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Abstract

Tepsin is currently the only accessory trafficking protein identified in adaptor-related protein 4
(AP4) coated vesicles originating at the frans-Golgi network (TGN). The molecular basis for
interactions between AP4 subunits and motifs in the tepsin C-terminus have been characterized,
but the biological role of tepsin remains unknown. We determined X-ray crystal structures of the
tepsin ENTH and VHS/ENTH-like domains. Our data reveal unexpected structural features that
suggest key functional differences between these and similar domains in other trafficking proteins.
The tepsin ENTH domain lacks helix0, helix8, and a lipid binding pocket found in epsinl1/2/3.
These results explain why tepsin requires AP4 for its membrane recruitment and further suggest
ENTH domains cannot be defined solely as lipid binding modules. The VHS domain lacks helix8
and thus contains fewer helices than other VHS domains. Structural data explain biochemical and
biophysical evidence that tepsin VHS does not mediate known VHS functions, including
recognition of dileucine-based cargo motifs or ubiquitin. Structural comparisons indicate the
domains are very similar to each other, and phylogenetic analysis reveals their evolutionary pattern
within the domain superfamily. Phylogenetics and comparative genomics further show tepsin
within a monophyletic clade that diverged away from epsins early in evolutionary history (~1,500
million years ago). Together, these data provide the first detailed molecular view of tepsin and
suggest tepsin structure and function diverged away from other epsins. More broadly, these data
highlight the challenges inherent in classifying and understanding protein function based only on
sequence and structure.
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Introduction

Large multi-subunit coat protein complexes drive vesicle or tubule formation at specific
organelle membranes. The mammalian AP (Assembly Polypeptide) adaptor protein complex
family (APs 1-5, COPI F-subcomplex) is a family of heterotetrameric complexes implicated
in Golgi-ER and post-Golgi trafficking pathways. Coat components are recruited by lipids?
and membrane-associated small G-proteins?:3; they recognize and incorporate
transmembrane protein cargo®-8 into forming vesicles or tubules; and they recruit accessory
proteins and additional machinery® required for assembly and maturationl. The molecular
structures, assembly mechanisms, and cellular functions of non-clathrin associated AP
complexes remain poorly understood. The AP4 complex (e/B4/ud/o4 subunits) is recruited
to the trans-Golgi network (TGN) by the small GTPase, Arfl, in its GTP-bound statel!, AP4
has been implicated in polarized cargo sorting in epithelial cells'2 and neurons!3. While AP4
is ubiquitously expressed, the most striking phenotypes are associated with the brain and
central nervous system. A B4 knockout mouse exhibits mis-sorting of glutamate receptors
from the somatodendritic region to axons 13 but shows no significant anatomical
abnormalities. In contrast, human patients with mutations in any of the four AP4
subunits4-17 suffer from the hereditary spastic paraplegias (14, reviewed in18). AP4 thus
plays a key role in neurological development and function, but the underlying mechanism
for this role remains unclear. Identifying and understanding the protein components and
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molecular mechanisms required to form AP4 coats remain paramount to uncover the
function of AP4 both in the cell and in human brain disease.

Tepsin (Figure 1A) was the first accessory protein identified in AP4 coated vesicles!?; it is a
member of the epsin family of post-Golgi trafficking proteins. In mammals, epsins serve as
key accessory proteins and cargo adaptors in clathrin coated vesicle (CCV) formation at the
plasma membrane and TGN. Members of the epsin family are defined by the presence of an
Epsin N-Terminal Homology (ENTH) domain followed by a mostly unstructured C-
terminus. The ENTH domain has been identified and characterized in both mammals2 and
yeast?L. Structural, biochemical, and cell biological data indicate that ENTH domains
interact directly with phosphoinositide head groups?? and with SNARE proteins?3-25, The
unstructured C-termini of many epsins contain ubiquitin interacting motifs (UIMs)26 and
short linear 2728 or secondary structural motifs2® for binding AP1/AP2 or clathrin. Epsins
thus interact directly with membranes in multiple ways: they directly bind phosphoinositides
and cargo, and indirectly bind other trafficking machinery. In contrast, tepsin lacks motifs
for binding ubiquitin, clathrin, AP1, or AP2. Tepsin instead contains two short linear motifs
in its C-terminus that directly and specifically bind the AP4 e and p4 appendage
domains30:31, Tepsin is the only epsin known to depend upon its AP complex for membrane
recruitment!® and is unique among family members in possessing a second internal folded
module, the VHS/ENTH-like domain?®.

We determined high resolution X-ray crystal structures of the human tepsin ENTH (tENTH)
and the horse tepsin VHS/ENTH-like (tVHS) domains. For clarity, we have shortened the
name of the VHS/ENTH-like domain to tVHS. Both domain structures reveal important
differences from other members of the ENTH/ANTH/VHS superfamily, because they lack
key helices at both the N- and C-termini. tENTH lacks both helix0 and helix8. Loss of
helix0 precludes formation of a lipid binding pocket and explains why tENTH cannot
interact directly with phosphoinositide head groups, which we confirm biochemically. Our
structural data suggest the tENTH domain could exist as a dimer or tetramer, but we have
not found evidence of oligomer formation in solution. The tVHS structure lacks the C-
terminal helix8 that differentiates VHS from ENTH domains within the ENTH/ANTH/VHS
superfamily. Important functions of other VHS domains include cargo motif or ubiquitin
recognition and binding, but the structure explains our experimental observations that tVHS
cannot perform any of these known functions. One striking observation from our data is that
the tepsin ENTH and VHS domains are structurally similar. Our phylogenetic analyses
indicate that tepsin forms a monophyletic clade within the epsin family but do not support
the idea that tepsin ENTH and VHS domains arose from a gene duplication event. Our
structural data provide the first detailed molecular view of tepsin, and evolutionary data
suggest that ENTH and VHS domains, as well as tepsin itself, have evolved to serve
different functions over the course of evolution.

