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What is a protein?
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How are proteins made?
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How do genes code for multiple proteins?
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Primary protein structure
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What does it mean when proteins are conserved?
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What is a Protein Motif?
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Small conserved regions of protein structure



What is a Protein Domain?
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PIbinding | Subcellular | Catalytic

targetting activity

Conserved structural or functional units of protein

Common examples of protein domains with a solenoid architecture

WD40 repeat domain Leucine-rich repeat domain

Ankyrin repeat domain
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How do we visualize conserved domains?

— Spectrin Repeat: structural ﬂ Coiled Coil region
- CH Domain: Actin Binding D EF hand: Ca** binding
. Low complexity region D Ca** bindingsite



What is the difference between Motifs and Domains?

DEFINITION

STABILITY

FUNCTIONAL ROLE

Motif

Motif is an arrangement
of secondary structures
of the protein molecule.

Not stable

Does not depict a
functional role.

Domain is the three
dimensional fundamenta
and functional unit of the

protein.

Stable by itself

It is the functional unit
of the protein.



Why are they important to research?
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They allow us to computationally classify protein classification and determine biological function



How do we determine domains?

Gallus_gallus/1-2533
Mus_musculus/1-2491
Rattus_nervegicus/1-2601
Dasypus_nevemcinctusf1-2306
Lexedenta_africana/l-2443 :
Oryctelagus_cuniculus/1-2522
Equus_taballus/1-2583
Gorila_gorilla/1-4513
heme_sapiens/1-4639
Macaca_mulatta/1-2393
Bes_tavrus/1-2527
Tursiops_truncatus/1-2513
Canis_lupus_familiaris/1-2513
Felis_catus/1-2884

Consensus

CTOGOGAAAACTGCTTTAAAT CAAGCTATATTGCAACTTGGAGGACTTACTGT AAACAATT GGACAG

Multiple Sequence Alignment using Multiple Sequence Comparison Log-Expectation
(MUSCLE)



Why multiple sequence alignment?

Single motif
methods

T

- By using this
Multiple motif methods

_ _ _ technique, we can

observe patterns in

the data

Full alignment
methods




What are other methods we can use?
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Hidden Markov Method

Statistical method that quantifies the position of amino acids at a particular position
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So how do we model domains?
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Protein databases refine the model by quantifying the level of amino acid conservation



How do we analyze domains?

Database of protein families that includes their multiple sequence alignments generated
using HMM



What results do we get from Pfam?

, InterPro Classification of protein families

20230215-050708-14 = GroupAcions
ENSMUSPO0000130077_Mmus/1-795 [l 3 hours ago v (]
ENSRNOPO0000092582_Rnor/1-918 K 3 hours ago v ]
ENSDARPO0O000038939_Drer/1-792 I 3 hours ago v ]
Y40B10A.6.1_Cele/1-681 B 3 hours ago v ]
ENSLACPO0000001738_Lcha/1-786 B 3 hours ago v w
ENSLACPOOC00013573_Lchaj1-801 | 3 hours ago v .
ENSDARPO0000119183_Drer/1-831 [ 3 hours ago v w
Y32B812A.3.1_Cele/1-651 R 3 hours ago v ]
Y40B10A.7.1_Cele/1-651 B 3 hours ago v (]
ENSPPAPDO000008603_Ppan/1-663 B 3 hours ago v ]

Note: Pfam has been absorbed into InterPro. True Pfam results no longer available



Interpro results, continued

Pfam Arc MA domain SRS

ARC protein Aptenodytes forsteri (Emperor penguin) . o~

= Balearica regulorum gibbericeps (East African grey
ADAQETVIKS  ARC protein " . -

crowned-crane)

Arc_MA domain-containing _
Fukomys damarensis (Damaraland mole rat

protein

ADADVIGCIA ARC protein Cuculus canorus (common cuckoo)
AQADFIHTLL ARC protein Buceros rhinoceros sitvestris .
ADADPLIEND ARC protein Calypte anna (Anna’'s hummingbird)

ARC protein Egretta garzetta (Little egret)

ARC protein Colius striatus (Speckied mousebird i o




Interpro results, continued

Pfam Arc MA domain [FEEEEE

3 domain architectures found.

