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Abstract

Adaptor protein 4 (AP4) is a critical intracellular trafficking protein complex in mammalian
organisms that also plays a key role in the nervous system. A mutation in any of the four
subunits of AP4 leads to a syndrome of debilitating diseases called hereditary spastic
paraplegias. Tepsin is the only known accessory protein involved with AP4 in intracellular
trafficking. Tepsin is composed of two ordered domains, one N-terminal and one central, and
two C-terminal conserved motifs. These motifs are used to interact with the ¢ and $4 subunits of
AP4 in an essential manner such that tepsin and AP4 exist synchronously and have evolved
together. The biological function of tepsin is not presently known. As part of the Jackson Lab, I
was on the team that determined the high-resolution x-ray crystal structure of the VHS-like
domain of tepsin (tVHS) to a resolution of 1.86 A. Circular dichroism spectroscopy (CD) was
used to further test the structural features of tVHS. While there are significant similarities to
other intracellular trafficking proteins that are involved in protein cargo binding and ubiquitin
recognition, specific structural features on tVHS explain the biochemical experimental results
that the Jackson Lab had previously conducted. While tVHS has structural similarities to other

VHS domains it does not bind ubiquitin or acidic dileucine motifs.

Introduction

The intracellular trafficking system is essential to the life of the cell. The efficient and
specific movement of proteins, which takes place in vesicles, requires an elaborate network of
coat, adapter, and regulator proteins. Cargo-packaged vesicles are mediated by coat proteins that
assist in forming the composition and curvature of the vesicle membrane [1]. Coat proteins act as
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scaffolding for the vesicle, while adapter proteins bind specifically with various cargo motifs and

drive the accuracy of protein trafficking.
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Figure 1. Overview of intracellular
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Although adaptor protein complexes were named

trafficking machinery for their role between clathrin and the membrane
The path of each complex is designated by arrows.
Some of the complexes do not have a known layer, AP4 and APS5 are believed to function
function. The red box highlights the role of AP4
[71.

independently of clathrin [2]. Each AP consists of a
core with two large subunits that vary for each AP, a medium-sized subunit, and a small subunit
[3,4]. AP1 is responsible for trafficking between the trans Golgi network (TGN) and the
endosome, AP2 mediates endocytosis, AP3 moves cargo from the endosome to the lysosome,
AP4 vesicles originate from the TGN, and AP5 is involved in endosomal trafficking (Figure 1)

[5-7]. The destinations of AP4 and AP5 coated vesicles are not fully understood [5,6].

AP4 adheres to the same general structure as other APs with ¢, B4, o4, and p4 subunits.
AP4 is of particular interest in the medical community because its proper function is critical for
brain development in humans [5]. Mutations in any subunit of AP4 cause severe neurological
disability including but not limited to intellectual disability, growth retardation, stereotypic
laughter, progressive spasticity, and inability to walk [8,9]. These prognoses have led to

clinically recognizable syndrome of hereditary spastic paraplegias [10].



Tepsin Jaiian There is little known about other cytosolic proteins that

w o T interact with the AP4 complex. In addition to the GTPase ADP-

AP4 hino] ribosylation factor 1 (Arfl), only one binding partner has been

identified to date: tepsin [11,12]. Tepsin is a 525-amino acid

appendage
domains

protein consisting of two all a-helical domains: the ENTH, found

at the N-terminus, and the VHS-like domain, located in the

core

middle of the protein (Figure 2). The € and B4 subunits each have

AP4-corplex a large trunk domain, that is part of the core, and an appendage

Figure 2. Schematic of the AP4
complex its binding partner,  domain, connected by a flexible linker capable of binding

tepsin. [3]
accessory proteins (Figure 2). Tepsin interacts with the 4 and ¢
appendage domain via linear motifs LFXG[M/L]X[L/V] and S[AV]F[SA]FLN, respectively
[3,12,13]. Tepsin is not recruited to the membrane in the absence of AP4. The evolution of
several model organisms has resulted in the loss of tepsin and AP4 simultaneously, suggesting

that physiological function requires both the accessory protein and the complex in these

organisms [12].

The focus of my work has been on the VHS-like domain of the accessory protein tepsin.
It has been predicted that the VHS-like domain in tepsin is structurally similar to both the ENTH

domain and the VHS domain [12].

The acronym ENTH stands for epsin N-terminal homology domain. The ENTH domain
is highlighted by a super helix of a-helices and is found in proteins that are involved in
trafficking signaling and in actin regulation [14]. This domain is one of the most conserved
portions of the epsin family; ENTH has been found to bind to membrane lipids such as

phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) which can lead to membrane curvature



[15]. This suggests that ENTH could play a role in vesicle budding or assist in complex

formation.