Structure of the tepsin ENTH domain

Other ENTH domains, including those in epsinl and epsinR, can be expressed and purified
in the absence of the first 10-12 residues that constitute helix0%2:25, Initial attempts to purify
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the tepsin ENTH domain with and without its putative helix0 failed. However, a construct
containing the full predicted ENTH domain (residues 1-136) was successfully purified,
indicating the N-terminus was absolutely required to obtain soluble protein (data not
shown). We determined a high resolution structure (beyond 1.4 A) of human tENTH
residues 1-136 using molecular replacement methods by placing individual a-helices into
the density (further details in Methods). The crystal form contained two molecules in the
asymmetric unit; both copies show clear and well-ordered density from residues 3-133 in
chain A and residues 4-133 in chain B. There is no significant difference between the two
copies; they overlay with an r.m.s.d. of 0.524 A. Following several rounds of refinement, we
obtained a model with excellent geometry (0% Ramachandran and rotamer outliers, 98%
Ramachandran favored; Table S1).

The tENTH domain is all a-helical and contains seven helices connected by loops of
varying length (Figure 1B; Table S1). The first a-helix, which we have named helix a1
(discussed further below), extends from residues 7-24 and contains a ‘kink’ in the middle
resulting from the presence of a proline at residue 18. From the structure, we can explain our
biochemical result that deleting the first helix results in completely insoluble protein. Helix
al packs against and makes important contacts with specific residues in helix a.3; residues
Phel3, Leul7, and Leu20 in helix a1l make hydrophobic interactions with Leu53 and Tyr56
in helix a3, while Arg10 in helix1 forms a salt bridge with Glu55 in helix3 (distance=2.9 A)
(Figure 1C).

ENTH domains normally contain nine a-helices (discussed further below), but both
secondary structural prediction servers (Network Protein Sequence Analysis32) and our
crystal structure indicate tENTH contains only seven helices. To test this experimentally, we
also crystallized and determined the structure of a second construct containing tepsin
residues 1-153 (Figure S2). The electron density indicated no additional a.-helical or other
secondary structure located beyond helix a7 (Figure S2). Together these data suggest that
additional amino acids beyond residue 136 in the longer construct are disordered and the
tepsin ENTH domain is indeed smaller than other published ENTH structures by two a-
helices.

The tENTH 1-136 construct crystallized as a dimer with two molecules in the asymmetric
unit (Figure 2A). In this crystallographic dimer, residues in the loop between helices a1 and
a2, together with helices a4 and a7, interact to form the interface between chains A and B;
this dimer buries 725 A2 of solvent accessible surface area as calculated by PISA33, PISA
did not identify this dimer as a potential biological interface but instead identified a tetramer
with four-fold circular symmetry (4,637 A2 buried surface area). The longer tENTH
construct (residues 1-153) contains one copy in the asymmetric unit, and four monomers
pack to form a tetramer with four-fold circular symmetry in the crystal lattice (Figure 2B;
4,765 AZ buried solvent accessible surface area). The tetramer observed in the tENTH 1-153
lattice is the same tetramer predicted by PISA based on the tENTH 1-136 structure.

Based on these data, we tested whether tENTH can form a dimer and/or tetramer in solution.
We turned to gel filtration using a Superdex75 analytical column (10/300 GL, GE
Healthcare) using protein standards for comparison. Multiple runs indicated the tENTH
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domain ran as a monomer around its predicted molecular weight of 15 kDa (Figure 2B),
close to the myoglobin standard peak (17 kDa). We therefore find no evidence that tENTH
exists as an oligomer in solution but cannot rule out the possibility that multimers may form
when tepsin is concentrated on membranes in the cell.

Structural and functional comparison of ENTH domains

ENTH domains have been characterized as lipid binding modules34. Biochemical and
structural data from multiple ENTH domains indicate helix a0 is an amphipathic helix that
is conformationally dynamic and becomes ordered only in the presence of its binding
partner. The epsin1 ENTH binds the phosphoinositide Ptd(Ins)4,5P, 22 at the plasma
membrane, where the first eighteen residues of the ENTH domain form helix a.0 only in the
presence of the PIP head group. Helix a.0 folds and contributes basic residues to a binding
pocket that specifically accommodates the Ptd(Ins)4,5P, head group. Helix a0 has thus been
hypothesized to facilitate or drive membrane curvature by inserting partially into the
membrane?2. Several ENTH structures have been determined in the absence and presence of
phosphoinositide and protein binding partners. Examples include both epsin1/2 and epsinR
ENTHs: yeast Entl (PDB: 5L0Z), zebrafish epsinl (PDB: 5LP0), and mammalian epsinl
(1IEDU, 1HOA, 1EYH); yeast Ent3 (PDB: 30ONK, 30NL) and mammalian epsinR (PDB:
2QY7). These ENTHs adopt compact globular structures containing nine a-helices, and
helix0 is often removed to improve domain solubility when producing proteins /n vitro.

The first notable difference between tENTH and other ENTH domains is its size. Our data
indicate tENTH contains only seven helices, which we have numbered helix a1-a.7. In
contrast to other ENTHSs, first helix in tENTH is required for protein folding and solubility.
The extensive contacts between tENTH helix a1 and helix a3 preclude conformational
flexibility of the first helix in our structure; we predict this helix can never be disordered and
thus cannot be defined as an amphipathic helix0. Overlaying tENTH with epsinl ENTH
(Figure 3A) indicates that helices a1-7 overlay nicely (r.m.s.d. 1.56 A), except that tENTH
helix a1 is longer by seven residues. The tENTH domain overlays with a variety of ENTH
domains and is structurally most similar to yeast Entl (Figure S3A), as measured by r.m.s.d.
scoring in CCP4 Superpose3®.

