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b ¢KS f I dNE@dedihalffaicdbi centimeter of blood,
the mediumsized fish was eaten by a dog,

and the little onew Xy&elded a tiny drop of eye chamber fluigl

Scholander, P. Fvan Dam, LKanwisher, J. WHammé, H. TGordon, M. SSupercooling ash
osmoregulation in arctic fisl. Cell. Comp. Physib®57, 49, 5-24.






Kurzzusammenfassung

Antigefrierproteinewerden in vielen Spezies exprimiert, die in Temperaturen um und unter dem
Gefrierpunkt leben. Die Proteine erniedrigen den Gefrierpunkt \dessers und ermoglichen so

ein Uberleben in diesem Temperaturbereich. Eine der Spezies, die Antigefrierproteine exprimiert,
sind FischeTrotz der strukturellen Vielfalt der Sekundéizy R ¢ S NIi A N NJF l-helikatey 3 Sy A &
Antigefrierprotein der Winderfinder (WfIAFP) das wahrscheinlich am besten untersuchte. Die
Antigefrieraktivitat aller Antigefrierproteine wurde mit der Groéfe und Ebenheit einer Eis
bindenden Seite in Zusammenhang gebracht. Bei WfIAFP befindet sie sich auf einer Seite der
h-Helix. Die Bstimmung der notwendigen Grof3e der faiadenden Seite wurde im Fall des
WIIAFP allerdings dadurch erschwert, dass mit einer Verkirzung der Sequenz auch ein Verlust
R S NBlellzitat einhergeht. In dieser Studie wurde deshalb eider@inal Capping Unitdie

Helizes stabilisiert und die Faltung induziert, verwendeder Trpcage. Als erstes wurde der
Effekt der Modifikation auf die Antigefrieraktivitit des WIfIAFP untersucht. Nachdem ein
negativer Einfluss der-@rminalen Verdnderung auf die Proteineigehafien ausgeschlossen
wurde, konnte die Abhéngigkeit der Antigefrieraktivitat von der Gré3e debiBdenden Seite
evaluiert werden. Die Verbindung beider Proteiarfolgte daflir nach zwei unterschiedlichen
Konzepten: Das Fusici®nzept basiert auf deregrennten Synthese von Antigefrierprotein
Segment und Troage und der Kombination beider Teile in einem zweiten Schritt. Das Chimeren
Konzept basiert auf der Tatsache, dass sowohl in der Primarsequenz desgégpals auch des
AntigefrierproteinSegmentsAminosauren austauschbar sind. Durch die Uberlappung von zwei
Proteinbereichen entsteht ein insgesamt kiirzeres Protein.

Vier unterschiedlich lange Antigefrierproteinvarianten wundait dem Trpcage stabilisiert. [

der Eisbindenden Trpcage @Gimerenwurden auch als GFgelabelte Proteine hergestellt und

mit UV/vis, CD und NMRSpektroskopie sowie Massenspektrometrie charakterisiert. Die
Antigefrieraktivitat und die Form der Eiskristalle in Gegenwart der einzelnebirieisnden
Trp-cage Chimeren wurde mikroskopisch untersucht. Alle Proteine, die nach dem Chimeren
Konzept designt wurden, waren gefaltet, das Protein, das nach dem Hdsimept designt
wurde, dagegen hatte eine verringerte Faltungsstabilitdt. Dennoch wurden alle Proteine auf ihre
Antigdrieraktivitat hin untersucht. Die Proteine, die basierend auf WfIAFP designt wurden,
hatten eine vergleichbare Aktivitat mit dem Wildtyp, fir die anderen konnte keine
Antigefrieraktivitdt gemessen werdeZusammenfassend hat diet€minale Modifikation de

' YGAISFNASNI {GABAGNG RSa 2 Tt ! -Belikale/Fal@ikginichd @eS A y F { dz
einzige Voraussetzung fur E&tivitat. Da die kirzeren EiBndenden Trpcage Chimeren keine
Antigefrieraktivitat aufweisen, ist die Proteingrof3e, dietwendig ist flr Aktivitat, identisch mit

der von dem Wildtyp des WfIAFP.
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Abstract

Antifreeze proteins are prevalent in many species that experience freezing or close to freezing
temperatures The proteinslower the freezing point of water, enabling the species to survive
subzero temperatures. One of these spedefish, in which antifreeze proteins originally were
discovered. While antifreeze proteins can be found in a wide variety of secondary aratyterti

& 0 NHzO G dzM@8icalantifreéZ® protein from winter flounder (WfIAFP) is probably the most
extensively studied. The antifreeze activity of all antifreeze proteins has been correlagézkto

and flatness of theice-binding surface which for WflARRs beendemonstratedto be on one

& A RS 2h&lix dok@isidy primarilyagularly spaed alanine and threonine side chaiif$he
analysisof the size necessary for activitypwever, was complicated in the case of WfIAFP as a
AaK2NISyAy3a 2F GKS &S| dzS ynelsity. ITé cGvercorheSHisRlifficuly, i NI R dz
this work a @i SNXY Ayl £ & { thdidity iduding Zapping” Bnit, the Tgage, was
employed.In a first $ep, the effect of the @erminal modification on the wildype antifreeze

protein had to be studied to eliminate any interference of the modification on ice activity. In a
second step, after eliminating any negative influence of the capping unit, thendiepee of ice
activity on the size of the iebinding surface could banalyzed The combination of both
Trp-cage and antifreeze protein segmeamés pursued using two different approaches: The fusion
approach was based on the synthesis of both thedagecapping unit and an antifreeze protein
segment separately and fusing them together in a second step. The chimera approach is based on
the fact, that in the primary sequence of both Tepge and antifreeze protein some amino acids

are interchangeable leadg to an overlapping sequence and overall a shorter protein.

C 2 dzNdlical antifreeze protein variantsf different lengthswere stabilized using the THgage.

Of the four icebinding Trpcage chimerdlBTC)three were also obtained as GFP labaladarts.

All IBTCwere characterized using NMRCD, and UV/visspectroscopy, mass spectrometry and

their antifreeze activity or ice growth retardation as well as ice shapimiifieswere determined.

All icebinding Trpcage chimera designed based on thenohia approach were well foldedhe

IBTC designed bageon the fusion approacghon the other handhad a less pronounced fold

accordingto '"HNMR data. AlfoldedL . ¢/ Ff &2 &l (A a-AeficByRn adh&nfcalONJA (G S NX&
shift deviation plotandthe CDdata also indicaté -helicity for all IBTClheanalysis of ice activity

gave surprisingresults. The IBTC based on the wide antifreeze protein had comparable

antifreeze activityto WfIAFP. However, no antifreeze activity could be obsereedhe other

IBTC As a result, even though thet&@minal capping unit has no influence on the antifreeze
FOGAGAGE 2F (GKS L. ¢/ 3 (hekiyisyid tdednly @iriaingtddsag G | 0 A
for activity. Rather, the size of the ibénding surfae has to match the one present in nature to

generate antifreeze activity.
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1 Introduction and Objectives

1 Introduction and Objectives

1.1 Introduction

dWhen arctic fishes swim about in ieeater at-1.7° t0-1.8% ¢ K& R freféf?Do thdéyS &
have twice as high an osmotic concentration as ordirfealjers, or what is the stor@ This
question from Dr. R. H. Backus to M. S. Gordon does not only show good observation skills and
scientific interest but marks thedginning of the research area termed nowadays antifreeze or
ice binding proteins.While Scholander and his colleagues set out to find out how teleost fishes
can survive at water temperatures ef.9°C when the freezing point of their blood is around
-0.7°C at the coast ofabrador DeVries andWohlschlag were the ones to identify a serum
soluble glycoprotein which is responsible for 30% of the freepwrigt depression ifrematomus
borchgrevinki Their data also showed a larger freezpaint depression than could be expected
for the number ofmolecules.Consequently thdreezing point depressionaused byantifreeze
proteins is a norcolligative property.The difference between melting and freezing point of

water is called thermal hysteresis.

With the first antifreeze (glyco)protein discovered, several fish in the northern and southern
hemispheres were tested for antifreeze activity. The teleostei present a high structural diversity
of antifreeze proteins in primary, secondary and tertiary structwiagle alaningich h-helices,
termed Typd,>* Gtype lectinlike Typdl of which some are &adependent>™’ globularproteins
containing short -strands comprising a flattened surface Typé° and the above mentioned

antifreeze glycoproteirfyseeFig.1).
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Fig. 1. Overviewof the dfferent types of antifreeze proteins found in fishThe secondary structure
elements of the cartoon representation of AFP type | as well as thehppétactive type | from winter
flounder (PDB: 1WFA and 4KE2), AFP type Il from sea ravens (PDB: 2AFP), AFP type Ill and the AFP type Il

dimer from eelpout (PDBLAME and 1C8Ae colored in cyan fdr-helices, red fot -sheets, and magenta

for loop structures’>'®*?