The VHS domain is a conserved domain with eight a-
helices forming a helical super secondary structure (Figure 3)
A [16]. VHS is an acronym for three VHS-containing proteins,

Vps27, Hrs, and STAM. VHS domains are known to bind

ubiquitin and acidic dileucine motifs [17,18]. The Vps27
Figure 3. X-ray crystal structure
of the VHS domain in Hrs — (vacuolar protein sorting) protein is critical for the multivesicular

protein (PDB ID: 1DVP) [16].
body sorting pathway, and binds to proteins and ubiquitinated
cargo on the endosome [19]. The hepatocyte growth factor-regulated tyrosine kinase substrate
(Hrs) is an endosomal-associated protein that may have a role in early endosome fusion and can
form complexes with proteins, including STAM1, that can interact with ubiquitin moieties
[20,21]. Signal-transducing adaptor molecule (STAM) has a VHS domain that drives the
specificity and efficiency of a deubiquitinating enzyme [22]. The VHS domain in another family

of proteins — the Golgi-localized, y-adaptin era-containing, ADP-ribosylation factor-binding

(GGA) family — can recognize an acidic dileucine motif (DxxLL) on protein cargo [17,23].

The goal for this project was express, purify, crystallize, and obtain a high-resolution
structure of the tepsin VHS-like domain (tVHS). Constructs from several species with varying
degrees of sequence identity to H. sapiens tVHS were analyzed using crystallographic
techniques. Through the use of x-ray crystallography, we determined an atomic resolution
structure of mammalian tVHS and found that the tVHS domain is, in fact, quite similar to both

VHS and ENTH domains.



Methods

Construct Design

The amino acid sequence of human tepsin was obtained from the GenBank database
(accession no. NP_653280.1) [24]. The VHS-like domain was defined as amino acid residues
220-360 based on a Network Protein Sequence (NPS) analysis consensus model, which is used
to predict secondary structures [25]. This 140 residue sequence was processed in NCBI Protein
BLAST analysis to identify species with high degrees of sequence identity [26,27]. A number of
candidate species were chosen based on BLAST, and a multiple sequence alignment was
performed using ClustalX to determine the degree of sequence conservation across species [28].
ClustalX confirmed that the region spanning amino acids 220 to 360 in Homo sapiens were an
appropriate limit for the VHS-like domain, and the corresponding construct in each species
served as the range limits for secondary structure prediction (Appendix: Figure 3) [25,28]. Five
species were chosen (Table 2) in order to examine a range of identities with human tVHS. NPS
analysis consensus models determined the predicted domain boundaries for each species which
was the basis for choosing the construct boundaries of the homolog tVHS domains [25]. An
example of the NPS analysis is shown in Figure 4 and the limits of all the constructs are shown
in Appendix: Figure 3. Protein analysis using ProtParam on the EXPASYy server provided key
characteristics of each construct (Table 2) [29-31].

Shortened constructs that were made for circular dichroism were chosen based on
PRISPRED secondary structure prediction to remove potential disordered portions of the tVHS

domain [32,33]. Constructs were designed using the same procedure described above.



Accession Molecular | € all Cys gno Cys
Species Common name Number Identities | pl Weight bridges bridges
(kDa) (Mtem?) (M-cmh)
Homo sapiens Humans NP_653280.1 100% | 6.88 14.52 5875 5500
Callithrix jacchus | WM ufted-ear! o 000061301 91% |658| 1505 375 0
Marmoset
Equus caballus Horse XP_001490044.3| 80% | 6.07 14.54 5875 5500
Rattus norvegicus Rat NP _001094199.1| 80% |5.02 14.62 375 0
Mus musculus House mouse NP_898960.2 78% 5.18 14.84 375 0
Bos taurus Cow NP _001095424.1| 76% |6.90| 14.89 5750 5500

Table 2. Species candidates for homology modelling. Accession numbers and sequence identity based on NCBI
BLAST [26]. pl, mass, and ¢ obtained from ExPASy [29-31].
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Figure 4. Secondary structure prediction for the VHS-like domain in Equus caballus. Long blue lines are
predicted a-helices, red lines are predicted B-sheets, while short pink lines are predicted disordered regions. The
arrows with numbers refer to the residue number in the E. caballus tepsin sequence. The boundary of the construct
was chosen so that there were 4-5 disordered residues on the end of the a-helical secondary structures (306-442)

Expression and Purification

Native Protein

[25].