There are 528 proteins with this architecture (represented by Q63053):
PF19284 - PF18162
O Arc_MA
cc— Arc_C

396

There are 11 proteins with this architecture (represented by Q5RZZ8):
PF19284
A Arc_MA

132

There is 1 protein with this architecture (represented by AOA6I9YW12):
PFO0683 - PF07645 - PF19284 - PF18162
— T8
L EGF_CA
S Arc_M#
[ — Arc_C

584



Interpro results, continued

Pfam Arc MA domain [FEEEE
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What did Pfam use to give?

HOME | SEARCH | BROWSE | FTP | HELP | ABOUT ' ‘nm

' Tzl oo

Sequence search results
Show the detailed description of this results page.
We found 4 Pfam-A matches to your search sequence (all significant)

—— DNA_pol_A

Show the search options and sequence that you submitted.

EMBL-EBI :

Return to the search form to look for Pfam domains on a new sequence.

Significant Pfam-A Matches
Show or hide all alignments.

Family Description Et:::: Clan e ons Alignm::; Fr:r:inTo l:r:;’:h ’:::e E-value ag;f:::c;s:l‘i::rﬁ::te
5_3 exonuc N 5'-3' exonuclease, N-terminal resolvase- ,, Domain CLO280 13 174 14 174 2 159 159 169.1 6.4e-50 Show
S_3 _exonuc 5'-3' exonuclease, C-terminal SAM fold Domain CLO464 175 269 176 262 2 88 97 103.1 8.7e-30 Show
Tag-exonuc Taq polymerase, exonuclease Domain CLO219 296 422 297 422 2 129 129 162.3 4.7e-48 Show
DNA pol A DNA polymerase family A Family 455 831 457 830 3 375 376 498.1 1.4e-149 Show

. Pfam is part of the
elijir ELIXIR infrastructure

Plam s an Elxir service Read more

Comments or guestions on the site? Send a mail to pfam-help@ebl.ac.uk
European Molecular Biology Laboratory

Defined Protein Domains
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What results do we get from SMART?

Domains within Homo sapiens protein C(C
Catechol O-methyltransferase

+ || =||=|| Introns || SAVE

Position: 7 to 29

Information Interactions Pathways PTMs Ortholog)

Selected feature details = e 10

Transmembrane region

This is a transmembrane helix region, as detected 11
by the TMHMM v2.0 program. The region starts at  ZF
position 7 and ends at position 29.

. 01
Transmembrane region (23 aa): i
Submit to BLAST Copy to clipboard
LLLAAVLLGLVLLVVLLLLLRHW
s
oF

Simple Modular Architecture Research Tool



What results do we get from SMART?

‘athways PTMs Orthology

Domains within Homo sapiens protein C(C @
Catechol O-methyltransferase
+ | =| = || Introns || SAVE

rs £

Position: 7 to 29

a 100 200

Information | Interactions = Pathways PTMs = Ortholog

Selected feature details -0 X

Transmembrane region

This is a transmembrane helix region, as detected 11
by the TMHMM v2.0 program. The region starts at  ZF
position 7 and ends at position 29.

. 0l
Transmembrane region (23 aa):
| Submit to BLAST Copy to clipboard
LLLAAVLLGLVLLVVLLLLLRHK
s
PF

Simple Modular Architecture Research Tool



What results do we get from SMART?

2m

‘athways PTMs Orthology

CyP1B1

Domains within Homo sapiens protein C(C i
Catechol O-methyltransferase /
[+ =1 =1|| Introns || SAVE |

0 100 200
Information | Interactions = Pathways PTMs = Ortholog

Selected feature details -0 X

.n,ansmembrane region Information Interactions Pathways | PTMs | Orthology

- . ’ Posttranslational modifications
This is a transmembrane helix region, as detected 11

by the TMHMM v2.0 program. The region starts at ZF PTM annotation is taken from PTMcode, a resource of known and predicted functional associations protein posttr ional modifications (PTMs).
posmon 7 and ends at posmon 29. There are 20 PTMs annotated in this protein
ol P™™M Count
Transmembrane region (23 aa): B Pnosphoryiation 9
| Submit to BLAST Copy to clipboard | ‘ & Ubiguitination 9
1 :
LLLAAVLLGLVLLVVLLLLLRHW L W Nitosylation 2
oF

To see the full details, including possible functional associations between the PTMs, please visit the PTMcode annotation page for protein COMT.

