11. Inteiny



Prednaska o tom, jak priroda sama vyvinula a pouziva nativni ligaci.
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Inteins are auto-processing domains found in organisms from all domains of life. These proteins carry out a
process known as protein splicing, which is a multi-step biochemical reaction comprised of both the
cleavage and formation of peptide bonds. While the endogenous substrates of protein splicing are
specific essential proteins found in intein-containing host organisms, inteins are also functional in
exogenous contexts and can be used to chemically manipulate virtually any polypeptide backbone.
Given this, protein chemists have exploited various facets of intein reactivity to modify proteins in myriad
ways for both basic biological research as well as potential therapeutic applications. Here, we review the
intein field, first focusing on the biological context and phylogenetic diversity of inteins, followed by a
description of intein structure and biochemical function. Finally, we discuss prevalent intein-based
technologies, focusing on their applications in chemical biology, followed by persistent caveats of intein
chemistry and approaches to alleviate these shortcomings. The findings summarized herein describe two
and a half decades of research, leading from a biochemical curiosity to the development of powerful
www.rsc.org/chemicalscience protein engineering tools.
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Nativni chemickeé ligace
1953 Theodor Wieland: Val-CO-S-R a Cys reagovaly na Val-Cys (reakce aktivniho esteru s aminem)
1990s, Stephen Kent ve The Scripps Research Institute vyvinul "Native Chemical Ligation (NCL)“

na stejném principu a aplikoval ji na ligace nechranénych peptidovych fragmentu a syntézu proteind
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V jadru se jedna o chemoselektivni a regioselektivni transthioesterifikaci ndsledovanou S-to-N acyltransferem,

ktera probiha ve vodé. Vétsinou se pridava néjaky SH katalyzator. Reakce je ale dost pomala
a ma i vedlejsi reakce.

Nativni chemické ligace jsou obecné limitovany chemickou syntézou C-koncovych thioester(.



Intein, z intervening protein

Jsou to proteiny s auto-procesujici aktivitou (tzv. splicing).

Samy se vystépuji ze sekvence a zaroven spoji zbylé fragmenty, exteiny (external protein).

To znamena, Ze tyto proteiny Stépi a opét spojuji peptidové vazby.

Klasicky nejcastéjsi typ inteinti (95%)
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Fylogenetika inteind

Prvni intein byl objeven v roce 1990. Od té doby jich bylo predikovano asi 600 napfi¢ organismy.

Archaea Archebakterie (1977), jsou evoluéné velmi staré,

! uz pred 3,5 miliardou let, asi z nich vznikla eukaryota
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Mechnismus rozsifovdni intein( v ramci organismu(()

Nékteré inteiny maji do své sekvence vmezerenou tzv. HED doménu
(homing endonuclease domain), kterda je po vystépeni z plvodniho proteinu
schopna znovu zaclenit gen inteinu do genu hostitele.
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Inteiny byvaji obvykle ,zabudovany” do sekvenci esencidlnich protein(

zapojenych do metabolismu DNA jako jsou DNA a RNA polymerazy, DNA helikazy a gyrazy.

V téchto hostujicich proteinech jsou obvykle umistény pobliz sekvenci, které jsou kruciadlni

pro fungovani hostitele, napf. aktivni misto enzymu, ¢i vazba ligandu.

V tomto ohledu se zda jisté, ze vystépeni inteinl je nutné pro funkci hostitele,
ale doposud nebyla prokdzana zadna jejich regulacni role ¢i néjaka vyhoda pro

hostitele zpisobena jejich existenci.

Proc tedy inteiny vibec existuji? Zda se, Ze nemaji Zzadnou biologickou roli.

Jsou to mozna jen artefakty evoluce, ,,selfish genes”, sobecké geny, staraji se jen o sebe...

Dawkins, Richard (1976). The Selfish Gene. Oxford University Press.

According to Dawkins' gene centered view of evolution, all genes are selfish, even those that cooperate with other genes
to build the organisms that carry the genes into the next generation.