The high structural diversity of antifreeze proteins even between fish of the sanmmdaxc
order ¢ although both the sea raven and the sculpin belong to the family cottoidei, they express
typell and typel antifreeze proteins, respectively suggest that the evolution of antifreeze
proteins is a recent event in geological time. The-les@l glaciation event in the southern
hemisphere during the Eocer@ligocene transition (~34 million years a@nd in tre northern
hemisphere ~2.5nillion years ago (Pliocerfé)have been postulated by Scott al. as driving

force for the evolution of antifreeze proteir(seeFig.2).">"’

Interestingly, the Actic cod and Atarctic toothfish two phylogentically distant fishboth

produce antifreeze glycoproteinsonsistingof a similar repetitive tripeptide. However, the
coding sequences of both genes are drastically different and the irgxam organization of both
genes & dissimilar hinting t@eparate genomic origin€hen et alconcluded that both fish have

evolved their antifreeze glycoproteins through convergent evolution

However, a comparison betweesther antifreeze proteindrom smelt ©omeridag and herring

(clupeidea showed ahigh sequence similarity not only in the coding region but also in the
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introns. The additinal facts that the smelt antifreeze protein sequence is found qutein the
genome compared to a usual high copy number and that the differences between different smelt
of the same genus is of the same order as to herring (different superorder) atl tpoénlateral

gene transferbetween both fish species as an additional way to acquire antifreeze properties

(seeFig.2).1%*
Clupeidae Herring IT
Gadidae Arctic Cod AFGP
Labridae Cunner I
Teleostei Zoarcales  pojngt I11
Poacher II
e
g Sculpin I
& 0
= 2 Snailfish I
Iy
[}
w Sea Raven II
Nototheioidei Antarctic toothfish AFGP
Pleuronectoidae Flounder I
Osmeridae Smelt 1

Fig. 2: Phylogenicrelationship between AFRproducing fish according to BetaneRret al.'®*"?* Species

names are colored by AFP type. The scientific names are as follows: h€ftpgg harengt)% arctic cod
(Boreogadus saiq?i7 ,cunner [autogolabrus adspers)fé eelpout Zoarces americanykycodichtys
dearbornj Zoarcewiviparus Zoarces elongas)”'>***> poacher Brachyosis rostrat)§ sculpin
(Myoxocephalus scorpiuslyoxocephalus aenaepislyoxocephalus octodecemspinosisioxocephalus
scorpioide}**%, snailfish (iparis atlanicusLiparis gibbug®, sea ravenHemitripterus americany
Antarctic toothfish Dissostichus mawsoni, flounder Pseudopleuronectes americanusnanda
ferruginea Pleuronectes quadritaberulat)fs®, smelt Omerus mordaj®.

Even though the antifreeze pteins from fish are probably the most extensively studied,
antifreeze proteins have also been discovered in bacteria, plants, fungi, and arthf&pbds
adding to the stuctural diversity of antifreeze proteinsThe antifreeze proteins formholium
perenneor Tenebrio molitoras well adviarinomonasprimoryensisfor example are all -helices
(see Fig. 3). While some antifreeze proteins show an antifreeze acflvinthers inhibit ice

recrydallizatior??, have an ice structuring efféct or act as ice adhesig™ >
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LpAFP TmAFP CfAFP

RIAFP

MpAFP SfAFP IBP-1 fold

Fig.3: Overview over the structural diversity of antifreeze proteins without the AffPwith the ice active

side on top. The cartoon representation of LpAFP ftatium perenne (PDB: 3ULT), TmAFP from Tenebrio
molitor (PDB: 1EZG), MpAFP frédarinomonas primoryensi@PDB: 3P4G), sfAFP from snow flea (PDB:
2PNE), IBR fold from snow moldfungus (PDB: 3VN3), CfAFP fr@horisoneura fumiferangspruce
budworm) (PDB: 1M8N), and RIAFP frRfmagium inquisito(PDB:4DT5) are colored according to their
secondary structure: cyan fof-helices, red fori -sheets, magenta for loop structuresnarine for
polyglycine 11 helicesind grey spheres for calcium ioH&****°

The high structural diversity of antifreeze proteins raises the question of their strufiinion
relationship. Raymond and DeVries proposed an adsorption inhibition mechanism by which
antifreeze proteins bind irreversibty the surface of ice crystaléfter the irreversible binding of
antifreeze proteins to the ice, a further addition of water molecules to the ice is only possible in
the gaps between the proteins resulting in a curvature of the ice surface. A furthettgenm a
curved front is energetically less favorable and the growth retarded, which is called Kelvin or

GibbsThompson effect (seEig.4).*>*



1 Introduction and Objectives

-
@ - @
°e
-
@ -
- (o
@
-
() - -
@ e ©
® o
® [**]
- [ [
()
- (o~}
-
@
o X [
& a @
e o
® [
- =) @
-
[ [

Fig. 4: Schematic viewof the binding of antifreeze proteins (mie spheres) to an icéollowing the
mattressbutton model. The antifreeze proteins are in solution until an ice crystal starts to form (top view).
The antifreeze proteins bind to the surface of the ice crystal (middle) so that a further growth of the ice
crystal is only possible in the free space between the ginstleading to an unfavorable curved front
(bottom view).

The irreversible binding of antifreeze pratsito ice wasubjectto discussion until Pertayet al.

studied the attachment ofan antifreeze protein typéll fused with green fluorescent protein
(GFP) to ice using fluorescence recovery after photobleaching (FRAP). They let the fused protein
accumulate on the surface of an ice crystal and then bleached the proteins bound to theavhole
part of the ice crystal until the fluorescence was reduced to low levels. Observation for ughto 20

showed no recovery of the fluorescence indicating a gpasinanent attachment? Using a



1 Introduction and Objectives

microfluidic device Celi&t al.later showed that the antifreeze proteins bound to the ice surface
are sufficient to stabilize an ice crystay first letting the antifreeze proteins bind to the ice
crystal and then exchanging the surrounding solution to buffére ice crystal retained its size

and shape in the cooled buffer soluti6h.

Under normalpressure the only stable form of ice at 20 is hexagonal icé, (seeFig.5).** Ice
crystalgrowth in absence of any impurities takpkacealongeach prism face, iBravaisMiller
indices 1010} (seeFig.5, blue planef® With the growth along thea-axes being swifter than

along thec-axis flat discs are formed.

.
.
.r
Ed
ot
O
-
.
.

a,

Fig.5: lllustration of the different ice crystal surfaces to which an antifreeze protein can fihd. basal
plane P001} is perpendicular to the-axis, the prism plane { } is shown in blue, theecondary prism
plane { }in green, and the pyramidal plane { }inred.

However, m the presence of antifreeze proteins Raymond and DeVries observed long ice needles
whose axes where aligned with the icexis’® The formation of needles aligned with tlweaxis
indicates a reversah growth speed along tha- and c-axes, with a faster ice crystal growth along
the c-axis. By binding ta specific planef ice crystals, like the primaxyr secondary prism plane
(Fig.5, blue and green plane respectively) or the pyramidal plane (red), antifreeze proteins block
the growth at this plane and causechange in the observable ice crystal structuvast fish
antifreeze proteins bind to only one ice crystal plane. The winter flounder antifreeze protein for
instance binds to the pyramidal plaf®.As the pyramidal plane is synetric within the
hexagonal crystal lattice, the growth aloagand c-axis is hindered, giving hexagonal bipyramidal
ice crystals. However, as the antifreeze proteins do not bind to the basal plane, upon
supercooling the ice crystal bursts at the ti@dnthe other hand, ther antifreeze proteins can

bind to several ice crystal planes. By interacting with the basal and primary prism plane for
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example, the ice crystal growth is inhibited in bathand c-axis direction and th&? K & LISNJ OG0 A @S |

antifreeze proténs have a thermal hysteresis activity of several degree Cel8fiis!

The determinationof the crystallographic planes on which antifreeze proteins bind can be done
using either ice hemisphere etching or a variation of it, the fluorescérased ice plane affinity
(FIPA)For ice hemisphere etching a single orientated ice crystal is grown inta ddlution of
antifreeze protein and then allowed to evaporate 40 to -15°C for several hours. An etching
pattern appears showing the incorporation of antifreeze proteins into ice and indicating the
specific adsorption planéseeFig.6).”® FIPA analysis is based on ice etching but the antifreeze
protein is fluorescently labeled. It can either be a fluorescenttgirofused to the antifreeze
protein or a covalently bound fluorescent dye. The experimental set up is the same but in
contrast to the ice etching method the binding of the antifreeze protein can be monitored during
the growth of the ice hemisphere usingn &V lamp and the determination of the adsorption
LX FyS R2SayQi ySOGseerg)PtlS GKS SGOKAy3a aidsul

| cm

Fig.6: Photograghs of a singlerystal hemisphergrown from winter flounder AFP solutiarBottom view

of a hemisphere grown with a prispiane oriented normal to the long axis of the cold finger, scraped and
etched The bright reflections are ptions of the ring light reflected from the mirresmooth, curved ice
surface where no antifreeze was incorporat&eprint with permissioty Hsevier.*®
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Fig.7: Single icecrystal hemisphere of tetramethylrhodamidabeled typel AFP. The crystal was mounted
with a primary prism plane oriented perpendicular to the ice finger. dilaeneter of the hemisphere is
approx 5cm. Reprint with permissio?f.

The binding of antifreeze proteins to ice can be explained Byructural match between the
antifreeze protein fold andhe ice crystal latticeas well as amixture of hydrogen bonding and

hydrophobic interaction. Additionally, a proposed anchored clathrate model will be discussed.