Simple Modular Architecture Research Tool



Why would we use one or the other?

SMART Pfam

More accurate domain
identification
Domains exclusively

Classifies novel
sequences into protein
domain families

annotated :
S o Most comprehensive
7 [P 17 (16K+ families)
database

_ No longer exists
Less comprehensive



CO:0008152

metabolic
process

C0:0044281 C0:0044238

G0:0071704

GO:0009058

small molecule primary organic ; ;
metabolic metabolic substance b'%?géter;es“c
process process metabolic

GCO:0005975
carbohydrate

metabolic
process

C0O:1901576
organic
substance
biosynthetic

GO:0005996
monosaccharid

e metabolic
process

CO:0044283
small molecule

biosynthetic
process

C0O:0016051
carbohydrate

biosynthetic
process

C0:0019318 CO:0046364

hexose monosaccharid
metabolic e biosynthetic
process process

C0:0019319

hexose
biosynthetic
process

GO:0003674

molecular
function

G0:000382

catalytic
activity

G0:0016874

ligase activity

GO:0016885

igase activity.
forming
carbon-carbon

CoA

carboxylase
activity

How do we make sure ALL biologists can understand?

Process

A ! Isa ! 8
A ! Part of ! 8
B Regulates

Pesitively regulates
-
A Negatively regulates“ 8
r!
! Occurs in !
A »| B
Capable of n
.................. ’
A | ) .Capable 91 part of '.l 8

Y

\J

Gene Ontology
logic-based organization
structure for knowledge



What are the three Ontologies used?

biological
processes

molecular
functions

cellular
components




How do we validate our computational data?

A Protein expression B Gene expression

1 -
g p—r— | T ’YL?—_T 1‘
P_Tumex (DL_Predicton)
Predicied class (DL_Preducton)
Sarmpie class

B b b b b b b e b b b e b

Proteins that interact should be expressed in the same cell types or under similar conditions



Summary

1. Domains are conserved
structural/functional units of protein

2. Domains can be discovered and
analyzed by using bioinformatic
approaches

3. Domain analysis helps us classify
proteins and impact genetic research

Subcellular
targetting

Catalytic
activity




Dr. Jason Shephard & the Arc protein

University of Utah, School of Medicine

Molecular function of the Arc protein in long-term memory formation, 2018






The Neurdnal Gene Arc Encodes a Repurposed
Retrotransposon Gag Protein that Mediates

Intercellular RNA Transfer
. Pastuzyn et al., 2018




How does the brain store information?

Through synaptic connections between interconnected networks of neurons



Synapses move information

VESICLES :
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It is unknown how memories are moved around




Memories are thought to move via retrotransposons

Formation of
Ribonuciooproten cComplaxes
Reverse

Transcripbion
1 ranscription Q
& Transiation %

[ t‘?('q'a' on

Genetic components that can insert themselves elsewhere in the genome



What is a retrovirus?

b

Capsid Protective Lipid
proteins Envelope

An RNA virus that replicates itself into a host genome via capsids



Arc is a protein important for memory

CA-NTD = Capsid N-
terminal Domain

CA-CTD = Capsid C-
terminal domain

MA=Matrix

Arc plays an important role in synaptic plasticity



What are the evolutionary origins of Arc?

gaf Mm Arc
-[ Tetrapod
M Gag 97| Hs Arc () <‘_—\‘
Pol (polymerase) 82 - Ac Arc s

Env (envelope) | Lc gypsy —_
— 62 2 | S S
P LR - Lc gypsy2

- 2 VO ) il

' —— Cc gypsy

gs~ Om dArc1

Ds dArc1 Conserved retroviral Gag domain

Sc dArcl Fly dArc (] m
96 Dm dArc2

Ds dArc2

67

57

82

Sc dArc2
82— Lh gypsy11 . E]
Bm gypsy
—— Dm gypsy1 *
s SR =
Tc gypsy o

v EEI> @

Ty3/gypsy retrotransposon family

Pastuzyn et al., 2018



Does Arc form virus-like capsids?

i =
' Q
)
E- h .
: ;2 o . Glycoprotein Il
|2 d ’ Glycoprotein |
L .
» —— Genome
-Capsid
Coat

W

Purified Arc resembles retrovirus capsid structure
Pastuzyn et al., 2018



What regions of Arc are important for self-assembly into capsids?