DNA sequences for the constructs described in Table 2 were obtained from NCBI and

cloned (GenScript; Piscataway, NJ) into a pGEX6P1 vector with an N-terminal GST tag at

restriction sites BamHI and Sall. DH5a E. coli cells were used for DNA production. The tVHS

constructs were expressed in BL21(DE3)pLysS cells grown in 2XTY media for 16-20 h at 22 °C

after induction with 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were spun

down at 3880 xg for 25 min in a JLA 8.100 rotor (Beckman-Coulter; Brea, CA), then



http://www.ncbi.nlm.nih.gov/protein/675661638?report=genbank&log$=prottop&blast_rank=77&RID=KW1VNP9A015
http://www.ncbi.nlm.nih.gov/protein/675661638?report=genbank&log$=prottop&blast_rank=77&RID=KW1VNP9A015
http://www.ncbi.nlm.nih.gov/protein/545180401?report=genbank&log$=protalign&blast_rank=102&RID=KW1VNP9A015
http://www.ncbi.nlm.nih.gov/protein/451327608?report=genbank&log$=protalign&blast_rank=120&RID=MY2S0HYC01R
http://www.ncbi.nlm.nih.gov/protein/118130817?report=genbank&log$=protalign&blast_rank=136&RID=KY9VP9PC01R
http://www.ncbi.nlm.nih.gov/protein/156120557?report=genbank&log$=protalign&blast_rank=155&RID=KW1VNP9A015

resuspended and frozen at -80 °C in a solution containing 20 mM HEPES (pH 7.5), 200 mM
NaCl, 2 mM BME, 0.03 mM DNase (Sigma-Aldrich; St. Louis, MO), 2.5 mM MgCl, and 0.75
mM MnCl». After thawing, the cells were homogenized with a Dounce homogenizer and lysed
using high pressure with rapid decompression in a disruptor (Constant Systems Limited:;
Daventry, United Kingdom). The lysed sample was centrifuged at 104,350 xg in a Ti45 rotor
(Beckman-Coulter; Brea, CA) for one h at 4 °C. The constructs were affinity purified with
glutathione sepharose resin (GE Healthcare; Little Chalfont, United Kingdom) and purification
buffer. The buffer chosen was based on the theoretical pl of the construct to ensure the pH of the
solution was one unit away from the pl of the protein (Table 3) [29,31]. GST-tagged protein was
cleaved overnight at 4 °C with 0.55 mg of GST-3C protease and 2 mM DTT. Cleaved protein
was then run over fresh glutathione sepharose resin and concentrated to ~5 mg/mL. The protein
was further purified using size exclusion gel chromatography on a Superdex S200 preparative or

analytical column using an AKTA System (GE Healthcare; Little Chalfont, United Kingdom).

Species Purification Buffer

Rattus norvegicus 20 mM Tris (pH 8.7), 200 mM NaCl, 2 mM BME
Callintrhix jacchus 20 mM HEPES (pH 8.0), 200 mM NaCl, 2 mM BME
Equus caballus 20 mM HEPES (pH 7.5), 200 mM NaCl, 2 mM BME
Shortened E. caballus | 20 mM Tris (pH 8.0), 200 mM NaCl, 2 mM BME

Table 3. Purification buffer chosen for purified tepsin VHS-like domain constructs.

Samples were analyzed by UV spectroscopy using a spectrometer (Eppendorf; Hamburg,
Germany) at a wavelength of 280 nm. Aliquots from each step of the purification process were
run on 4-20% gel gradient SDS-PAGE gels in 1x SDS-PAGE running buffer (Bio-Rad;
Hercules, CA). Each lane being analyzed in the SDS-PAGE gel contained a 5 to 10 pL aliquot of
a solution containing 25 uL of sample, 9 uL of SDS-PAGE dye and 4 uLL of DTT. For constructs

without aromatic residues and thus with an extinction coefficient e=0 at 280 nm (Table 2), SDS-



PAGE protein bands were compared to BSA protein standards of 2.5, 5.0, and 10. mg/mL to
determine protein concentration. Constructs lacking tryptophan and tyrosine residues were
analyzed using a spectrometer (Eppendorf; Hamburg, Germany) at 260 nm with an extinction

coefficient of 200 per Phenylalanine residue.

Selenomethionine-incorporated protein

Meredith Frazier, graduate student in the Jackson Lab, provided the selenomethionine-
incorporated protein. E. caballus tVHS was expressed by in BL21(DE3)pLysS in minimal media
using feedback inhibition and supplemental selenomethionine. The protein was purified using the
same method described for native tVHS; however, 10 mM concentrations of DTT or BME were

used as the reducing agent.