A second consequence of the missing helix a0 is that tENTH lacks a basic binding pocket
for binding a phosphoinositide (Figure 3B). The tENTH surface is mostly hydrophobic in
character with no major basic (or acidic) pockets or regions, while in contrast, the epsinl
ENTH possesses a highly basic binding pocket. We also considered the possibility that our
domain might be similar to the N-terminal portion of an ANTH domain. A sequence
alignment using ClustalW38 (data not shown) between the tENTH and CALM ANTH
(residues 1-260) revealed that none of the Ptd(Ins)4,5P, binding residues in CALM (K38,
K40, H41) are conserved between the two domains. We also tested experimentally whether
the tENTH domain could bind a panel of phosphoinositide head groups (Figure 3B). We
incubated recombinant purified tENTH-H6 protein with PIP strips™, using epsinl ENTH-
H6 as a positive control, and blotted against the 6xHis tag. As predicted by our structure, the
tepsin ENTH does not bind any phosphoinositide head groups (Figure 3B). Finally, the
CALM ANTH domain contains a short helix a0 that does not bind a phospholipid head
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group directly but has been shown to insert into membranes °. Structural overlays (data not
shown) again indicate tENTH is different: tENTH contains an elongated helix a1, as
opposed to the short helix a0 plus a1l in CALM. Although one face of tENTH helix al is
hydrophobic, nearly all these residues participate in packing interactions with helix a3 (cf.
Figure 1) to stabilize the structure of the domain.

Recently, ENTH domains in yeast Entl and zebrafish epsinl have been reported to bind very
weakly to ubiquitin (~2mM Kp)37. We thus tested whether recombinant tENTH could
interact with 15N-labelled mono-ubiquitin in an NMR chemical shift perturbation
experiment, because NMR is the most sensitive method for detecting weak interactions. We
detect no interaction between tENTH and ubiquitin (Figure S3B).

Structure of the tepsin VHS-like domain

Multiple attempts to crystallize human tepsin VHS-like (tVHS) domain failed. We instead
used sequence alignments (Figure S4A) to identify and undertake trials with five other
species that contained 75-90% sequence identity to the human domain: cow (Bos taurus),
mouse (Mus musculus), horse (Equus caballus), rat (Rattus norvegicus), and marmoset
(Callithrix jacchus). We synthesized five constructs (GenScript), then expressed and purified
these proteins in E. coli. We obtained crystals from the horse domain (residues 306-437),
which diffracted beyond 1.85 A. However, we could not obtain a solution to the phase
problem using molecular replacement in Phaser38 with a variety of VHS structures as input
models. Instead, we expressed and purified a horse VHS-like derivative that contained two
selenomethione residues at positions 319 and 379; these crystals diffracted beyond 2 A. We
used AutoSol in PHENIX3? for automated experimental SAD phasing and automated model
building (full details in Methods). We obtained excellent initial maps and a preliminary
model containing 100 residues. We then used this model to obtain a molecular replacement
solution for our native crystals, which diffracted to slightly higher resolution. The horse
domain is 80% identical to its human counterpart and thus provides an excellent mammalian
model.

The tVHS domain (Figure 4A; Figure S4) is an all a-helical protein containing six helices,
which we have numbered a1-a5/6 and a.7 (discussed in next section). The most notable
feature in both the native and SeMet structures is that we do not observe density for the first
twelve residues. Secondary structure prediction programs indicated tVHS contains seven a-
helices, and all our constructs were designed to include this predicted helix but it is
completely disordered in our structures. Instead, bioinformatics analysis using PSIPRED 40
suggests the first helix may constitute a ‘disordered helix’. VHS domains normally contain
eight a-helices, so like its ENTH counterpart, the tepsin VHS domain contains fewer a-
helices than expected. However, the first a-helix observed in the density clearly corresponds
to helix a1 found in other VHS domains (discussed below) based on structural comparisons.
We used circular dichroism spectroscopy thermal denaturation experiments (data not shown)
to ascertain whether or not the a-helix is folded in solution. We conducted experiments
using our crystallization construct (tVHS residues 306—-437) and a shorter version (residues
321-437) that lacked the predicted helix. We could find no evidence to support an additional
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folded helix; if the helix ever folds, it may do so when the domain encounters a binding
partner in the cell.

Structural and functional comparison of VHS domains

VHS domains are found in other trafficking proteins, including the Golgi-localized, -y
adaptin ear homology domain, Arf-binding protein (GGA) adaptor protein; Hrs/STAM
subunits of the ESCRT-0 complex; and Tom1. Here we compare published VHS domains to
tVHS and discuss functional implications. Overall, the first notable difference in tepsin is the
position of the VHS-like domain in the middle of the protein. All other VHS domains are
found at the N-terminus of proteins, and published VHS structures contain a right-handed
superhelix of eight helices numbered a.1-a.8. However, our tVHS domain contains only six
helices. In general, the tVHS structure overlays well with other VHS domains at helices a1l-
4 (Figure 5A, Figure Sb5); note that superpositions indicate the tVHS contains helix a.1, so a
possible disordered helix would be a new feature in VHS domains. Other VHS domains then
have a short helix a5 followed by a flexible loop and helix a6. tVHS instead has one long,
‘kinked’ helix that we have named a.5/6, because the first half overlays with helix a5 and
the second half with helix a6 in other VHS domains (Figure 5B). tVHS helix a.5/6 contains
a proline at position 406, which causes the kinked structure. tVHS then overlays well once
again at helix a7, and it lacks helix a8 altogether, based on both secondary structural
predictions (data not shown) and our structural data.