With mutagenesis studies on severaltifreeze proteins their activéce binding sites coulte
identified 3°*>2Common to all antifreeze proteins is that their ice binding site is flat and
hydrophobic. Amino acid side &ims which were determined to be important for binding are
spaced evenly aparbn the ice binding surfaceThe hydrophobic but also the hydrophilic
functional groups argositionedin a good surface matcto the ice crystal latticeThe sum of
hydrophobic interactions and hydrogen bonds resulting through the steric match are both
important for the irreversible binding to ic&. The surface complementarity will be further

explored in the following chapter of the winter flounder antifreeze protein.

The anchored clathrate model is based on a crystal structdir®pAFPfrom the bacterium
Marinomonas primoryensigor the first time the ice binding sitesf an antifreeze proteinvere not
oriented towards each other in a protein crystal and hydration water on the ice binding site could
be observed. The water on the iemtifreeze protein interface was orderdaly the amino acid
sidechaind yi2 |y WIyOK2 NicRBs fbdpdsed KoNdcilitafe®inding td & his
preordering of the water molecules before binding however could not be proven

experimentally* and a recent molecular dynamics simulation shows that in solution the studied

8
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antifreeze protein did not show anchored clathedike water> The direct proteirice interaction
today still eludes our direct experimental possibilities and presents a challenging field of scientific

research.

1.1 Winter Flounder Antifreeze Protein
The winter flounder antifreeze protein WfIAFR from Pseudopleuronectus americanuis a

37 amino acid shorpeptide with an amidated ®rminus. The amino acid sequence consists of
three llresidue repeating segments;Xp-polar amino acigX;,, with X predominantly alanine.
Structurally, it folds to ah -helix, has asalt bridge between K18 and E2d caping structures

at the N- and Gtermini, with the amidated @erminal arginine forming a;3helix (seeTab.1 and
Fig.8).%® Both N and Gterminal caps form hydrogen bonds with the neighboring amino acids and
neutralize thepositive helix dipolemoment at the Nterminus and the negative helix dipole
moment at the @erminus®’ Its short sequence and simple secondary structure makes it

probably the most extensively studied antifreeze protein.

Tab.1: Primary sequence ONfIAFP

1 10 20 30
WHIAFP D TASDAAAAAALTAANAKAAAELTAANAAAAAAATAR NH

l :nn,«q—\ 2
~ ‘ *‘//‘4.‘“ék7
-

16.5 A

Fig.8: Backbone representation of the secondary structuraMifAFP Threonineand alanineside chains
are shown as sticks in the following color code: carbon is grey, oxygen red and hydrogen (RDE:.
1WFAS

WIFIAFP binds to the pyramidal plane of ice and shapes ice crystals to hexagonal bipyramids with a
c- to a-axes ratio of 3.3:1 (sekig.9).>® Upon extreme supercooling, the ice crystal bursts at its

tips, the only two points at which WfIAFP cannot bind.

" The amino acid sequencd all proteinsis presented in one letter code according to IUPAC.
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By mutating several amino acids, the evenly spaced threonines where determined as important
for binding to iceBased on the ice etching pattern \fflAFPalong@112G'a match between the

16.7A repeat spacing of the ice and the spacing of the threonine residues ofAM&s proposed

48,60,61

(seeFig.8).

Fig.9: Shape of an ice crystal in the presence of an antifrggpéein type | as observed under the
microscope (left) and a schematic representation (rigBt).binding to the pyramidal plane the antifreeze
protein hinders a growth along this face and shapes the ice crystal into a hexagonal bipyramid.

A postulated hydrogen bonding to ice lattiaxygenvia the hydroxyl groups of the threonines
was put into question by substituting the threonines with serines or valines. While both mutants
Y I Ay (Helkciyy, the serineanalogue showed no interaction withe ice surface in contrast to
the valineanalogue which showed thermal hysteresis comparable to the wild peA
combination of hydrogen bonds and hydrophobic interactididween antifreeze protein and

iceseems to behe keyfor irreversible binding to icé®

Theinfluence of theprotein fold on activity was studied by several groups. A decréaselicity

was always accompanied by a decrease in actiViben again, restoring the helicity led to
retrieval of some activityFor instance,Patel et al. analyzed the effectof the Gterminal
amidation by comparingamidated and nonamidated WfIAFP. raduction of the thermal
hysteresis activity of nonamidated WfIAFP was attributed to an increased flexibility of the
Gterminus® Other groups observed a los$ helicity and antifreezactivity upon shortening of

the wildtype WAAFP sequendé®°*®°0n the other hand, Y stabilizing a 1%mino acid short
segment with an internal lactam bridge the helical content could be increased to 90% and the

stabilized peptide showed ice shaping properties but could not prevent ice crystal gtowth.

A stable h-helical fold isa prerequisitefor WflAFPactivity and its shortened variants. Upon

further consideration that is not surprising as only a correct fold maintains the AL@iiStance

10
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between the threonines which is important fdhe surface complementarity to the pyramidal

plane of ice

1.2Trp-cage
The Trpcage is a 2@mino acid short peptide designed by Neidighal. originating from a

39amino acid long exendid from the gila monster salviadieloderma suspectufi® By
shortening the Nterminus and mutatingseveral amino acids, a protein dubbed Tc5b with a

unusuallystable fold under physiological pH was created (5&@2 and Fig.10).°’

Tab.2: Primary sequence of Exenédnand theTrp-cageTc5b.

Exendin -4  HGEGTFTSD LSKQMEEEAV RLFIEWLKNG GPSSGAPPRB
Tc5b NLYIQWLKDG GPSSGRPPPS

Fig.10: TrpcageTc5b in cartoon representatiofhe side chainachievingthe hydrophobic encapsulation

of the tryptophan are shown in stick representation (Y3, W6, P12, P17, P18, P10®)h&lmal Nterminus

is colored cyan in the backbone, the cage loop backbone is grey as are the carbon atoms of the stick
representation. Nitrogen is blue and oxygen red. (PDB: ﬂ_ZY)

Structurally, he Trp-cage iscomprised of an Ni S NJY Ahglix fresidues1-9), a 3, helix from
residue 1114, and a polyprahell helix at the @erminus (seeFig.10). The fold is stabilized by
the hydrophobic burial of a tryptophan by several prolines Ay i SN} OliA2ya o
YR | WKERNBLK2O0AO adl Lt SQ 060SG4sSSy , o0 FyR t
stability arel -CH interactiorof the tryptophan side chaiwith an arginine side chaianda salt

bridge between D9 and R1Both not shown)*""°
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The combinationof all interactions results in an exceptionally well stabilized protein \aith
melting temperatureof 42°C at pH 7° The complex and stable fold makes the-tagean ideal
model protein for experimental and computational studféS? While the folding pathway was
postulated as a cooperative folding event, it is currently under discussion with some
experimental evidence pointing to an intermediate for some-Gage variants with different

melting temperatures for the helix and the cage, as supported by MD simuldfiéhS:"®

The group around N. H. Andersen increased the fold stability of theageminiprotein further

by exchangingamino acidsand additionally determinedamino acids critical for the fold.

Replacing the eponymously tryptophan with other aromatic (unnatural) amino acids e.g. is
detrimental, as is the mutation of P19 to alanthe ¢ KS o Ff &2 Aa AYLRNII Y

interaction with W6 but can be exchged to phenylalanine or leucine at the cost of decreasing

fold stability®®"”

Additionally to fold stabilization via exchange of amino acids, a stabiliffiect €hrough insertion
of multiple alanines in the helical sequence was investigéted.inet al.. An elongation of the
N-terminus by up to six alanines showed an incremsdrpcage foldstability, as observed by
melting temperature determined througfNMR melting curves, and a propagation of the
h-helical fold’”® This remarkable stabilitand propagationof the fold will be employed in this

work andcombined with the activity oantifreeze protein typé variants.

12
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1.2Fusion and Chimera Concept

In this thesis, the biological activity of antifreeze proteins and the structural stability of the
Trp-cage are combineith newly designed proteinsalled Ice-Binding Trp-cage Chimera (IBTC)
The feasibility of the synergistic fusiaf both proteins has already been proven by M. Lipfert
and KBamberg (Master thesigind isshown inFig.11 with the Trpcage colored in grey and the
antifreeze protein segment in red he figure clearly visualizes the overlap of both sequences in

the helical regiorf®

Fig.11: A chimera proteirconsistingof the Trpcage(grey) and a short antifreeze protein typsegment
(red) in cartoon ribbon stylélheTrp-cageside chains tyrosine and tryptophan are shown as sticks.

The fusion of two proteins is well known in literaté#é® for e.g. fluorescent labeling or
enhancement of protein expression. This approach usually uses a spacer of several amino acids
between the proteins so as to allow the single proteiashehave independently from another

and make sure that they are not affected in their fold or activity. The synergistic fusion approach
in this work however aims to combine the properties of both single proteins in the designed
protein, i.e.in this stud/ the combination of the stable fold and solubility of the -Eame with the

ice activity of the antifreeze protein. As thetéfminus of the Trgcage i -helical and as the fold

of h-helices is known to be cooperatffeby the formation of hydrogen bonds between the
peptide amides i,i+4, propagating thehelix, the Trpcage functions as a helix nucleation point

and stabilizing unit This has been shown previously, by the elongation of theeriinal

sequence leading to stable foldeehelices!>"®®

The combination of therp-cage with theh-helical antifreeze protein can be done following two

different approaches: a chimera or a fusion approés#eFig.12).
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chimera

Fig.12: Overview over the different combination strategiescartoon style The two small peptides can be
directly fused to another or, by overlapping a short region of both, a shorter chimera protein is formed. In
red the biological active protein is unfolded before the combination while Thgcagein grey is shown

with the sice chains from Y3 and W6 in stick representation.