Podle teorie sobeckého genu je gen hlavni jednotkou prirozeného vybéru, ne jednotlivec, nebo dokonce skupina,

jak predpokladal vybér skupinovy. Jednotlivé alely mezi sebou souperi o zastoupeni v dalSich generacich a

organismy jsou jejich pouhymi vytvory, nosici ¢i vehikly, které si postavily, aby se mohly ucinnéji prosazovat ve svété.

Mem je termin pro kulturni obdobu genu — replikujici se jednotku kulturni informace. Evoluce nemusi byt nutné postavena jen na replikaci DNA,
ale jejim principem je Sifeni jakékoli informace, kterd podléhd zméndm (mutacim) a selek¢nimu tlaku.
Tento termin poprvé pouZil v roce 1976 ve své knize Sobecky gen Richard Dawkins.



Clinton Richard Dawkins, FRS FRSL (born 26 March 1941) is an English
ethologist, evolutionary biologist, and author. He is an emeritus fellow
of New College, Oxford, and was the University of Oxford's Professor
for Public Understanding of Science from 1995 until 2008.

Dawkins first came to prominence with his 1976 book The Selfish
Gene, which popularised the gene-centred view of evolution and
introduced the term meme. With his book The Extended Phenotype
(1982), he introduced into evolutionary biology the influential concept
that the phenotypic effects of a gene are not necessarily limited to an
organism's body, but can stretch far into the environment. In 2006, he
founded the Richard Dawkins Foundation for Reason and Science.
Dawkins is known as an outspoken atheist. He is well known for his
criticism of creationism and intelligent design. In The Blind
Watchmaker (1986), he argues against the watchmaker analogy, an
argument for the existence of a supernatural creator based upon the
complexity of living organisms. Instead, he describes evolutionary
processes as analogous to a blind watchmaker, in that reproduction,
mutation, and selection are unguided by any designer. In The God
Delusion (2006), Dawkins contends that a supernatural creator almost
certainly does not exist and that religious faith is a delusion.

Dawkins has been awarded many prestigious academic and writing
awards, and he makes regular television, radio, and Internet
appearances, predominantly discussing his books, his atheism, and his
ideas and opinions as a public intellectual.
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Inteiny maji mezidruhové spise malou homologii sekvenci (< 40%),

ale sdileji stejny reakéni mechanismus diky nékolika konzervovanym sekvenénim motivim

Cje Cys,SjeSer, Tje Thr, Hje His, N je Asn, F je Phe

N-Extein Block A Block B Block F Block G C-Extein

we=3-2-1 1 +1 +2+3..

Split Site or
HED Blocks C,D,E,H

(homing endonuclease domain)



Chemicky se jedna o sled reakci prenasejicich karboxylovou skupinu (acyl-transfer)
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Vedlejsi reakce pri stépeni inteiny

Pritomny nukleofil (:Y), alkohol ¢i thiol, mUzZe atakovat ester
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V pripadé, ze Asn cyklizuje jiz ve strukture pavodniho proteinu, muize dochdzet k C-termindlnimu Stépeni
jesté pred tvorbou thioesteru na N-konci, vysledkem je, Ze se exteiny nespoji

X=0orS




Inteiny patfi do vétsi skupiny proteinl nazyvanych Hedgehog/intein (Hint) domény

a patfi mezi mezi né inteiny, bakteridlni intein-like domény a Hedgehog auto-processing domains

N-Extein Block A Block B Block FBlock G C-Extein

w=3-2-1 1 +1 +243...
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Detail aktivniho mista jednoho z intein(

N-Extein Block A Block B Block F Block G C-Extein
C/SIT
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Aplikace inteint pro purifikaci proteinu bez Tagu (His atd.)