Crystallization Trials

The samples for crystallography were concentrated to ~7 mg/mL and prepared for crystal
trials by spinning at 37,565 xg for 13 min at 4 °C followed by the addition of 2 mM DTT and 1x
AEBSF. The protein samples were tested in a variety of commercial crystallization screens
including JSCG-plus (Molecular Dimensions; Altamonte Springs, FL), Wizard Cryo HT (Rigaku
Reagents, Inc.; Bainbridge, WA), Hampton Screen HT, and Hampton PEG/lon Screen (Hampton
Research; Aliso Viejo, CA). Protein was dispensed into 96-well MRC 2-well sitting drop
crystallization plates using a Mosquito Crystal auto-dispenser (TTP Labtech; Cambridge, MA)
that transferred volumes of 300 - 500 nL of protein and mother liquor into wells. Native crystals

were soaked in CH3HgCI, Hg(OAc)2, or KoPtCls for a variety of times including 5 min, 15 min, 1



h, and 1 day to ensure good incorporation of the heavy-atom into the crystal solvent channels.
Crystal trays were stored in a Rock Imager (Formulatrix; Bedford, MA) at 25 °C, and images
were collected in bright field and UV nine times over the course of 30 days to track the growth
of crystals. Cryoprotection was achieved by the addition of 25% glycerol, ethylene glycol, or
PEG600; some crystals were instead swiped through perfluoropolyether cryo oil (Hampton
Research; Aliso Viejo, CA). All crystals were picked using 50 - 300 um crystal loops (Hampton

Research; Aliso Viejo, CA) and frozen in liquid nitrogen.

Data Collection

X-ray diffraction data from E. caballus native protein crystals was collected in the Center for
Structural Biology (CSB) on a Bruker Microstar microfocus rotating-anode X-ray generator
(Bruker; Madison, WI) with Bruker Proteum PT135 CCD area detector and Bruker KryoFlex
cryostat device (Figure 8). Diffraction data from native, selenomethionine-incorporated, and
heavy-atom soaked crystals was collected at the Life Sciences Collaborative Access Team

beamlines 21-ID-D and 21-ID-G at the Advanced Photon Source, Argonne National Laboratory.

Structure Determination
All datasets were processed, integrated, and scaled using the HKL2000 package [34].
Solving the native data phasing problem was first attempted using molecular replacement with

various ensembles of search models with the highest levels of sequence identity.

Search models were chosen by HHPred analysis and included some VHS domains among

other structures with multiple a-helices (PDB IDs: 4QMI, 4L7M, 4G3A, 1EYH, 4GZC) [35-37].
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ClustalX was used to align the search models to E. caballus tVHS [28]. CCP4i suite of programs
was used to trim the search models, superimpose the models on one another, and perform the

molecular replacement [38-41].

The SeMet scaled dataset was processed using the PHENIX Suite [42]. The SeMet
derivative was analyzed using xtriage and run through AutoSol to provide phase information and
attempt to build an initial model [43-46]. Autobuild was then used to iteratively build residues in
the model [42,47]. Manual model building was undertaken in Coot to build some of the 20
missing amino acids on the N-terminus [48]. The model was then iteratively refined using
phenix.refine to minimize clashes, rotamer outliers, and @-y angles [42,47,49]. The best SeMet
model became the search model for molecular replacement to determine the phase for the native
dataset using the program PHASER [41,42,50]. The native model built using PHASER went
through a final round of refinement through phenix.refine [42,47,49]. Rendering of protein

models was performed on CCP4MG [38,51,52].

Circular Dichroism
tVHS constructs used for circular dichroism spectroscopy (CD) were buffer exchanged
into a solution containing 10 mM phosphate pH 7.9 and 1ImM DTT using a PD-10 column (GE

Healthcare; Chicago, IL).

Circular dichroism spectra were collected on a J-720 spectropolarimeter (Jasco; Easton,
MD). Far-UV and (190-250 nm) and near-UV (250-310 nm) CD measurements were performed
in a 1 mm path length quartz cuvette at 4 °C. The protein concentration for the full-length (306-

442) and shortened (321-442) tVHS horse constructs were diluted to 0.5 — 1.5 mg/mL in 10 mM
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phosphate pH 7.9 and 1 mM DTT. CD data were collected using standard sensitivity, scanning
wavelengths of 260-190 nm with a data pitch of 1 nm. Using the continuous scanning mode, the
speed was 50 nm/min with a response time of 2 sec, a bandwidth of 1 nm, and 2 or more
accumulations were collected. Spectra Manager Suite was used to collect data (Jasco; Easton,

MD).