In the fusion approachresented inFig.12, the grey Trp-cage sequence is elongatedi®&minally

with the sequence of the second partneolored in red The Trgcage retains its original amino

acid composition and thus should not be influenced in its tertiary structure. The fusion partner
also retains its original amino acid composition, but through fusiith the Trpcage module an
h-helical folding is induced. One advantage of this approach is that the amino acid composition of
both fusion partners does not need to be modified. Furthermore, the orientation of thecage

fold and the helix towards eaabther can be controlled by the addition of4l spacer residues
between the two. An additional advantage is the possibility to create building blocks consisting of

(1) the Trpcage and (2) the-helical peptide separately and fusing them together in arlatep.

In the chimera approach, the helical sequenceshef greyTrp-cage and theed active peptide
overlap, resulting in a reduction of overall protein length. However, the sequences of both
proteins need to be evaluated carefully concerning the exchange of amino acids. The tryptophan
in the helical sequence of the Fgage e.g. is necsary for its fold and a deletion would prove
detrimental. An exchange of the tyrosine to phenylalanine, leucine or isoleucine is possible but
results in a reduction of fold stabilif§l.All other position can be either the original Tepge or

the peptidesequence, depending on theharacteristics of the peptide.

Proteins designed for either the fusioor chimera approach can be obtained by different
methods. In this work, thé-luorenylmethyloxycarbonyolid phase peptide synthesis (Fmoc

SPPS) and bacterial expressiorEinoli were used.The fragment approach via SPPS enables a
14
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gradual elongation byhe addition of a previously synthesized fragment. Throughaitigition of

several fragments it is possible to maintain a library of different proteinskgge&3).

oy - anmnnnsn
—~ — — o

Fig. 13 The fusion approach visusdid using the Treage ¢ antifreeze protein conceptThe gradual
addition of dfferent fragment enables the synthesisdifferent proteins.

It also enables labeling withther protein, for examplé&FP.

In contrast to the chemical synthesis of proteins with SPPS, the expression of proteins enables
the production of proteins larger than Smino acids. Usually, it is done in bacterial cells like
E.coli, but among others yast, human and cell free systems exist too. Depending on the host,
not all posttranslational modifications of the original protein necessarily can be performed. The
expression of proteins which are toxic or the side specific incorporation of labeled randre
proteinogenic amino acids usually is done using cell free expression sySt&heslabeling of a
complete protein with*®N or **C on the other hand can be done using cells and a minimal
medium containing only the components needed for cellular growth. By supplying nitrogen and
carbon only as isotopes, usually ‘88IH,Cl or*Gglucose, all cellular components including the

protein of interest incorporate these isotopé&s.

One further advantage of the bacterial expression of proteins is the possibility of a fusion with
the green fluorescent protein (GFP). For that spacer residues between the IBTC and GFP are
employed to make sure that neither activity nor fold of the protein units are influenced by each

other.
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1.3Previous Work

H. Kobarg was the first member of our growpo synthesized thé -helical ice binding protein
WIIAFP(HPL®) from winter flounder(seeFig.14). However synthesis byfFrmocSPP§ielded low
peptide amount of less than 20% (H. Kobarg, unpublishigt) low yieldcan be traced back to a
high alanine content of 62% of the peptide sequerms peptides containing a high proportion of
alanine tend to form aggregateduring FmoeSPP$"® H. Kobarg envisioned a postsynthetic
modification of the WflAFPsequenceand therefore mutated two resdues to cysteines This
decreased the yield even further and, due to the formation ofpbgducts with a similar

retention time, complicated purification.

3\@*7\*«;%*@%3
2l Ll

Fig. 14: The backbone of the winter flounder antifreeze protein is shawncartoon style.The stick
representation of all side chains visualizes the high alanine content of the protein with the carbon atoms in
grey, oxygen in red, and nitrogen in bIgeDB: 1WFA)

To overcomelow yieldsand to increase the solubility of the antifreeze protein, pfert
pursued a new approachie envisioned the transfer of helical fold stability to a short segment of
the antifreeze protein typé. Thereforehe fused an antifreeze protein segment withhalix

stabilizing module, the Trpage

16
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oV

Fig.15: Schematic representation of the chimera approach in cartoon style. Trpcage is grey, the short
sequence in red is unfolded before the fusion.

An Nterminal extension of the Trpage sequence witlamino acids of helical propensityad
been studied previously by Lat al. who found that an extension of the sequenagh alanineis

not only possible without affecting the stable Tepge fold but that the' -helical properties of

the Nterminus are propagated and the-helix elongated” Thiswas used by Liuet al. in a
protein grafting approach to study the binding requirements between the critical residues of the
E6binding motif produced by theudman papillomavirus with E&ssociated protein. The circular
dichroism spectra of the thus grafted proteins were similar to the originalcage scaffold and
exhibit characteristic minima at ~20iln and ~224m indicating an-helix and the nuclear
magneic resonance (NMR) data show the characteristic shifts of thecdge (e.g. G1£}.Both
studies prove that the Trgage maintains its fold stability even if thet&minal h-helix is

elongated.

The concept pwued by M. Lipfert in his PhD thesis howevepresentsa new approach. He
envisioned to stabilize a short unfoldepeptide sequence by a “&rminal capping unit.
Importantly, the capping unit he employed was not one or two amino acids short but rather
consisted of the TrHzage sequenceAdvantages of the Trpage are its high solubility and
suitability for FmoeSPPS. The fusion of both Fagge and antifreeze protein segment was done
without a spacer unit between the twfusion partners but in a chimeragpproach, coupling the
structure of theh-helical antifreeze protein typewith the Nterminus of the Trgcage (seeFig.

15).”® As part of he Trpcage helix and antifreeze protein segment sequence oveNap,ipfert
considered each residue in the overlapping helical regions of both single proteins carefully. The
tryptophan of the Trpcage as well as the tyrosine are important for folding drade to be

preserved while the other positions can be changed to the antifreeze sequence. The advantage of
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his approach is a reduction of the overall protein lengthen compared to a simple fusion of
antifreeze protein and Treage It is however critickto evaluate the orientation of the active site

of the antifreeze protein relative to the Typage fold. Therefore four model proteins AF&4 to
AFRTc7 were synthesizedn whichthe relative orientation of the active sidand Trpcage are
varied Whik all chimera were folded some exhibited minor forms that werelared by
negative interactions caused lije close proximity betweerN- and CGterminus. All proteins
exhibited ice shaping activity with the most stable folded protein showing the stronigest
shapingHeconcluded that the ice binding activity is dependent of the fold of the chimera rather

than on the relative orientation of the active site compared to the-Gage tertiary fold'®

18
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1.4 Motivation

The aim of this work ithe expansion of knowledge about ice binding-tgge chimera proteins
(IBTC) by design, synthesis and evaluation of several different IBTC chimeras. Amongst other
things the effect of a @rminal Trpcage modification on the iceifding properties ofVflAFPas

well as the influence of a fluorescent labeling with green fluorescent protein on ice binding

activity were of interest.

To study the influence of the THgage @erminal extension on a native antifreeze sequence, the
complee length of the protein has to be obtained rather than a shortened version. An IBTC
containing the complete WfIAFP sequence as wedlhastenedvariants were designed based on

the original AFF¢5 design synthesized by M. Lipfert

Furthermore, he deternination of the ice binding plane is of interest as the crystals observed

by M.Lipfert suggest a preferred binding to the (secondary) prism plane of ice as compared to
the pyramidal plane binding dlfie wild-type antifreeze protein. For fluorescent based-aféinity
assays, labeling thé8TCwith a fluorescent marker GFP was envision&tie corresponding
proteins were obtained by bacterial expressiorErcoliin cooperation withthe group of ProfA.

Scheidig, ChristiaralbertinaUniversity, Kiel.

Additionally, the evalation of a different syntheti@pproach was pursued. The fusion approach
enables a separation of the synthesis of thée@ninal Trpcage segment and the-términal
antifreeze protén segment into two independent synthesiellowed by a fusion stepThis

method opens up the possibility of the sequential elongation by active antifreeze segments.

The experience gathered concerning the fusion approach, the determined influence of the
Gterminal modification on antifreeze protein tydevariants as well as the identified necessary

protein length for antifreeze activity are presented in the following chapter.
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2 Ice-Binding Trpcage @imera

2.1 The Fusion Approach

The Fluorenylmethyloxycarbonyl solid phase peptide synthesis (BRBS) is well established
for the synthesis of short peptides. The synthesis of peptides containing more thamibo

acids is possible, yet the yield and purity of the protein often decreases significantly. A solution to
this problem is the synthesis of protein fragments and their lagain a second step. Common
procedures are e.g. the native chemical ligation or the (traceless) Staudinger ligf&ftidn. this

work a dfferent method was used: the synthesis of peptide fragments and their combinatian
second step (se€ig.16).>* To achieve a specific reaction between theaxd Gtermini of both
fragments the reactive side chains of the amino acids have to be peatearthogonally. The

synthesis of protected peptide fragments is explained in detail in the experimental section.