N-Extein Block A Block B Block F Block G C-Extein Na C-konec vlosime

. -3-2-1 1 +1 1243 .. afinitni kotvicku

Split Site or
HED Blocks C,D,E,H

zmutuji-li Asn za Ala, nedochazi

Pozadovany protein je na misté\N-exteinu, LSl ea e )
k C-terminalnimu Stépeni

kde dochazi k rovhovaze mezi amidem a thioesterem

Takze po purifikaci konstruktu pomoci C-terminalniho Tagu zvySime pH do bazické oblasti

a tim dojde k hydrolyze thioesteru a odstépeni pozadovaného proteinu (N-exteinu) bez tagu.

pH >8

Afinitni
kotvicka

N tfeba HHHHH

i 3

\HHH: His-tag
Asn na Ala




Aplikace klasickych intein pro semisyntézu proteinu
,Expressed Protein Ligation (EPL)“

Obdoba Nativni chemické ligace s tou vyhodou, 1 Thioester mezi inteinem a
Ze miZeme vse vyrobit jen rekombinantné (ne chemicky), ' a nagim proteinem miize byt

Cili proteiny mohou byt velké. atakovan malym aryl- ¢&i alkyl-thiolem (-SR)
(8]

g
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trans-esterifikace

2. Dochazi k odstépeni
proteinu jako thioesteru
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H N . 7 /7 Vv 7
: Je to velmi vhodné pro vnadseni
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3. Thiester protein mUZe reagovat specifickych skupin do proteini

s néjakym peptidem ¢i Iatkou — biokonjugace.

s N-terminalnim Cys
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4. Nakonec dochazi k pfesmyku na normalni peptidovou vazbu.

Vétsinou za denaturujicich podminek, protoZe jsou potifebné vysoké koncentrace proteind,
pro efektivni srazky peptidd.



Aplikace split inteint pro semisyntézu proteinu
,Protein Trans-Splicing (PTS)“

SlouZi to ke spojovani peptid( a proteint v nedenaturujicim prostfedi i za malych koncentracich,
nebot je to fizeno vysoce afinitni interakci inteina.

Tyto mensi inteinové fragmenty maji obvykle 30-40 AA,
coz umoznuje jejich SPS syntézu
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Aplikace split inteinG pro purifikaci rekombinantnich proteinu
a jejich ndslednou semisyntézu

Zalozeno na aplikaci
Split-inteind

Po fuzi s C-terminalni ¢asti
intein pfesmykne na thioester

DnakE intein se nestépi
dokud neni kompletni

bind protein of interest & wash away impuritias

e =-)°t:>@|

unactivated peptide bond, immobilized activated linkage,
complex biochemical mixture C-intein affinity-enriched protein
on-column

thiolysis reaction

semi- Synlhetlc 1[\* pure
protein e thicester
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Aplikace split inteint pro segmentové izotopické znaceni
napr. pro NMR méreni s izotopy *°N, 13C

PFilis velké proteiny (150 AA a vic, Ci proteiny s degenerovanymi sekvencemi)
maji NMR spektra pfilis komplikovana a to i pres izotopické >N a 13C znacdeni proteind.
Proto je vyhodné znaceni jen nékterych usekd.
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Aplikace inteinl pro cyklizace proteint a peptid(
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Uspéch zde ale velmi zaleZi na pfistupnosti Vysledny cyklicky protein mize mit vyssi
a blizkosti obou reagujicich jednotek termodynamickou stabilitu a rozdilné vlastnosti



Aplikace inteinl pro cyklizace proteinl a peptidu

Split Intein-mediated Circular Ligation Of Peptides and Proteins (SICLOPPS)

ﬂ

N-terminus
C-terminus

Y
&

genetically
encoded

polypeptide u

Touto metodou byly vytvoreny knihovny
cyklickych peptid( a objeveny nové inhibitory
biologicky relevantnich enzymU.




Inteiny s podminénou auto-procesujici aktivitou
»Conditional Protein Splicing (CPS)“

Jedna se o aktivaci Ci inhibici procesovani proteinu vnéjsim modulatorem.
Umozni to zapinani funkce proteinu dokonce i in vivo.

paw P

distorted intein
& inactive host protein

V tomto pripadé je kontinualni
7~ ligand binding & intein zflizovan s doménou vazici ligand.
conformational change s s s , .
Po navazani malé molekuly dojde

ke konformacni zméné v konstruktu a
'_g' ke splicingu.