Thermal scans of tVHS constructs were collected using a J-720 spectropolarimeter
(Jasco; Easton, MD). Samples were heated from 4 °C to 63 °C using a Jasco programmable
Peltier element at a heating rate of 1 °C/min. Spectra was collected at 222 nm with a data pitch of
1°C after a delay time of 90 sec using standard sensitivity (100mdeg), 4 sec response time,
bandwidth of 1 nm, and one accumulation per concentration level. Three concentrations per

construct were collected and analyzed individually.

Each spectrum was corrected for solvent contribution for the entire temperature range.
The resulting ellipticity in mdeg was expressed in mean residue molar ellipticity (MRME) with
an amino acid residue count of 123 and 138 for the shortened and full-length versions,

respectively. The linear transformation is defined in Equation 1.

Data analysis of the thermal denaturation experiment to determine melting temperature
and van’t Hoff enthalpy was performed using STATA and Microsoft Excel, using the differential
melting curve technique [53-55]. The first difference was taken for all data points to determine
the maximum of the first difference which corresponds to the inflection point of the curve. | used
a regression analysis in STATA using Equation 2 as the nonlinear fit function against the set of
first differences. Summary statistics were taken for the resulting melting temperatures for each
construct. T-testing was performed to determine if the average melting temperature for the two

constructs are statistically equal.
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m’ x MW

MRME = ————
10« L *N xc

Equation 1: Linear transformation of ellipticity in millidegrees (m°) to MRME using molecular weight in
g/mol: (MW), path length in cm: (L), number of residues: (N), and concentration in mg/mL (c) [54,55].

d(signal) e[AHTVH(%_%)] (1- e[AHTvH(ﬁ‘%)] (7%
T TR )

Equation 2. Fit equation for differential melting curve analysis. Adjustable parameters are scaling factor: A,
van’t Hoff enthalpy: (AHw+), and melting temperature: (Tm) [54].

Structure Comparison

The final best lab model, which Meredith Frazier completed, was compared with the
PDB database using Protein structure comparison service PDBeFold at European Bioinformatics
Institute (http://www.ebi.ac.uk/msd-srv/ssm), authored by E. Krissinel and K. Henrick [40].
Structures with low root mean squared deviation (RMSD), high Q-score, and a high number of
aligned residues are highlighted in the discussion. CCP4MG was used to superpose models and

prepare figures that were used in the Discussion section of the paper [51,52].
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Results

Expression and Purification

Five tVHS constructs were expressed in
E. coli induced with IPTG. The bacterial cells
were homogenized, lysed, and the mammalian
proteins affinity purified using glutathione
sepharose resin. An SDS-PAGE gel from the
successful purification of E. caballus tVHS is
shown in Figure 5. The elution lane contains a

single isolated band at 15 kDa indicating a clean

&
&
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e e

N &

& o e
&

ST 8 ¢ T 1

o = « GST + tVHS

- - @ st
15 kDa$ - « S

Figure 5. Purification of E. caballus tVHS. Cleaving

the GST-tagged protein on the column resulted in a
clean sample band at ~15 kDa in the elution lane.

product at the expected size. The horse tVHS construct was further purified with an S200

Superdex preparative column and with fractions analyzed by UV absorbance (Figure 6).

UV,g0 Absorbance

Elution Volume (mL)

Figure 6. AKTA Absorbance Trace from E.
caballus tVHS Purification. The cleaved protein
sample exhibited a single major peak at 214 nm

absorbance.
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Crystallization Trials and Data Collection

Crystal trays were laid within two days of protein purification at concentrations ranging
from 2 to 7 mg/mL in a variety of crystallization screens. Various combinations of mother liquor
and protein volumes were tested to find the ideal crystal growth conditions. Protein crystal
growth was monitored over the course of four weeks. tVHS protein from R. norvegicus and C.
jacchus did not yield any crystals. E. caballus protein produced rod-like crystals appearing
within one day under multiple conditions; the crystals exhibited a most consistent growth in 20%

w/v PEG3350 (Figures 7 and 8).

Protein crystals were picked using crystal loops and cryoprotected by a variety of
cryoprotectants including perfluoropolyether cryo oil. To ensure that the E. caballus native tVHS
crystals were indeed protein crystals, preliminary x-ray diffraction data was collected at the
Center for Structural Biology (CSB) at VVanderbilt University using a Bruker rotating-anode X-
ray generator with a Bruker PT135 detector and a Bruker cryostat device. A snapshot of the

diffraction pattern for a protein crystal is shown in Figure 9.