Fmoc-protected fragment,-OH
H,N— protected fragment, @ Fmoc-protected fragment,— protected fragmenh

H;N-fragment,-fragment,-OH

Fig.16: The combination of two protein fragments yields a longer peptiRfg.is short for polystyrene.

In the case of icebinding Trpcage chimera, the combination of two peptide fragments from two
different proteins was envisioned. The aim was to combine the biological activity of an antifreeze

protein fragment with the stable fold of the Tigage miniprotein(see Fig.17).

The winter flounder antifreeze protein (HP&LCis an -helical protein which lowers the freezing
point of water. Its activity has been correlated with its fold stability. A decrease iwmitgctif
shortened variants has been explained by a decrease in héfiét@n the other hand, tabilizing
the helical fold using a lactam bridge restored some actiaitst short segment of the antifreeze
protein.>® The stabilization of -helices with lactam bridges, hydrogen bond surrogate or eross

linkers however always requires a chemical modification of the peptide after synfti&$is.

TheTrp-cage has a stable fold under physiological pH buintrinsic function. Its fold is driven
by the hydrophobic encapsulation of a tryptophan side chain by ther@inus and™ -

interactions between the tryptophan and tyrosine side chains, both located in tiberminal
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h-helix of the Trpcage®’ An elongation of the Nerminal helix through the addition of amino
acids showed that the helicity is propagated and that the-dage can act as a nucleation
point.”> "8 A fusion of both proteins therefore results in a folded protein with antifreeze activity

as has been shown by M. Lipfétt

-

>

Fig.17: Fusion approach as planned in this waBtructural and biological active elements of each single
fragment can be transferred to the final protein.

The Trpcagehas been studied extensively towards tlmeportance of almost every amino acid
for fold stability leading to the characterization of >6@riants®® Based on the Troage variant
Tc10B°, which is 99.5% folded at 280and pH, a further modification of the sequence has
been conducted inour group by MLipfert, so as to chemically modify the Toage after
synthesis with an organic molecui&The varianused by him Tc10bKKAut without acetylated

N-terminushas been chosen as Fgage building block for th work(seeTab.3).

Tab. 3: Primary sequence offrp-cage variant Tc10b and TclObKKA. The differences between both
sequences are marked in bold.

1 6 11 16
Tcl0b DAYAQ WLKDG GPSSG RPPPS
Tc10bKKA Ac- DKYAQ WIADG GPSSG RPPK
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folded W6eH

unfolded WéeH
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Fig.18: 'H NMR spectrum of Tc10bKKA #OHD,0O, pH3, at 300K with enlargement of the indole proton
regionaround 10ppm.

The'HNMR spectrum of Tc10bKKRig.18) at pH3 shows characteristicfor a folded Trizage
motif: chemical shift dispersion of aliphatic and aromatic resonararesthe separated indole
proton of the tryptophan side chain (W8H While the good shift dispersion may not be visible
for the untrained eye, the 2D NMR data enable an assignment of amino acids, with differences in
the resonance of the same amino acid depergdon structural differences. The indole proton
(see the enlarged region &ig.18) at the chemical shift () of =9.77 ppm is significantly shifted
from its random coil value of 10.2%m’". Theupfield shift of W6HM is caused by its hydrophobic
encapsulation by, amongst other residues, prolines @@ strong indicatoof Trp-cage fold.
Neighboring tothe sharp resonancef the indole proton, multiple small and broad resonances
above 1Qppm are presentSimilar additional signals have alseen observed before by other
groups’®"*"892 1mpyrities can be discarded as a possible explandtiotihe additional signas
because the purity of the sample has been proven with HP&®IS (high performance liquid
chromatggraphyelectron spray ionizatioimass spectrometry)Therefore, he signals must arise
from the proteinand represent different conformationdHowever, conformation exchange in
proteins is usually fast.To give a separate signaluring NMR acquisition, & conformational
exchange transition has to be slow on NMR time scale only conformational exchange in
proteins which is slow on the NMR time scale istt@s/cisisomerisation of thex-Pro bond (see

Fig.19).
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Fig.19: Schematic representation of theP¢o bond irtrans (right) andcis(left).

The Trpcage sequence contains four prolines, yielding a possibility sfl8 conformations. A
probe to study the exchange between the-titins folded form and thecis conformationsof the
Trp-cage spectroscopically with both transferred nuclear Overhauser effecN@E) and a
standard 'H, '"H NOESY clearly showed that both forimterconvert’® Furthermore, the 2D
coupling pattern of bothW6H resonancesare each characteristicfor the indole proton of a
tryptophan side chain. The additional signal clearly arises from a second form of theadep
with one or more prolines in theis conformation. The corresponding W6H'H resonancesire
influenced by the fold of the Trpage. If the Tryigzage is well foldethen the indole side chain of
the tryptophan is encaged by several prolineBue to ringcurrent effects in the hydrophobic
core of the Trpcage, the NMR signal is shifted upfield. The additional signal hova®esrmot
exhibitan upfield shift as compared to theans conformation,so everything points taan either
partially or ompletely unfolded Trigage sequencehere the indole proton is not influenced by

the hydrophobic core

The integration of both signals fig.18 gives a ratio of folded tainfolded of 75:25 which is in
good agreement with the literature value of 69:31, as is the resonance of the tryptophan side
chains indole proton at =9.77ppm which is nearly identical to the literature value of

=9.75ppm.”® The synthesis of the first building block thus was successful.

The second building block is a fragment of WHAFP Ofthe threefold repeat motithe WfIAFP
is madeup of,eachll amino acid longepetitive sequencegualifiesas single building blocKsee
Tah 4). However,the firstrepeat motifwas dismissed as overlaps with the Nerminal capping

sequenceThe synthesis of both othgrotectedfragments was pursued.
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Tab.4: Primary sequence &WflIAFPand the derived possible fragments.
16 10606 206
WIIAFP DT ASDAAAAAALTAANAKAAAELTAANAAAAAAAT ARNH
Capping sequence DT ASD
Fragment 3 Fragment 1 Fragment 2

Name lrepeat 2repeat

The obtained protected fragent lrepeatpg (pg stand for protection groupsvas not soluble in
either water or acetonitrilelts low solubility in tetrahydrofurarhowevermade purification with

a gradient of tetrahydrofuran/acetonitrile using high performance liquid chromatography (HPLC)
possible (data not shown). Tetrahydrofuran however is toxic, has a low boiling point, tends to
form peroxides and is not compatible withil HPLC setups. Consequenty alternative was
sought. Although 1repegbg showed an increased solubility in dimethyl sulfoxide, purification
with dimethyl sulfoxide as mobile phase during HPLC is not advisable as it damages the stationary
phase. Howewe it is possible to dissolve the protein in dimethyl sulfoxide and inject the sample
onto the column while using a water/acetonitrile gradiefiio avoid the precipitation of the
protected peptide fragment, thacetonitrileconcentration has to bab0% Pure 1lrepeatpgwas
obtained with a low yield of 14%Jowever the crude product was present in a high enough
purity to perform the condensation of two protected fragments without the HPuEGfication

step®

2repeatpghas a low solubilityn dimethyl sulfoxide, probably because of its high alanine content
and a corelated propensity to form aggregates. While purification was possible, the yield was
very low (4%) and the low solubility hampered the fusion of the protein fragretite Trpcage

fragmentas the reaction takes place in dimethyl sulfoxide.

The fusion oboth protected peptide fragments is dependent on the solubility of both fragments
in dimethyl sulfoxide. Due to the low solubility @repeatpg a fusion with the TclObKKA
fragment was not possible. The synthesis of a new IBTC consistimgpefpg and Tc10bKKA
fragments however was performed successfully andlescribed in detail in the experimental
section.After the N-terminal additionof 1repeatpgto Tc10bKKA ovex period of two daysfirst

an threonine and then an aspartate residue were coupédhe Nterminus to complete an
antifreeze motif of two threonines and the-términal capping unityielding (jg)IBT-@ (seeTab.
5).3* The analysis of its fold and antifreeze activity was pursued. The results will be disausse

chapter 2.3 and compared with the other IBTC.
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Tab.5: Primary sequence ¢fg)IBT&!, WIIAFR and Tc10bKKA.

WITIAFP DT ASDAAAAAALT AANAKAAAELT AANAAAAAAAT ARNH
Tc10bKKA Ac- DKYAQWLADGGPSSGRPPPK
(jg)IBTC -4 DT AANAKAAAELT DKYAQWLADGGPSSGRPPPK
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2.2The Chimera Approach

The chimera approach differs from the connection of two proteins with a spacer unit in between
them. The protein resulting from the connection contains both functions of the single proteins in
one large protein with both units acting independently. Theradria approach in contrast yields a
protein which combines the functions of both proteins in a shorter protein and both functions
are influenced by each other. For that the primary sequence of both proteins as well as their fold
are evaluated and combined an overlapping region. Creation of the chimera requires a careful
assessment of amino acids and determination of which residues can be replaced by amino acids

from the other sequence and which have to be retairiseeFig.20).