GGA adaptor proteins—GGAs are monomeric adaptor proteins that localize to the TGN.
The VHS domain of GGAs binds short acidic dileucine motifs (DxxL[L/I1])*! found in the
cytosolic portion of transmembrane protein cargo; one example is recognition of the cation-
independent mannose-6-phosphate receptor (CI-MPR) by GGA1 and GGA3. One might
predict that cargo recognition and binding is a possible function of the tepsin VHS domain
within the AP4 coat. However, our structure explains why tVHS cannot recognize dileucine-
based cargoes. In the GGA3 VHS (PDB ID: 1JPL), helices a6 and a8 are required for motif
binding: both helices provide side chains that engage the dileucine motif (buried surface area
of 542 A2), especially the conserved Leu residues, in shallow hydrophobic pockets. Because
tVHS lacks helix a8 (Figure 5B; 6A), it cannot provide enough surface area to engage a
dileucine motif. Indeed, we confirmed this experimentally using a model dileucine cargo
peptide in isothermal titration calorimetry experiments with recombinant purified tVHS
domain (Figure 6A).

Hrs/STAM—HTrs and STAM constitute two subunits of the ESCRT-0 complex, which
targets ubiquitinated proteins to the proteasome for degradation. Hrs and STAM VHS
domains bind mono-ubiquitin (Ub) /n vitro*2, and published surface plasmon resonance
experiments*2 have suggested all VHS domains may bind mono-ubiquitin with a range of
affinities (from low millimolar to high micromolar). We thus considered the possibility that
tepsin interacts with Ub. We tested experimentally whether recombinant tVHS could interact
with 15N-labelled Ub in an NMR chemical shift perturbation experiment (Figure 6B),
because this technique can detect weak (high millimolar) interactions. We observed no
binding between tVHS and Ub; in contrast, STAM1 VHS binds Ub with a Kp ~220 pM42,
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Our structure again explains why tVHS cannot engage Ub: an arginine at tVHS residue 344
would directly clash with Ub (Figure 6B).

Structural comparison of tepsin ENTH & VHS-like domains

Once we determined both structures, a surprising feature emerged. Based on r.m.s.d. values,
the tepsin ENTH and VHS-like domains appear more similar to each other than to most
other domains in either family (Figure S5). In other words, at the structural level, tVHS
“looks” more like certain ENTH domains than VHS domains. That tVHS appears similar to
ENTHSs might be explained by the lack of helix0 in many published ENTH structures. For
example, deposited epsinR structures either lack helix0 altogether (PDB: 2QY?7) or fail to
resolve helix0 in the absence of its phosphoinositide (PDB: 1XGW). We also fail to resolve
the first predicted helix in our tVHS construct, and tepsin is unusual in having an internal
folded domain at all. Together, these data raise the question of whether the tVHS domain is
actually an ENTH domain that arose from a gene duplication event. To address this question,
we also tested and verified biochemically that recombinant tVHS does not bind a panel of
phosphoinositides (data not shown). Furthermore, our tVHS structure reveals a very acidic
patch (Figure 4B) that would strongly repel most anionic phospholipid head groups found in
membranes.

In yeast, ENTH and ANTH proteins have been shown to interact with each other in the
presence of a phosphoinositide ligand43. We considered the possibility that tENTH and
tVHS domains could function using a similar principle, although unlike the yeast proteins,
we find neither tENTH nor tVHS domains bind phosphoinositides on their own. We tested
for direct binding using pulldown experiments (GST-tENTH with tVHS-H6 and GST-VHS
with tENTH-H6). We observed no interactions between these domains at either the
Coomassie or Western levels (data not shown).

Phylogenetics and comparative genomics

Our structural, biochemical, and biophysical data raised several questions about tepsin
evolution. We thus decided to use phylogenetics and comparative genomics first to analyze
how tepsin ENTH and VHS domains evolved, and second, to understand the evolution of
tepsin within the epsin family. Our structural data strengthened the possibility that the
tENTH and tVHS domains arose from a gene duplication event. In addition, the smaller size
of both domains might imply they constitute a ‘minimal core’ structure of the ENTH/
ANTH/VHS superfamily (Figure 7A), in which helix0 and/or helix8 are absent. We
conducted phylogenetic analyses on ENTH and VHS domains from a variety of species
representing five eukaryotic supergroups (Figure 7B). We used ANTH domains as an
outgroup®*: ANTH domains are about twice the size of ENTH or VHS domains but they
contain the same core of 6-8 a-helices. Our analysis reveals that ENTH, tENTH, VHS, and
tVHS domains each form monophyletic clades as expected, with the VHS and tVHS
domains more closely related to one another than to other domains. The tVHS domains in
two species (Aplysia californicaand Crassostrea gigas) appear to be particularly divergent
and do not occur in a consistent location on the phylogeny (Figure S7). The phylogenetic
analysis further reveals that VHS domains are generally acquiring mutations at a higher rate
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than ENTH domains, with non-tepsin VHS domains showing the highest within-group
genetic distance (Table S9).

We also conducted a phylogenetic analysis across the epsin family to learn how tepsin fits
into the tree. Previously published trees 4445 did not include tepsin, likely because it had not
yet been discovered or annotated in most genomes. We obtained sequences representing
species across the five eukaryotic supergroups, again using CALM/PI-CALM (an ANTH-
containing protein) as an outgroup®*. Our tree (Figure 8, Figure S8) reveals tepsin forms its
own monophyletic clade within the family.