Figure 8. Selenomethionine-

Figure 7. E. caballus tVHS incorporated protein crystals ) ) )
crystals. An example of crystals of tVHS from E. caballus. Figure 9: Diffraction pattern
from Hampton PEG/lon screen. Mother liquor containing 0.07 from crystals of tVHS from
Mother liquor contained 0.2M M NasCit pH 2.3, 0.07 M BIS- E. caballus. The presence of
Potassium Fluoride and 20% TRIS propanol pH 9.7, and relatlv_ely tight spots indicates a
w/v PEG3350. 20% wiv PEG3350. single protein crystal.
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Protein crystals were sent to the Argonne National
Laboratory for detailed dataset collection. The crystals diffracted
beyond 2 A on the 21-ID-D beamline. Figure 10 shows a screenshot

of a diffraction pattern from a native horse tVHS protein crystal.

Appendix: Table 1 contains statistics from the processed datasets

including space group, cell constants, completeness, and resolution. ) ) .
gsp group P Figure 10. Diffraction pattern

. ; . . from crystals of tVHS from
| was unable to find a compelling solution using molecular E. cabalius. Image taken from

HKL2000 viewer
replacement with the native dataset due to sequence identity below
30% between tVHS and the most similar protein data base (PDB)

models (PDB IDs: 4QMI, 4L7M, 4G3A, 1EYH, 4GZC).

Solving the phasing problem was approached from two directions. The first approach was
to soak native crystals in heavy-atom derivatives (CHzHgCI, Hg(OAc), or K2PtCls) for multiple
isomorphous replacement (MIR) diffraction; this approach only yielded a single isomorphous
replacement (SIR) data set from the Hg(OAC)2 soaked crystals. The second approach was to
grow selenomethionine incorporated protein for single-wavelength anomalous dispersion (SAD)
diffraction. Meredith Frazier, graduate student in the Jackson Lab, expressed and purified the
selenomethionine constructs. The three methionine residues on the construct should have been
replaced by selenomethionine. Both approaches utilized the tunable beam line 21-1D-G to

identify an anomalous signal and provide phasing information.

16



Structure Determination

The resulting dataset from SAD diffraction was processed -
/( Q
using HKL2000 contained phasing information from the anomalous \/;/‘b 4
N\ 2 S
signal from one or two selenomethionines; this provided ! - ‘5 a2
- i
v
information sufficient to elucidate the E. caballus tVHS structure =
[34]. An initial model of 109 residues was built and additional .l 2104 J‘

. . . . . Figure 11. X-ray crystal
residues were added using Coot with further refinement using the structure of E. caballus tVHS

at 1.86 A [52].
PHENIX Suite (Figure 11) [42,48]. Our model fits the experimental
data well; the validation statistics in PHENIX indicate that measures of clashes, deviations, and
uncertainty are lower for our model than for other PDB models at similar resolutions (Figure 12)
[42]. The polygon scoring consists of multiple one-dimensional histograms that compare
statistics of our model to other protein structures deposited in the PDB of similar resolution [56].
This serves as a way to quickly estimate the model quality. Other geometric validations such a
Ramachandran plot check the ¢ and y angles of the peptide bonds to ensure that they conform to

normal combinations with low degrees of steric hinderance (Figure 13). Summary statistics for

the refined model and refined experimental data appear in Appendix: Table 2.

Meredith Frazier elucidated another four residues at the N-terminus after using our initial
structure as the search model for molecular replacement on the original native dataset. There are
four residues on the C-terminus and twelve on the N-terminus of the protein that could not be
confidently built into the experimental map. This could be simply because that portion of the
protein is unstructured, but given NPS secondary structure prediction, it is likely that some type
of helix should exist [25]. A different secondary structure predictor, PSIPRED, suggested the N-

terminal helix of E. caballus would be disordered, which would explain its absence in the density

17



[32,33]. The chosen construct lengths and secondary structure prediction results are shown in
Appendix: Figure 4. Mac Castro, rotation student in the Jackson Lab suggested the disordered
helix could lead to decreased stability and thus a decrease in heat capacity and a lower melting

temperature.

Ramachandran plot for all non-Pro/Gly residues

RMSD(angles)
Clashscore e,

0.220 0.95 &
g 2.19
19.180

120

& 60

R-work m= = R-free 0
0.1400 0.1865
0.1751 0.2062
0.2240 0.2817

24 -60

Average B RMSD(bonds) 120

8.7 6.002
20.6 6.010
51.1 0.025

Phi

Figure 12. Polygon scoring of the
experimental model. Compares my model
with PDB models of similar resolution
based on clash, geometric, and correlation
statistics [56] .

Figure 13. Ramachandran plot from
PHENIX. Dots non-blue regions signify
Ramachandran favored rotations. Our model
has 96.36% Ramachandran favored angles.