-

Fig.20: The chimera approadbased on the Trzage and a short protein segmeioth the tyrosine and
tryptophan side chains are shown in stick representation and have to be retained for fold stability. All other
amino acids in thé& -helical region of the THoage can be exchanged.

During his PhD thesid). Lipfert created chimera proteins between an antifreeze protein type
segment and a stabilizing module, the Tage’® The synergistic combination of both proteins,
where the properties of both proteins are combinedhe stable fold of the Trigage and the ice
activity of the antifreeze protein gave four different proteins, AFRc4 to -7. They differ in the
location of the ice active side of the antifreeze protein in relative orientation to thecage

tertiary fold (see Fig.21).”®
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AFP-Tc-4 AFP-Tc-7
| 11 |
(Asp-Thr-Ala-Ser-Asp)-Ala-X'-X2-X3-Ala-X*-X5-Thr-X°-X"
1|

AFP-Tc-5
AFP-Tc-6
AFP-Tc-6

\ AFP-Tc-5
~—— AFP-TcJ

AFP-Tc-4

Fig.21: Sequence pattern of the ice binding motif of AF#4 to AFPTc7 (left)and view along the helix (N

to C) with marked orientations of the ice binding site (righthile the protein isrepresentedin cartoon

style, the tyrosine and tryptophan side chains are shown as red sticks and the aspartate and arginine side
chains of tfe salt bridge as green stickReprinted with permission from MLipfert).”®

While allfour chimerashowed ice shaping abilitiethe activity seemed to be more dependent on

the fold than the location of the ice ibiling site. Antifreeze activity was not observed.
Furthermore, the formation of hexagonal discs also gave rise to the question if the ice binding
planethe chimera interacted with was changed to thesm plane as compared to the pyratal

plane to which the wildype WfIAFP binds

Based orthe chimeraAFRTc5, other variants were designedynthesized and characterized in
this study (jg)IBTQ is similar to AFFT¢5 and only has two additional amino acids at the
Cterminus. (jg)IBTE contains two repeat motifof the antifreeze protein motiind (jg)IBTG
three equating it with the wiletype WfIAFP The systematic increase protein lengthenables a
study of both the influence of antifreeze protein length on ice activity and of Gtierminal

modification of the antifreeze protein on its activity.

Additionally, of all three IBTC thet€minal GFP fusion proteins were designed for a later use in
FIPA analysidll six IBT@seeTab.6) were expressed ik.coliin the group of Prof. Axel Scheidig,
ChristianaAlbertinaUniversity, Kiel. (Information cdme foundin the Experimental Section and
the Appendix)
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Tab.6: Primary sequenceof all chimera constructs. The extensiQBFP refers to a-terminal fusion with
green fluorescent protein and is visualizeglithe symbot.

(jg)iIBTC -1 DTASDAAAYAAWTADGGPSSGRPPPS
(jg)IBTC -2 DTASDAAAAAALTAANAAAYAAWTADGGPSSGRPPF
(jg)iIBTC -3 DTASDAAAAAALTAANAKAAAELTAANAAAYAAWTADGGPSSGRPF
(jg)IBTC -1- DTASDAAAYAAWTADGGPSSGRPPRS
(jg)IBTC - 2- DTASDAAAAAALTAANAAAYAAWTADGGPSSGRPPRF

(jg)IBTC - 3- DTASDAAAAAALTAANAKAAAELTAANAAAYAAWTADGGPSSGRRF

WIIAFP is stabilized by a capping unit at théeNninus comprised of the amino acid sequence
DTASD, however the expression of proteins always begins with a start codon coding for
methionine. To nevertheless obtain the desired protein sequence, aerminal tag was
employed¢ the small ubiquitin modifier (SUM@J.It can be cleaved side specific behind two
glycines right before the desired protein sequence using the SUMO profté¥sas both the
SUMO tag and the SUMO proteasmtain a Higag, a purification with affity chromatography

was possible.

Furthermore, the bacterial expression of proteins enables thegtesf large proteins which, due

to their size cannotbe synthesizedy SPPS. In this study, this applies to the GFP labeled IBTC.
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2.3 Protein Fold and Ice Activity
The analysis of protein fold and biological activity especially oflynéesigned and dlained
proteins is a standard procedure. Thien of this work was to desigoroteinswhichcombine the

propertiesof two single proteins in one.

Theactivity of antifreeze proteings correlated to a flat ice binding side every antifreeze protein
characteizedto date possesses. For tHehelical winter flounder antifreeze protein (HP&LIt is
one side of the"-helix containing alanine and threonine, with the threonines spacedrhiho
acids apartin a repetitive motif"® A Trp-cageGterminal extension is supposed to stabilize the
helical fold of antifreeze protein segment&.combination of both proteins (or segments of the

antifreeze protein) thus should result in a stable folded protein with ice activity.

Toanalyzethe protein fold both NMR and CD spectroscopy were performed (see chapter 2.3.1ff
and 2.3.4, respectivelyThe obtained NMR data enabled not only the calculation of the chemical
shift deviation (CSD) and fraction folded values but in consequence the evaluation of the protein
fold concerning-helicy and Trgcage stability. A stable Tqage fold is expectedtcorrelate

with a high percentage df-helical fold in the Nerminal region of the IBTC. While the NMR data
give local information about each residue, the CD data give a global overview over the secondary

structure of the protein fold.

A stableh -helicalfold is expected to result in ice activity which in turn is measured using thermal

hysteresis measurements.

Four different IBTC as well as thre¢e@ninal GFP fusion IBTC (Se.7) where characterized
usingthe above mentioned methods
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Tab. 7: Primary sequenceof all constructs and their predecessors. The extensi@FP refers to a
Gterminal fusion with green fluorescent protein and is visualized in the primary sequsnite symbot.

WFIAFP DTASDAAAAAALTAANAKAAAELTAANAAAAAAATHR

Tcl0b DAYAQWIKDGSPSSARPPRA
Tc10bKKA Ac- DKYAQNVLAGEPSSARPPPK
AFP-Tc-5 DTASDAAAYAAWTADGGPSSGRPPPS
(g)iIBTC -1 DTASDAAAYAAWTADGGPSSGRPPPS
(g)IBTC -2 DTASDAAAAAALTAANAAAYAAWTADGGPSSGRPPF
(jg)IBTC -3 DTASDAAAAAALTAANAKAAAELTAANAAAYAAWTADGGPSSGRPF
(9)IBTC -4 DTAANAKAAAELTDKYAQWLADGGPSSGRPPP
(jg9)IBTC -1-GFP DTASDAAAYAAWTADGGPSSGRPPRS
(jg9)IBTC -2-GFP DTASDAAAAAALTAANAAAYAAWTADGGPSSGRPRF

(jg)IBTC -3-GFP DTASDAAAAAALTAANAKAAAELTAANAAAYAAWTADGGPSSGRRPF

2.3.1'*H-NMR

folded W6eH

unfolded WéeH

1.0 105 10.0
5/ ppm

12 11 10 9 8 7 6 5 4 3 2 1 0 -1

S/ ppm

Fig.22: 'H NMR spectrum dfjg)IBTE3 in 0.1M NH,HCQ buffer, pH7.9,at 274K with enlargement of the
indole proton region around 18pm.
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Fig.23: '"H NMR spectrum djg)IBT€ in 0.1mM NHHCQ buffer, pH7.9,at 274K with enlargement of the
indole proton region around 1Ppm.

folded WeeH

unfolded WéeH

1.0 105 100 95

3/ ppm
P18pB'
I v T v T T T " T v T T T v T d T v T T T v T v T v 1
12 1" 10 9 8 7 6 5 4 3 2 1 0 -1

3/ ppm

Fig.24: 'H NMR spectrum dfig)IBTEL in 0.1 NHHCQ buffer, pH7.9,at 274K with enlargement of the
indole proton region around 19pm.
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Fig.25: 'H NMR spectrum dfg)IBT&4 in 0.1m NHHCQ buffer, pH7.9,at 274K with enlargement of the
indole proton region around 18pm.

The'HNMR spectra of all IBTC in buffer at K/ 4ig.22-Fig.25) all showcharacteristics of the
Trp-cage fold. For three out of four IBTC the signal®@f 2 F t my Aa @Wddppm.f S |
Additionally, qualitatively very similasharp spectral resonancesf the tryptophan side chain

602cl s 0 | {F9.Tppdadeyistblein all four IBTC. The shift of this resonance supports that

the Trpcage segment is foldeddowever, firther resonancesan be observedbove 10ppm

that we attribute toadditional popuations. The amount is <5% for (jg)IBB@Gnd (jg)IBT2 as
determined by integration othe signals.The third construct (jg)IBT€, has asignalratio of

17:83 and surprisinglyfor (jg)IBTEL a third resonance is observéar the indole proton(Fig.24).
Thesimilarity ofits shiftat =9.80ppm to that of the folded conformationndicates that this is

alsoa folded conformationAgain, the segrate resonance requires an underlying slow exchange
process and therefore i@gdtrans X-Pro isomerisation A comparableobservation has been made

before for AFFTc5. It has been explained by an unfavorable chacharge interaction between

thel ALJ NI 0SS aARS OKI -feyhind Garbox grduiRadz8utrpl @H, leabliRg tai K S/
acisconfiguration of either the %18 or XP19 peptide bond and as a consequence to a different

shielding of the tryptophan indole proton resulting in a diéfiat chemical shift®
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Fig.26: (jg)IBTEL shown in cartoon representationith the side chains of D5, S2, and G21 shown as sticks.
The nitrogens are colored blue, the oxygen atoms red. The left representation visualizes the short distance
between the side chain oxygen of D5 and the oxygen atom of SB8G21 amide bondn trans
conformation of the X°19 bond.A cisisomerizationof the XP19 bond leads toraincrease irdistance

from 3.9A (trans, left) to 9.3A (cis right).