Discussion

Our phylogenetic data do not support the idea of a straightforward gene duplication event
giving rise to the unique second folded domain in tepsin; they instead suggest a more
complicated duplication event. It is not possible to interpret whether our domain tree
supports the idea of tepsin domains constituting a ‘minimal core’ structure. One might argue
that a common ancestor contained only seven helices: tepsin domains maintained this
structure, while other ENTHSs or VHS domains picked up additional helices (helix0 and/or
helix8) as they evolved to undertake different functions. Alternatively, the ancestral domain
may have contained nine helices in which a single loss of helix0 occurred in tENTHSs and a
loss of helix8 in both tepsin domains. Both scenarios are equally parsimonious on the
current tree. But many other permutations are possible, and it is also possible we have not
fully sampled the landscape.

In contrast, our phylogenetic data reveal a much clearer picture of tepsin in the context of the
epsin family. This tree indicates tepsin diverged away from other epsins early in the
evolutionary history of eukaryotes (~1,500 million years ago), and we predict that tepsin
diverged away to support different biological functions. The monophyletic tepsin clade
includes sequences from plants, animals, and algae; it is thus parsimonius to suggest a
secondary loss of tepsin in yeast and insects as opposed to multiple evolutionary origins of
tepsin-like proteins. Our phylogenetic analysis is consistent with our biochemical and
biophysical data demonstrating how both tepsin domains fail to undertake known functions
of other ENTH or VHS domains. Other ENTH and VHS domains are implicated in
phosphoinositide recognition2246; ubiquitin binding3’+42 binding; or dileucine-based cargo
motif binding*’. We predict both tepsin domains will likely engage a protein partner. One
possible binding partner for the ENTH domain is a SNARE protein; epsinR specifically
recognizes the SNARE Vti1b23:24, There is currently no evidence that tepsin ENTH engages
a SNARE proteinl948 However, we note that extension of tENTH helix a1 compared to
other ENTH domains could provide additional surface area for engaging a SNARE or other
protein binding partner.

The VHS domain has been proposed to interact directly with AP4, based on co-
immunoprecipitation (IP) experiments using a variety of deletion constructs in HelLa cells3L.
We could find no evidence for an interaction in HeLa cell lysates using a C-terminally GFP-
tagged construct containing the ENTH and VVHS domains (residues 1-356; Figure S6); a
construct containing only the VHS domain (residues 225-356) repeatedly failed to express
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upon transfection, while our positive control efficiently immunoprecipitated AP4. The
micromolar interactions between specific tepsin motifs and the AP4 appendage

domains 3031 are likely most important. If there is a tertiary interaction between tVHS and
APA4, it must be very weak (beyond high millimolar) and likely only relevant in an
assembled coat when avidities are high.

Our structures raise broader questions about protein classification, specifically regarding the
differences between ENTH and VHS domains. ENTH and VHS domains show clear
differences when classified at the sequence level, and one anticipates that structural evidence
would explain these differences. Previously published structures suggest two concrete
structural differences: ENTHSs contain helix0, while VHS domains do not; and the position
of helix8 differs between ENTH and VHS domains. However, tepsin domains lack all
features that normally differentiate ENTHs from VHS domains. Surprisingly, phylogenetic
data indicate tepsin VHS sequences cluster with VHS domains, while tENTH and ENTH
domains are ancestral to this VHS/tVHS clade. It is difficult for us to rationalize or explain
precisely what features generally differentiate ENTH from VHS domains in light of new
structural data from tepsin. Others have noted the importance of sampling broadly across
evolutionary space to understand gene and protein function. One relevant trafficking
example is the role of ENTH/ANTH proteins in trypanosomes ( 7. brucei). Here, ThOCALM
and TbEpsinR function with clathrin but independently of AP249. Our data further support
the idea that we miss important features and functions by sampling narrowly across
eukaryotic lineages. Perhaps we cannot fully classify tepsin domains, or any protein domain,
in the absence of functional data.

Materials and methods

Reagents

Unless otherwise noted, all chemicals were purchased from Sigma (St. Louis, MO, USA).
The following antibodies were used in this study: rabbit anti-AP4 B, rabbit anti-AP4 e (for
western blotting and immunoprecipitation; both in-house; Hirst et al., 1999), mouse anti-
AP4 e (for immunofluorescence; 612019; BD Transduction Labs), rabbit anti-clathrin (in-
house; Simpson et al., 1996), rabbit anti-GFP (gift from Matthew Seaman, Cambridge
Institute for Medical Research, UK), and rabbit anti-tepsin (in-house; Borner et al., 2012).
Horseradish peroxidase (HRP)—conjugated secondary antibodies were purchased from
Sigma-Aldrich, and fluorescently labelled secondary antibodies were from Invitrogen. For
Western blotting of immunoprecipitates where the protein band of interest was close to an
IgG band, protein-A-HRP (BD Biosciences) was used in the place of HRP-conjugated
secondary antibody.

Molecular biology and cloning

All GST-fusion proteins of the tepsin ENTH domain were sub-cloned from full-length
tepsinl? into the BamHI/Sall sites of pGEX-6P-1. Because there are no tryptophan residues
in the ENTH domain, a single tryptophan was added at the C-terminus to facilitate light
absorbance measurements and estimates of protein concentration. The following constructs
were made in this way: GST-tENTH (residues 1-136W); GST-tENTH-H6 (residues 1-136W
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with a C-terminal 6xHis tag; and GST-tENTHIlong (residues 1-153W). Horse tepsin VHS-
like domain (NCBI reference sequence: XM_001489994.4) was synthesized by Genscript
and sub-cloned into BamHI/Sall sites of pGEX-6P-1.

