the auto-processing
self-cleavage reaction carried out by the Vint domain,
in addition to the common catalytic residues. The
ARR seemingly protects the Vint protein from unde-
sired cleavages around the HINT domain (Fig. 5).

Discussion

Inteins, BILs, and Hh-C represent members of the HINT
superfamily that have been extensively studied [10].
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Despite various structural and biochemical studies of
various HINT domains, these efforts have predominantly
centered around inteins. Conversely, the Vint domain
belonging to the HINT superfamily has remained rela-
tively understudied after its discovery through genomic
sequence analysis [8,9]. Moreover, studies of HINT
domains in eukaryotes have been notably restricted.

For the first time, we experimentally elucidated the
three-dimensional structure of the Vint domain and
shed light on the structural role of the C-terminal
putative ARR (Fig. 5A). The three-dimensional struc-
ture led us to hypothesize that the ARR could have a
binding affinity for sulfated GAGs, such as heparin
sulfate because the distances between observed sulfate
ions (6.4-7.1 /Q\) in the Vint domain structure are close
to the spaces between sulfate atoms in the solution
structure of heparin sulfate (Fig. 5B) [29]. The crystal
structure supports the potential interaction of the
observed sulfate-binding sites with sulfated glycosami-
noglycans. Indeed, when we mutated the two arginine
residues close to the sulfate ions, the binding affinity
decreased using a heparin sepharose column. Notably,
when the ARR was removed, this led to a decrease in
N-cleavage efficiency by the truncated Vint domain.
The removal of ARR confirmed its critical role in
orchestrating the active site residues within the Vint
domain, thereby promoting effective N-cleavage by the
HINT domain (Fig. 5C). Deletion variants and muta-
tions within the Vint domain may imply that adduct
binding could facilitate cleavage or trigger potential
modification by the HINT domain, akin to Hedgehog
proteins (Fig. 5D) [30]. While the ARR features an o-
helix and three B-sheets, the SRR from Hh-C is pre-
dicted to include a helix—loop-helix structure [12,24].
Therefore, it is worth noting that the functional roles
of the SRR and ARR may also differ significantly.

Although the HINT superfamily shares a common
structural fold, the three-dimensional structure of
TthVint highlighted the distinct variations at the resi-
dues responsible for the catalytic reaction. The varia-
tions in the active residues within the HINT domain
provide supportive evidence for the hypothesis that the
HINT fold represents a case of structural convergence,
offering a  catalytic local environment for
transesterification and cleavage reactions [31,32]. The
Cl1A mutation in the Vint domain without ARR still
displayed weak cleavages, suggesting that the Vint
domain might alternatively undergo a reaction mecha-
nism similar to the mechanism found in class 2 and 3
inteins, both of which lack the first cysteine or serine
residue [33,34]. The Vint domain could thus serve as
additional support for the structural convergence of
the HINT superfamily throughout evolution.

H. lwai et al.

Inteins among the HINT superfamily have become
essential biotechnological tools for in vivo protein liga-
tion by split inteins, C-terminal protein amidation, pro-
tein purification, and various conditional protein
ligation and cleavages as we and others have demon-
strated [35-40]. Similarly, the auto-processing Hh-C
was demonstrated to be used for cholesterol-conjugated
protein production and represents a tool for targeting
functional peptides and proteins to cell membranes by
producing various cholesterol-conjugated proteins
[30,41]. The Vint domain of Hh-related proteins might
provide a novel facile system to control cleavage or
modification by adducts (Fig. 5). A further understand-
ing of the biochemical roles of Vint proteins in vivo
could offer a crucial tool for comprehending cell-to-cell
communication and cell adhesions within the extracellu-
lar matrix, and assisting in the synthesis or modification
of natural and artificial extracellular matrices and bio-
materials. Vint proteins could also be further exploited
for identifying novel molecules with significant thera-
peutic potential by attenuating their functions.

Intriguingly, inteins within the HINT superfamily
exclusively occur in unicellular organisms, while hedge-
hog proteins have been found in most of the meta-
zoans [10]. Vint proteins found in unicellular metazoa
could play an important role in cell-to-cell communica-
tion through conjugation with adducts. They could
also potentially play a pivotal role in the transition
from non-metazoa to multicellular animals during the
evolution of animals. Exploring Hh-related proteins
bearing Vint domains by further studies could provide
insights into their in vivo functions and contribute to
our understanding of the evolutionary process of
HINT domains from unicellular to multicellular
organisms.
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