active intein

protein
splicing

functional
spliced product




Regulation of protein activity with
small-molecule-controlled inteins
o i Protein Science (2003), 14:523-5332.
Ligand-binding domain of the human —————._
thyroid hormone receptor ( (TR): )
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T4 thymidylat synthasa, kterou tak Ize vypinat a zapinat pomoci ligandu



V tomto pripadé je funkce inteinu zablokovana pomoci specifické skupiny
a je odblokovana protedazou ci svétlem.
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Activation of Protein Splicing by Protease- or Light-Triggered O to N
Acyl Migration**

Angew. Chem. Int. Ed. 2008, 47, 77647767

Protedzou (Factor Xa)
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Volny amin po odchranéni napada ester — O to N acyl shift

Produkovali tak rizené (kdy chtéli) antimikrobiadlni peptid



Rozdélené inteiny, neschopné samy zfuzovat jsou modifikovany proteinem,
ktery asociaci iniciuje v odpovéd na vazbu ligandu ci svétlo.
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Activation of protein
splicing with light in
yeast

NATURE METHODS | VOL.5 NO.4 | APRIL 2008 | 303

Rostlinné chromoproteiny (phytochrome proteins) asociuji ¢i disociuji v odpovéd na cervené svétlo.
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Conditional Protein Splicing: A New Tool to Control Protein
Structure and Function in Vitro and in Vivo

” - J. AM. CHEM. SOC. 2003, 7125, 10561—10569 = 10561
FKBP FRB
CPS
vMAY A . @ vmac ——» wmer{] +
rapamycin "
N- MBP ¢ (om) 4 5
2

Endonukleazovou cast
nahradili FRB a FKBP

Rapamycin

Rapamycin

dimerizuje proteiny
FRB a FKBP

Inteinovou cast
rozdélili na dvé pulky
VMAC a VMAN

VMA intein z S. cerevisiae byl rozdélen na dvé poloviny
VMAC a VMAN



Nedostatky inteint

1. Zavislost na sekvenci lokalnich aminokyselin v exteinu

Block B Block F Bloc C-Extein

Split Site or
HED Blocks C,D,E,H

Zalezi na pozicich -1, -2, 1, 2 atd. specialné je citliva pozice -1.



2. Pomala kinetika splicingu

Vétsina drive pouZivanych inteinl provadi reakci spiSe pomalu, v rozmezi minut az hodin.
Nové studie ale odhalily fadu inteint s kinetikou v fadu sekund.

Table 1 In vitro splicing kinetics and yields for several inteins®

Intein name Type Temperature (°C) Ksplice (57) tys” Splicing yield Reference
MxeGyrA Contiguous 25 1.9 x 107 10 h >90%° 26
PabPollll Contiguous 70 1.6 x 10 *° 12 h 74%"° 101
MjaKlbA Contiguous 42 2.2 x 1073 5 min 64%7 102
SspDnaB Artificially split 25 9.9 x 10 12 min 32-56%° 103
SceVMA Artificially split 25 1.2 x 10° 10 min 67-73%° 103
SspDnaE Naturally split 37 1.5 x 107* 76 min <50%° 70
NpuDnaE Naturally split 37 3.7 x 102 19 s >90% 70
AvaDnaE Naturally split 37 3.1 x 1072 23 s >90% 70
CraDnaE Naturally split 37 1.2 x 1072 58s >90% 70
CspDnaE Naturally split 37 1.8 x 1072 39s >90%" 70
CwaDnaE Naturally split 37 5.0 x 107 140 s 80-90% 70
MchtDNaE Naturally split 37 2.4 x 10 2 29s >90% 70
OliDnaE Naturally split 37 1.6 x 1072 145 >90% 70
TerDnaE Naturally split 37 8.5 x 1073 82s >90% 70
gp41-1 Naturally split 45 1.8 x 107" 4s 85-95%7 100
gp41-8 Naturally split 37 4.5 x 1072 15 s 85-95% 100
NrdJ-1 Naturally split 37 9.8 x 10 2 78 85-95% 100
IMPDH-1 Naturally split 37 8.7 x 1072 8s 90-95% 100
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