Analysis of (jg)IBTCshows gotentially unfavorablenteraction between thecarboxylgroup of
D5 and theoxygen of the amide bond between residues 20 and Bily. 6, left). Upon
isomerization of theX-P18/19 bond thedistance between botlcharges would increasas is
shown inFig.26. The potential energy dahe chargecharge interaction is inversely proportional
to the distance, an isoméaration thuswould leadto a redudion of the repulsiveeffea between
both negative charges and an increase in the relative stabilization ofcthesoform in

comparisorto the transisoform.

This hypothesis is supported by the NMR spectrum at pH. As thecarboxylgroup of D5 is
mostly protonated (pKa ~3%§, there shouldbe no repulsive interactions with the oxygen of the
S20G21 amide bond. Indeedjnder these conditionghere are nosignals ofminor forms of
(jo)IBTEL visible Fig.27).
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Fig.27: *H NMR spectrum ofjg)IBTEL in H,0/D,0, pH3, at 274K with enlargement of the indole proton
region around 1@pm.

Returning to the analysis of the ratio of folded:unfolded conformation for (jgHBTiBe signal

for the unfoldedfraction is very sharp and the ratwf 71:29 favors the unfolded fornThe low

ratio of folded fraction is surprising as the design is based on the most stable form Tc10b(KKA).
The elongated proteindd been expected to besastablyfolded as thelrp-cage variantAs Tc10b

as single protein is well foldedhe destabilizing effect most likely originates in the helical
extension or its interaction with the Tspage sequence. An unfavorable interaction of the
Gterminus with side chains of amino acids in the helical sequence seems unlikely as none are
apparent through analysis of the modeled secondary structure of (jg¥BAGditionally, there is

no effect of different pHbbservable as the WH&ignals of folded and unfoldddrm at pH3 and

7.9 are nearly identicahs is the fold ratioOnenotable difference is that he capping sequence

of (jg)IBT&l varies from the other peptides (DTAAN/DTASIMwever,the fact that aspartate

still caps the Nerminus and the helical dige moment should be most importafit. Thus, he
reason for the relative low fold stabilitgmains untear. Apossibleexplanation for the decrease

in fold stability needs to be studied further.

A comparison of théH NMR spectra (jg)IBTIQo -4 (Fig.28) shows an increase in fold stability
from (jg)IBTEL to -2 as the second folded form vanishes. (jg) RBTahd-3 seem toboth posses
the same stability of th@rp-cagefold at 0.1 M NHHCQ buffer, pH7.9,and 274K (jg)IBT&} is
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the least stable foldé protein in this study as deduced knalysisof the WH@& signals and

spectral dispersity.

1" 10 9 8 7 6 5 4 3 2 1 0 -1

S/ ppm

Fig.28: 'H NMR spectra of (jg)IBHAC(black), (jg)IBFC (red), (jg)IBT2 (blue), and (jg)IBT& (brown) in
order of increasing fold stability at 2Kand0.1m NH,HCQ buffer, pH7.9.

2.3.11(jg)IBTEL-GFP, (jg)IBFZGFP, (jg)IBT8-GFP
The three chimeras (jg)IBFG-GFP, (jg)IBFTEGFP,and (jg)IBTG-GFP were designed as

fluorescently labeledrariants of (jg)IBT-C to -3. Theattachmentof a green fluorescent protein
(GFP}ag to the Gterminus of the protein was plannedith two spacer residues between both
proteins (Fig. 29). The as fusion protein designed IBGEP could be obtained via bacterial
expression inE.coli *HNMR spectra of all three IBTC, (jg)IBFGFP, (jg)IBFT&GFP, and
(i9)IBTE3-GFP, were obtaed. As GFPconsiss of 238amino acids,the majority of NMR
resonancesstem from the GFP so that it may be difficult to observe -€gge resonances in the

1D NMR spectrum.
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Fig.29: The cartoon style representation af structural model ofjg)IBTE3-GFP.The chimera is colored
grey, the GFP in green. The tryptophan side chain of the chimera is shown as stick representation. (PDB
GFP: 2Y0Qrpcag: PDB: 1LY

r T T T T T T i T i T T T T T T r i T
11 10 9 8 7 6 5 4 3 2 1 0 -1
&/ ppm

Fig.30: '"H NMR spectra djg)IBTCEL-GFF(red), (jg)IBTQ-GFR(blue), and (jg)IBF&GFRP(brown)at 274K
and 0.1m NHHCQ buffer, pH7.9.

A comparison of the spectréFig. 30) shows the similarities and differences of all IBI&P

proteins. The intensity of all resonances in the aromatic regions of all spectra are similar,

probably due to the presence of eleven dgines and twelve phenylalanines in the GFP
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sequence. The prominent signals around 3 ppm can be explained by six arginine and 20 lysine
residues in the GFP sequence. Differerdinsincrease of the sigreht ~1.5ppm, which can be
attributed to a higler ratio of alaninesorigination form the increasing number of antifreeze
repeat motifsin the following order (jg)IBF&GFP > (jg)IBIZGFP > (jg)IBTEGFP.

Y

—
1.0 10.5 10.0 95 9.0
3/ ppm

Fig.31: Expansiomf the indole proton regiomf the '"H NMR spectra dfg)IBTEL-GFRred), (jg)IBTQ-GFP
(blue), and (jg)IBF&GFRbrown)at 274K and 0. NHHCQ buffer, pH7.9.

Expandingthe region between € 11 ppm, the patterns appearsimilar to the corresponding
chimera without GFP. A signal at9.78ppm can be ascribed to a Wékesonance, indicating a
Trp-cage fold. (jg)IBFGGFP shows a second folded form just as (jg{BTi®@ere is also a broad
signal above 1ppm in all spectra, whicpossiblyoriginates from an unfolded Trpage?’ This
hypothesis however needs further support by 2D NMR datédlemnet al.recorded NMR dta of
the GFP at pH.2 and 31K and assigned signals aboveppdn to NH resonances ofA37,
W57H, G127 and R168Consequently, m unambiguous assignment of the signals in the

expansion of the indole regiaot our IBT@s not possiblelue to a possible signal overléfg.31).

2.3.2 Folded Fraction
Deducing secondary structure elements of proteins using NMR is possibialtiple ways The

simplest method was developed MWishartet al. by determining reference random coil values

for H, C and N of every amino acfdepending orsecondary structure of the peptide or protein
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the chemical shift is influenced by the fol@he differencebetween the observed (ny and

reference () chemical shifts called chemical shift deviation (CSD) or secondary chemical shift
00= ¢ 100

According to Wisharet al, | h/ ppdn for ancluster of at least four amino acidst of

five (if not interrupted by a value >0gpm) is anA Y RA Ol (i A-Bejical 2oR.AIy h {5

>0.1ppm for a cluster of at least three amino acids ofirfdif not interrupted by a value

<0.1LILIY UL 2y (KS O2 ywiaNd®NBE ARKBAOQNBE2YI alKAFda 2F | h
wellasHand HQ 2 F t m drcadeghowi&sfong influénce by the ring current of the

indole, Lin et al. calculated reference random coil values, which are 4.02, 2.29, 3.59 and

3.74ppm, respectively’

In the following figuresthe secondary chemical shiftf the folded conformationsre displayed
to confirm and compare the secondary structures of all constructs witrekweptionof the GFP

fused IBTC.

0.5 -

00+—w—w
T " - Y - ae - - -w - w[--"- O EE W

051 - - "

-1.0 4 -

-1.5

A8/ ppm

2.0
2.5

-3.0 4

Fig.32: Hh chemical shift deviation of (jg)IBTCat 274K and pHB. The dashed line represents the helical
cutoff value. The vertical solid lirmeparates the different secondary structures: helix (left) and rigid loop

(right).
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Fig.33: H" chemial shift deviation of (jg)IBFZat 274K and pHB (black squares) and pH9 (red circles)
The dashed line represents the helical cutoff value. The vertical solid line separates the different secondary

structures: helix (left) and rigid loop (right).
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Fig. 34: H" chemial shift deviation of (jg)IBTEZ at pH3 and 274K (black squares) or 278 (orange
triangles) The dashed line represents the helical cutoff value. The vertical solid line separates the different

secondary structures: helix (left) and rigiabp (right).
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Fig.35: H" chemial shift deviation of (jg)IBTCat 274K and pHB (black squares) and pH9 (red circles)
The dashed line represents the helical cutoff value. The vertical solid line separates the ditzremdary
structures: helix (left) and rigid loop (right).
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Fig.36: H" chemial shift deviation othe folded conformation ofjg)IBT&4 at 274K and pHB. The dashed
line represents the helical cutoff value. The vertical slifid separates the different secondary structures:
helix (left) and rigid loop (right).
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ThelBTC structure and in consequence tieCSD plot ofhe IBIC(Fig.32-Fig.36) can be divided
into two parts- the helical regioncomprised ofthe chimera helixand thehelical extensionand
the cage loopThe analysis of (jg)IBBCand-2 was complicated by a relative high amount of
alanine residues in the primary sequence which complicated the unambicgassignment of all
alanine M resonances of the helical extension digesignal overlapBy expressing &N labeled
(19)IBT€, 3D NMR spectravere obtained which enabled the assignment of all amiacds
except for the prolinesHg.34). A decrease in temperature also increased tmeambiguous

assignments of residues.