Circular Dichroism

The disordered nature of the N-terminus of tVHS was then tested using circular
dichroism on the full-length E. caballus tVHS construct and on a shortened construct lacking the
theorized disordered helix. Both the full-length (306-442) and shortened (321-442) constructs
were analyzed using circular dichroism spectroscopy to determine spectral scans. Based on the
spectral scans, 222 nm was chosen for single-wavelength thermal denaturation experiments (see
Appendix Figures 1 and 2 for thermal denaturation curves and first difference curves). The
inclusion or deletion of the disordered helix had the potential to change the enthalpy of the

protein and change its melting temperature (Tm). Nonlinear function fitting resulted in melting
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temperatures as shown in Table 1. The t-testing indicated that there is not a statistically
significant difference between the melting temperature for the full-length construct and the

shortened construct.

Construct Melting Temperature (K) | Number of Runs
Full-length E. caballus tVHS 31448 + 068K 3
31557 £ 0.68 K 3

Shortened E. caballus tVHS

Table 1. Circular dichroism regression results.

Discussion

Circular Dichroism

The circular dichroism experiments helped explain the role that the first twelve residues
have in the E. caballus tVHS structure. Contrary to the NPS results, the first twelve residues do
not fold in with the rest of the protein in the crystallized domain construct. There is no increase
in melting temperature going from the shortened to the full-length construct, indicating that there
was not a significant change in the stability of the protein. An increase in stability would have

been expected from an additional helix folded into the domain.

Structural Comparison

The a-helical bundle found in E. caballus tVHS is ubiquitous to all VHS domains. There
are six a-helices in this structure rather than the eight that are typical of VHS domains [16].
There is a significant degree of similarity based on RMSD, Q-Score, and the number of aligned
residues between tVHS and other VHS and ENTH domains (Table 4). The most structurally

similar protein domain to E. caballus tVHS, found in the list in Table 4, is in the Ent5 protein
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~ere which is a clathrin adaptor that supports the function of
clathrin-coated vesicle (CCV) mediated traffic in yeast
cells and has structural similarities to ENTH domains

(Figure 14) [57]. The least similar protein domain is in

RPRD1A; it is a CTD-interaction domain (CID), where

CTD refers to the C-terminal domain of RNA polymerase

I1. This protein is involved with the transcription process

Figure 14. Horse tVHS domain
(blue), N-terminus of Ent5 (green),

CID Domain (orange). (Figure 14) [58].
E. caballus tVHS comparison | PDB ID RMSD Q-Score Number of aligned
with: (A) [0-1] residues
ENTH domain of Tepsin Unpublished | 2.12 0.41 97
ENTH Domain of Human 20Y7 2.29 0.34 96
Epsin
VHS domain of GGA3 1JPL 2.28 0.38 105
VHS domain of H. sapiens 3LDZ 2.65 0.40 107
STAM1
VHS domain of H. sapiens 1JWF 241 0.39 102
GGAl
N-terminal domain of S. 5J08 1.92 0.43 100
cerevisiae Ent5
CID domain of H. sapiens 4IXT 3.02 0.35 103
RPRD1A

Table 4. Results from PDBeFold analysis of horse tVHS. Protein domains with similar structures as scored using
RMSD, which is a measure of error in the two models, Q-score, which is a percentile ranking of similarity, and
aligned residues [40].

E. caballus tVHS has a high degree of similarity to tepsin ENTH domain and ENTH
domain of epsin. Figure 15 is a superposition of my experimental E. caballus tVHS the
unpublished structure of the tepsin ENTH domain (Tara Archuleta, unpublished date) and the
ENTH human epsin. The ENTH domain of human epsin is involved in clathrin-mediated

endocytosis and plays a role in actin cytoskeleton organization in endocytosis [59]. ENTH
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Figure 15. Horse tVHS domain
(blue), tepsin ENTH (orange),
epsin ENTH (gold).

Figure 16. Horse tVHS domain
(blue), VHS GGA3 (gold), VHS
STAM1 (orange), VHS (purple).

Figure 17. Superposition of tVHS
(blue), VHS GGA3 (gold), and acidic
dileucine peptide (purple). The lack of

the final helix at the top of the figure
means that tVHS will not bind well with

a dileucine motif. Image courtesy of

Meredith Frazier.

domains are known to function as membrane-interacting
domains, binding phosphatidylinositol 4,5-bisphosphate
(PIP2) and other phospholipids [15,60]. Due to the high
degree of structure similarity, the functional roles of tENTH

and tVHS could be similar.