Protein expression and purification

Human tepsin ENTH and horse VHS-like domain constructs were expressed in
BL21(DE3)pLysS cells (Invitrogen) for 16-20 hr at 22°C after induction with 0.4 mM
IPTG. Native horse tVHS-like domain was expressed in BL21(DE3)pLysS cells (Invitrogen)
for 16—20 h at 22°C after induction with 0.4 mM Isopropyl p-D-1-thiogalactopyranoside
(IPTG) at ODggp=1.0. Selenomethionine labeled (SeMet) tVHS-like domain was expressed
in BL21(DE3)pLysS cells (Invitrogen) with incorporation by metabolic inhibition. Briefly,
cells were grown in minimal media to ODgpo=0.3, when amino acid supplements (Lys, Phe,
Thr, Leu, lle, Val, and SeMet) were added to induce metabolic inhibition of methionine
synthesis and supply selenomethionine. Cells were induced with 0.4 mM IPTG at
ODgn=0.8, and expression occurred for 16 h at 22°C.

Tepsin ENTH was purified in 20 mM Tris (pH 8.5), 250 mM NaCl, 2 mM BME. Human
tepsin VHS-like was purified in 20 mM Tris (pH 8.7), 200 mM NaCl, 2 mM BME. Native
horse tVHS was purified in 20 mM HEPES, pH 7.5, 200 mM NaCl, 2 mM DTT buffer.
SeMet horse tVHS was purified in 20 mM HEPES, pH 7.5, 200 mM NaCl, 10 mM DTT
buffer. AEBSF protease inhibitor (Calbiochem) was used at all early stages of purification.
Cells were lysed by a disruptor (Constant Systems Limited, Daventry, UK), and proteins
were affinity purified using glutathione sepharose (GE Healthcare) in relevant purification
buffers. GST-fusion proteins were cleaved overnight at 4°C using in-house recombinant
GST-3C protease and eluted in batch. All proteins were further purified by gel filtration on a
Superdex S200 preparative or analytical column (GE Healthcare).

Crystallization, structure determination, and structural comparisons

tENTH domains—~Purified tENTH (residues 1-136W) was concentrated to 3-5 mg/ml
and crystallized in 12% (w/v) PEG3350, 4% (v/v) tacsimate pH 5.0. Crystallization trays
were set up using 200nL drops on a Mosquito robot (TTP LabTech). Crystals were harvested
directly from 96-well plates into 500nL drops in well buffer plus 25% glycerol for cryo-
protection. Data were collected at Diamond Light Source, beamline 104-1, on a Pilatus 2M
detector and integrated using Xia2 and Mosflm. Crystals diffracted beyond 1.4 A resolution
and were of space group C2 2 21 a=80.8 A, b=84.8 A, c=80.9 A, a=90°, =90°, y=90°, in
Pointless (50). There were two molecules in the asymmetric unit, and no translational NCS
was detected in either Scala or Phaser. Because of the high resolution, the structure was
determined by molecular replacement in Phaser by individually placing a-helices in the
density to identify the seven a-helices in the ENTH domain. Initial building was done in
ARP/WARP20, Rounds of refinement and rebuilding were undertaken in phenix.refine®! and
Coot®2, respectively. The longer tENTH construct comprising residues 1-153W was
concentrated to 3 mg/ml and crystallized in 150 mM MES monohydrate pH 6.0, 15% (w/v)
PEG6000. Crystallization trays were set up and harvested as described for the tENTH 1-
136W construct. Data were collected at Advanced Photon Source (APS) beamline 21-1D-F
(0.979 A) using a Rayonix MX300 CCD detector. Crystals diffracted to 1.8 A resolution and
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were of spacegroup P4 21 2 with cell dimensions a= 90.2 A, b=90.2 A, c=42.8 A, a=90°,
B=90°, 90°. The structure was determined using molecular replacement in Phaser with the
tENTH 1-136 structure as a model. Rounds of refinement and rebuilding were undertaken in
phenix.refine and Coot, respectively. All structure figures were generated using CCP4AMG®3.

tVHS-like domain—Native tVHS-like domain was concentrated to 5-7 mg/ml and spin-
filtered (Millipore). SeMet tVHS-like domain was concentrated to 8.75 mg/ml and spin-
filtered (Millipore). A Mosquito robot (TTP Labtech, Cambridge, MA) was used to set the
protein in sitting drops. Multiple hits were obtained from the PEG/lon HT screen (Hampton
Research, Aliso Viejo, CA). The plates were stored and imaged at room temperature by
Rock Imager (Formulatrix, Bedford, MA). Crystals were cryoprotected using 25% glycerol
or perfluoropolyether cryo oil (Hampton Research) by flash freezing in liquid nitrogen. The
best native data were collected from crystals grown in 0.2M sodium tartrate dibasic
dehydrate, 20% wi/v polyethylene glycol 3,350, pH 7.2, and cryoprotected with
perfluoropolyether cryo oil. The best SeMet data were collected from crystals grown in the
same condition, using 25% glycerol as a cryo-protectant.

Native data were collected at the Advanced Photon Source (APS) beamline 21-1D-G
(0.97857 A) using a MAR300 CCD detector. SeMet data were collected on beamline 21-1D-
D (0.97910 A) using a Dectris Eiger 9M detector. Native crystals diffracted to 1.85 A and
were of space group P61. The unit cell dimensions were a=58.828 A, b =59.929 A, ¢ =
69.078 A and a = 90°, B = 90°, y = 120°. SeMet crystals diffracted to 1.95 A and were of
space group P61. The unit cell dimensions were a = 58.775 A, b =58.775 A, ¢ = 69.522 A,
a =90° B =90° y =120°.