C | CA |
| ACTD |
150 195 277 374
40
. 35 I
5 30 W Ful
S 254 [] Partial
o
2 ogd
[}
é 154
s 10
54
0 | |
prArc ACTD-prArc CA-prArc

Double-shelled protein structure of Arc cannot form when the CTD is deleted

Pastuzyn et al., 2018



Do Arc capsids contain mRNA?
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Bacteria Lysate mRNA (norm.)
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Purified Protein mRNA (norm.)

ﬁ’

asnA Arc asnA Arc

mRNA mRNA

Interactions between the Arc protein and the Arc mRNA is important for the stability of the mRNA

Pastuzyn et al., 2018



Does Arc require mRNA for capsid formation?

***p<0.0001 ***p=0.0004

N
(&)
J

N
o
L

=i
(6]
L

-l
o
L

Oligomer Count/pm?
(4]

o
il

Removal of RNA bases decreases capsid formation

Introduction of mRNA increases capsid formation
Pastuzyn et al., 2018



Where is Arc mRNA found in relation to neurons?

A

Cells EVs

Arc - + -

50

96

B

HEK293

Arc

ALIX

Actin

Total

Arc mRNA is found in Extracellular Vesicles (EVs) outside of neurons

Pastuzyn et al., 2018



What are extracellular vesicles? Parrish et al., 2018

Dendrite/Postsynaptic region

Translation

& l »~ O
NN~~~ T\ o

Arc/dArct
monomer

Viral receptor % N N N

A

Viral capsid
—

c{é
:

NS om0
Viral Gag Release Reverse
transcription

mRNAs polyprotelns;«

CYTOSOL




Do EVs degrade outside of neurons?

Encapsulated mRNA

' MRNA
'E mRNA Arc-containing EVs

mRNA within EVs or encapsulated are stable!

Pastuzyn et al., 2018



Do EVs transfer Arc protein and to recipient cells?

Transfected (Donor) Cells
Arc mRNA

nucGFP

EVs can transfer protein and to recipient cells

Pastuzyn et al., 2018



Are Arc capsids required for neuron uptake?

KO+prArc-ACTD KO+CA-prArc

Arc mRNA (norm. fold-change)

50,
40 {
30,
20 -

10 4

* %%k

*%*

i

L

KO

prArc

prArc- CA-
ACTD pArc

Capsid formation is necessary for transfer of mRNA

Pastuzyn et al., 2018



Does Arc undergo activity-dependent translation in neurons?

g 25. %% % * *
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Pastuzyn et al., 2018



Arc works in the brain like a retrovirus

mRNAs are
Donor Neuron encapsulated by Arc
@ O
mRNAs travel

neuron-to-neuron in

ACBARs

e
mRNAs are released _\ ) —
in recipient neurons R —

ACBARs=Arc Capsids Bearing Any RNAs Recipient Neuron Pastuzyn et al,, 2018



Summary

Arc shares retroviral Gag protein properties

- - Glycoprotein [l
- Glycoprotein |
° ° ’ ’/\ . Genome
Arc forms stable capsid-like structures - |- i
W — Coat

N
o

~

o0

g
o

S
LJ H H These structures allow for the transfer of mRNA from neuron to neuron

KO KO+| KO KO+ KO KO+ KO+CHx+
DHPG DHPG DHPG DHPG
No EV KOEV WT EV

Arc Protein (norm. fold-change)

o

Pastuzyn et al., 2018



Future Directions

What else do ACBARs contain? What else does Arc play a role in?




Questions?
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