The VHS domain in GGA proteins and STAMSs show
up multiple times with high degrees of similarities (Figure
16). VHS domains in GGA proteins are responsible for cargo
recognition in vesicular trafficking [61]. The sorting of
mannose 6-phosphate receptors (MPRs) from the trans-
Golgi network to endosomes is mediated by the VHS
domain of GGASs using an acidic-cluster-dileucine motif
[17,62]. Could tepsin VHS-like domain perform a similar
function to the VHS dom ains of GGA proteins? Meredith
Frazier performed a three-dimensional alignment of tVHS
with the VHS domain of GGAS3 shows that tVHS lacks a
helix that is critical to forming the binding pocket for the
dileucine motif (Figure 17). This explains previous research
conducted by Meredith Frazier which determined that tVHS

does not bind acidic dileucine.
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Our structure is also similar to the VHS domain of (signal-transducing adapter molecule
1) STAML, a protein that forms complexes with ubiquitin and other proteins to sort ubiquitinated
cargo proteins from early endosomes to the endosomal sorting complex [63]. Ubiquitin binding
is a common regulatory post-translational modification in many types of cellular processes.
Meredith Frazier compared the electrostatic potential maps of VHS STAM1 and tVHS with a
monoubiquitin. Due to the presence of Arg344, tVHS is unable to bind ubiquitin. The residue
would sterically clash with the region of the protein that is similar to the region that VHS

STAML1 uses to bind ubiquitin (Figure 18).

Figure 18. The electrostatic potential mapping for 3LDZ (left) and tVHS (right) with
ubiquitin (green). Notice the basic patch of Arginine residue 344 that clashes with where
ubiquitin would bind. Image courtesy of Meredith Frazier.

The structural information about tVHS serves as the background for further analysis
about its binding partners and regulation pathways. The implications of a better understanding of

tepsin and the AP4 trafficking could lead to substantial translational research discoveries.

The results of the structural alignment point to the importance of tepsin in the AP4
system. Tepsin and AP4 evolve together, and thus tepsin plays a critical role in the operation of
this trafficking system [12]. Candidate binding partners, ubiquitin and an acidic dileuicine motif,
were proven to not interact with tVHS through previous biochemical expirments in the Jackson
Lab and confirmed by the structural analysis of tVHS. While tVHS is similar to many VHS and

ENTH domains, key structural differences lead to tVHS not functioning in the same manner.
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One question of intense interest are the roles of the ENTH and VHS-like domains of tepsin and
whether they might have similar responsibilities in the trafficking framework. Tepsin as an
accessory protein that does not have a known function. By elucidating the function of tVHS, we

will be able to learn about its role in the AP4 trafficking system.
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Appendix

NativeData | SeMet |

| Statistic |

LSCAT-21-ID-G LSCAT-21-ID-D

0.97857 0.97910

Pé1 Pés
a,b,c(A) 58.86,58.86, 69.263 57.99, 57.99, 82.21
a, B,y () 90, 90, 120 90, 90, 120

Cell volume (A3) 207786.2 2077991.2

Resolution (A)? 50.00 - 1.83 (1.90 - 1.83) 50.00 - 1.92 (1.99 - 1.92)

0.065 (1.621) 0.138 (0.594)

1/o(1)? 36.2 (2.14) 17 (2.6)

Completeness (%) 100. 98.8 (89.4)

Redundancy 14.4 (17.8) 12.6 (~5)

#Values in parentheses are for highest-resolution shell.

Table 1: Data collection statistics for crystals collected at Argonne National Laboratory.

My tVHS Best Model

Wavelength

Resolution range 29.41 -1.86 (1.927 -

1.86)
Space Group P 65
. 58.828 58.828 69.078 . .

Unit cell 90 90 120 Protein residues 112/133
Total reflections 206259 (20632) | RMS(bonds) 0.01
Unique reflections 11459 (1153) | RMS(angles) 0.95
Multiplicity 18.0 (17.9) | Ramachandran favored (%) 96.36
Completeness (%) 99.95 (100.00) | Ramachandran allowed (%) 3.64
Mean I/sigma(l) 26.11 (2.39) | Ramachandran outliers (%) 0
Wilson B-factor 14.32 | Rotamer outliers (%) 0
Reflections used in 11456 (1153) | Clashscore 2.35
refinement

Ezgectlons used for R- 1130 (111) | Average B-factor 19.47
R-work 0.1747 (0.2628) | macromolecules 18.09
R-free 0.2073 (0.3106) | solvent 29.29

Table 2: Table of the experimental model and refined experimental data.
Statistics for the highest-resolution shell are shown in parentheses.
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Figure 1: Thermal denaturation curves for full-length tVHS (on the left) and shortened tVHS (on the right).
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Figure 2: First difference curves for full-length tVHS (on the left) and shortened tVHS (on the right). The red
line is at 314 K, which is close to the maximum of the first difference curves.
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