Both native and SeMet data were integrated using HKL2000, then processed further using
either the CCP4 or Phenix suites. We used Autosol in Phenix for automated SAD phasing
and model building; the initial model contained 109 of 133 residues. Additional rounds of
model building was undertaken in Coot with iterative rounds of refinement in phenix.refine.
The native structure was determined by molecular replacement using the final SeMet model.
Final refinement and validation runs were performed using phenix.refine and MolProbity.

Despite extensive manual inspection of the density maps, twelve N-terminal residues (306—
317 in the horse sequence) could not be placed in the electron density. Although secondary
structural prediction programs suggested these residues formed a helix, we observe no
visible density that would allow us to confidently place these N-terminal residues. We
suspect this disordered region contributes to our R-factors being higher than expected at this
resolution.

Structural comparisons—Superpose (CCP4) was used to compare structures of ENTH
and VHS domains deposited in the PDB. The SSM algorithm was used to align the
structures; and to determine the RMSD, Q-score, and number of residues aligned between
structures.

Immunoprecipitations and Western blotting—PIP strips™ (Life Technologies) were
used to probe ENTH and VHS domain binding to phosphoinositides. PIP strips were
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blocked for 1 hour at 23°C and then incubated with 2 ug/mL of Epsinl1-H6, tENTH-H6 or
tVHS-H6 recombinant purified proteins for 1 hour at 23°C. PIP strips were subsequently
washed, and incubated with a 1:3000 dilution of anti-6X His tag® [GT359] HRP antibody
(abcam®) at 4°C overnight. PIP strips were visualized using Amersham ECL Western
blotting detection reagents (GE Healthcare).

HeLa cells (ATCC®) were grown on T-75 cm2 flasks to 80-90% cell density. Cells were
then transfected with EGFP-N1, tepsin FL (1-525)-GFP, tENTH (1-136)-GFP, or tENTH
+tVHS (1-356)-GFP using LipfectamineTM 3000 Reagent (Invitrogen). Cells were imaged
and harvested 24hrs post transfection. Cells were resuspended and lysed in 1 mL 10 mM
HEPES pH 7.5, 150 mM NaCl, 0.5% NP-40, 0.02 mg/mL AEBSF-HCI (EMD Millipore),
and one cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Roche). Cell slurry was
incubated on ice for 30 min and mixed every ten minutes. Cell slurry was centrifuged at
20,000 x RCF for 15 min, remove and save soluble fraction. GFP-Trap_A resin
(ChromoTek, gta-20) batch equilibrated with 10 mM HEPES pH 7.5, 100 mM NacCl, 0.5
mM EDTA, 0.5% NP-40. Resin slurry (60 uL) was added to each soluble cell fraction.
Samples were then incubated and rotated for 1 hour at 4° C. Samples were centrifuged at
2500 x RCF for 5 min. Supernatant was removed, and resin was washed with 1 mL of wash
buffer for a total of three washes. After final removal of supernatant fraction, 80uL 2XSDS
loading buffer was added to each sample and boiled at 95°C for 10 min. Boiled samples
were centrifuged at 5000 x RCF for 5 min, then supernatant was remove and transferred to a
new tube. The samples were used for western blotting and probed with anti-GFP-HRP at
1:5000 (abcam) and anti-AP4e at 1:1000 (gift from Margaret Robinson lab).

Isothermal titration calorimetry—ITC experiments were conducted on a NanolTC
instrument (TA Instruments) at 20°C. A model dileucine peptide (DSVIL) was dissolved in
20 mM sodium phosphate (pH 6.5), 200 mM NaCl, 0.5 mM TCEP. A PD-10 desalting
column (GE Healthcare) was used to buffer exchange human tVHS (residues 220-360) into
the same buffer as the peptide. Incremental titration was performed with an initial baseline
of 180 s and injection intervals of 180 s. Peptide was titrated in to a ratio of 6x molar excess.
Data were analyzed in NanoAnalyze (TA Instruments).

NMR spectroscopy—Uniformly enriched 1°N-labeled mono-ubiquitin (gift from Natalja
Pashkova) was diluted in 50 mM sodium phosphate pH 7.0, 1 mM DTT to 30 uM, with 10%
viv D,0. Samples containing a ten times molar excess of either human tVHS (residues
220-360) or human tENTH (1-136W) were prepared by diluting in 50 mM sodium
phosphate pH 7.0, 1 mM DTT to 30 pM, with 10% v/v D,0. Standard two-

dimensional 1°N-IH HSQC NMR spectra were collected at 25°C on a 800-MHz Bruker
Avance 111 spectrometer with a CPTCI triple resonance cryoprobe (Bruker BioSpin). Data
were processed in Topspin 3.2 (Bruker BioSpin), with zero filling in the indirect dimension
and squared sine bell apodization in both dimensions.

Phylogenetic analyses—To construct phylogenetic trees, we first assembled nucleotide
sequences that encode tepsin and epsin proteins. Sequences were identified as tepsin or epsin
based on (1) references in the published literature 194445 (2) annotations and sequence
names in UNIPROT or NCBI (tepsin annotations also include ENTHD?2, and epsin
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annotations also include clintl, epn, and ent); and (3) sequence homology to known proteins,
assessed via tBlastn). We also included CALM/PI-CALM (an ANTH-containing protein)
sequences from three species as an outgroup clade #4. In total, we compiled 50 sequences for
this analysis. Sequences were aligned using the E-INS-i algorithm in MAFFT 55, which is
optimized for sequences with sections of homology that are potentially separated by
stretches of hon-homology. We made 100 bootstrap replicates of the aligned sequences using
seqbootin the Phylip package 56, built a maximum-likelihood tree for each replicate using
anaml, and obtained a consensus sequence using consense. To further refine this tree and to
estimate branch lengths, we used the consensus phylogeny as a starting tree for 100
iterations of the PASTA (Practical Alignments using SATé and TrAnsitivity) algorithm®7.
On each iteration, this algorithm splits the tree into subsets, aligns the subsets with the
MAFFT algorithm, merges the subsets with the MUSCLE algorithm®8, and re-analyzes the
tree with the RaxML algorithm (GTR-GAMMA model) 59, ultimately returning the tree that
optimizes the maximum-likelihood score. In addition, we compiled nucleotide sequences
from specific domains: ENTH and VHS domains from epsin sequences, tENTH and tVHS
domains from tepsin sequences, and ANTH domains from CALM/PI-CALM sequences. We
constructed a phylogeny for 121 domain-specific sequences using the same methods
described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tepsin architecture and crystal structure of tepsin ENTH domain
(A) Overall domain architecture of human tepsin, which contains an N-terminal ENTH

(tENTH) and internal VHS/ENTH-like (tVHS) domains. The unstructured C-terminus
contains two maotifs for binding C-terminal appendage domains of AP4 e and 34 subunits.
(B) Crystal structure of human tENTH residues 1-136 at 1.38 A resolution. tENTH contains
only seven a-helices; it lacks both helix0 and helix8 found in other ENTH domains. (C)
View of key interactions that facilitate packing between helices a1l and a3 in tENTH,
including an ion pair (Arg10 and Glu55) and multiple hydrophobic interactions.
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(A) (B) tENTH gel filtration profile
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Figure 2. tENTH isa multimer in crystals but amonomer in solution
(A) Top panel: The tENTH 1-136 construct crystallized as a dimer (labeled A and B) in the

asymmetric unit. Bottom panel: The tetramer observed in the crystal lattice of the tENTH 1-
153 structure. (B) Gel filtration profile of the tENTH domain (blue trace) with standards
(grey trace), which are consistent with tENTH existing as a monomer in solution.
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Figure 3. Structural and functional comparison of epsinl and tepsin ENTH domains
(A) Overlay of epsin1 ENTH (yellow; PDB: 1HOA) and tENTH (green) domains. Tepsin

lacks the amphipathic helix0 found in other ENTHSs and instead contains an elongated
helix1. (B) Equivalent electrostatic surface views of epsinl ENTH (left) and tENTH (right).
Epsinl contains a basic binding pocket to accommodate a phosphoinositide head group,
while tepsin lacks this binding pocket because of the absence of helix0. Biochemical data
using recombinant ENTH domains on PIP strips confirms the structural predictions that
epsinl ENTH recognizes phosphoinositides, while tepsin ENTH does not.
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Figure 4. Crystal structure of thetepsin VHS/ENTH-like domain
(A) Ribbon diagrams of tVHS domain structure determined at 1.8 A resolution; the views

are rotated by 90 degrees. Unlike other VHS domains, tVHS contains only six a-helices. For
consistency with other VHS domains, the helices are labelled a1-4, a.5/6 (see Results), and
a 7. (B) Electrostatic surface representations of tVHS, shown in the same orientations as (A).
tVHS contains a deep acidic pocket or groove on one surface.
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Figure5. Structural comparison of VHS domains
(A) Overlay of VHS domain structures from tepsin, GGA3 (PDB: 1JPL), STAM1 (PDB:

3LDZ), and TOM1 (PDB: 1ELK). (B) Overlay of tepsin and GG3 VHS domains to highlight
key structural differences; view is rotated 90 degrees relative to (A). tVHS aligns well with
other VHS domains at helices 1-4. tVHS contains a bent a-helix (a5/6), while other VHS
domains contain two separate helices (a5, a6). Helix8 is absent in tVHS.
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Figure 6. tVHS structure explains functional divergence from other VHS domains
(A) Top panel: overlay of tepsin (blue) and GGAS3 (grey) VHS domains. The acidic

dileucine motif recognized by GGA3 is shown in grey stick figures. GGA3 VHS helix8
contributes key surface area to accommodate dileucine motif binding; loss of this helix
prevents binding by tVHS. Bottom panel: ITC run with recombinant tVHS protein and 10x
molar excess of a model acidic dileucine motif (DSVIL), demonstrating no binding. (B)
tVHS ribbon and transparent electrostatic surface modeled by overlaying the STAM1-Ub
structure (PDB: 3LDZ). tVHS lacks key residues that form a Ub binding surface, and an
arginine present in tVHS would clash with ubiquitin. Bottom panel: HSQC experiment

of 15N-labeled ubiquitin (black) spectrum overlaid with a spectrum collected in the presence
of a ten times molar excess of tVHS domain. We observe no chemical shifts, suggesting that
tVHS cannot bind ubiquitin.
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Figure 7. Evolution of ENTH and VHS domains
(A) Structural overlay of tENTH, tVHS, epsinl ENTH, and GGA3 VHS domains. All four

domains demonstrate a conserved structural core containing helices a1-7. (B) Phylogenetic
tree of ENTH, tepsin ENTH (tENTH), VHS, and tepsin VHS-like (tVHS) domains, with
ANTH domains as an outgroup.
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Figure 8. Epsin family phylogenetic tree
Tepsin forms a monophyletic clade that likely diverged early in the evolutionary history of
eukaryotes. (CALM sequences, which contain ANTH domains, were used as an outgroup.)
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