The CSD data for all IBTC in the region of the helical extension do not show any indication for
secondary stcture according to Wishasgtt al. as most of the values to not exceed the helical
limit.?® Neither do theCSDdata for the chimera helix regiofor (jg)IBT€L to -3. However, the

CSD of Tin the chimera helixof (jg)IBTE& to -3 is strondy negative, possiblydue to a
neighboring effect to the ringurrent effect of the preceding side chain W6. The negative
chemical shift of residue 7 ¢haracteristidor a foldedTrp-cage.On the other hand, the chemical

shift deviations of the chimera helix of (jg)IBF@re negative and indicate a helical structure.
However, it is important to remember that thenHCSD is just for the foldegohrt of (jg)IBTE4,

which representsipproxmately 29% according ftd NMR data.

The cage loop starting at residue 28d separated in the figures by a vertical lieehibits no
classical secondary structurbut many absolute CSD values are >pin, with the deviations
being positive and negativeThe dispersiompattern of the CSD is typical for a Tepge loop,
indicating structure and absence of conformational flexibility. The mhbatacteristicCSD of the
cage loop are the strong negative CSDs of'@11 I y''R Thie mpjield shift of both protes can
be explained by theiproximity, their position above the tryptophan side chaamd their
experience of the ring current effec€onsequently both protons are good indicatorsdarintact
cage fold According to the CSDs of GIJor G11 and P18 all IBTC are folded in the cage loop

region.

For (jg)IBT@ acomparisonwas also possiblevith the literature data for Tc10bKKAhe NMR
data are in good agreement withe NMR data fothe Trpcage sequenc& A comparisorof the
helical region of (jg)IBTL with the synthesizedunprotectedfragmentlrepeat(AANAKAAAELT)
shows an increasd chemical shift deviation towards a helical fo{Big. 37). The Gterminal

Trp-cage fusion thus leads to anhelical fold of the previously unfolded peptide.
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Fig.37: Hh chemial shift deviation ofthe folded conformation ofjg)IBT& (black squaresat 274K and
pH3 and Tc10bKKA (red circles) alr@peat (AANAKAAAELT) (blue triangl@$)e dashed line represents
the helical cutoff value’®

To quantify the folding quality of the Tigage and the helical region,canversion of the CSDs
into folded-fraction estimatesan be performed. The division into two parts enables not only the
separateevaluationof the fold quality of helix and cagevithin one chimerabut also a better
comparisonbetweenthe different IBTCBased on calculations liynet al, for the chimera helix
the sum of H CSDs of residue@8 (if necessary without residue 2 or\was takenFor the cage
loop the CSDs of X72 DI t my i Q andiH Q5 S2f Fvereladidedi® Both sums were
compared with a reference, th€rp-cage variant Tc10b from Bare&al. whichwas shown to be
99.5% folded at 288 and pH. The fraction-folded (. ) was calculatedccording t6°

6

..o= 0995 O0——
° 0" Qg0
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Tab.8: CSDs for selected protons representing the chimera helix or the cage loop of (j§)#8PE3 and

274K and 29«.

Cage Loop Th G111 Q P1& Prol8 Q P19 P19 Q

k (ppm) 1(ppm) . (%)
274 K -1.14 -3.01 -2.16 -1.85 -0.53 -0.90 -9.60 96
298 K -0.86 -2.07 -1.55 -0.81 -0.35 -0.69 -6.34 63

Chimera Helixy Y3 Adh woen Th A8

k (ppm) 1(ppm) ¢ (%)
274 K -0.13 -0.03 -0.38 -1.14 -0.12 1.80 72
298 K -0.14 -0.08 -0.32 -0.86 -0.12 1.52 61

Tab.9: CSDs for selected protons representing the chimera helix or the cage loop of (j8)#8PE3 and
pH7.9 and 274, 278K and 29&.

Cage Loop Th G1rQ P18 Prol8 Q P19 P19 Q
K (ppm) 1(ppm) e (%)
pH7.9, 274 K| -1.13 -3.19 -2.20 -1.94 -0.50 -0.89 -9.85 98
pH3, 274K -1.15 -3.03 -2.16 -1.85 -0.53  -0.90 -9.62 96
pH3, 298K -0.87 -1.89 -1.48 -1.23 -0.36 -0.69 -6.53 65
Chimera Heliy A2 Y3 Adn AT wen ™ A8
K (ppm) 1(ppm) e (%)
pH7.9, 274 K| 0.03 -0.45 0.00 -0.43 -1.13 -0.07] -2.05 81
pH3, 274K 0.03 -0.45 -001 -0.11 041 -1.15 -0.17| -2.26 76
pH3, 278K 0.02 -042 -001 -006 -039 -1.12 -0.17| -2.13 72
pH3, 298K -0.25 -0.07 -0.30 -0.87 -0.09] -1.57 63
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Tab.10: CSDs for selected protons representing the chimera helix or the cage loop of (ji)#8pE3 and
pH7.9 and 27K and 29&.

Cage Loop Th G1rQ P18 Prol8 Q P19 P19 Q

k (ppm) 1(ppm) £ (%)

pH7.9, 274K| -1.10 -3.05 211  -1.81  -048 -0.83 | -9.38 94
pH3,274K | -1.13 299 213 -179 -052 -0.88 | -9.44 94
pH3,298K | -0.79  -1.89 -1.35 -1.08 -0.30 -0.63 [ -6.03 60

Chimera Helix{ A2 Y3 Ag A wen T  A®

k (ppm) 1 0 LI (%)
pH7.9,274K| 0.00 -0.43 -0.01 -0.09 -0.37 -1.10 -0.22| -2.22 74
pH3,274K | 0.01 -045 -0.01 -0.10 -0.40 -1.13 -0.18| -2.25 76

pH3, 298K -0.11 032 -008 -0.05 -0.27 -0.79 -0.18] -1.80 61

Tab.11: CSDs for selected protons representing the chimera helix or the cage loop of (j¢)#¥BpKEa3 and
274K and 29&.

Cage Loop L7 G1rQ P18& Prol8 Q P19 P19 Q

k (ppm) 1 0 LIL. .- (%)
pH3, 274K -0.97 -2.82 -1.36 -1.38 0.22 -0.14 -6.45 64
pH3, 298K -0.86 -2.18 -1.24 -0.41 0.75 -3.94 49
Chimera Heliy K2n Y3 Q weh L A
k (ppm) 1 0 LIL. .- (%)

pH3, 274K -0.13 -0.43 -0.13 -0.47 -0.96 -0.22 -2.33 85
pH3, 298K -0.10 -0.36 -0.23 -0.39 -0.85 -0.21 -2.14 77

For all IBTC a decrease of the sum of the @¥pPism)) for the cage loop and chimera helix upon
an increase in temperaturean be observed. This can be attributed to an increased amount of
energy in the system and a correlatpdrtialdzy ¥ 2 f RAy3 oWYSt GAy3aIQ0 2F (KS

For (jg)IBT@ the chimera helix always has a higher fraciolded value than the cage loop. In
sone cases helix formation before cage formation could be observed as seems to be the case for

this IBTCGS™

Notablyhowever, at 274K there is a high difference in the fractifwlded values of the cage loop

to the chimera helix for (jg)IBT&to -1 of more than 15%The cage loop has a higher fraction

folded value than the chimera helix, a reswhich is not consistent with neither previous
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experimental data nor theoretical consideratiorBoth valuesin theory have to be similar grif
different, the fractionfolded value of the helikas to behigher than the fractiorfolded value of
the cage loopThis is becausa folded Nterminal helix is a prerequisite for the cage formation so
as to position the tryptophan and tyrosine side chdih&.The helical foldedraction therefore

cannot be lower than the fractiofolded cage loop.

The unusual fractiofiolded values of (jg)IBTLCto-3 thus prompteda furtheranalysis of the data

A comparisonof the H' chemical shifts oftte helical region oéll IBTGQo the wildtype WfIAFP
(HPL®) was performed. The WfIAFP datcorded at pH and 278 showed a near perfect fit
within an error of+0.05ppm to all IBTC®*® Thus(jg)IBTEL to -3 must be100% foldedunder
these conditions The discrepancybetween fraction folded values and the comparison of the
chemical shift with the WfIAFP sequenicas also been obserdeby M. Lipfert, who postulated

that the fractionfolded calculationfor the chimera helix underestimatéts actualfold.”

Tab.12: CSDs for selected protons representing the cage loop of at pH3 and. X7represents either the
amino acid T or L.

Cage Loop Xh G1rQ P18 Prol8 Q P19 P19 Q

k (ppm) 1(ppm) £ (%)
(jo)IBTE3 -1.14 -3.01 -2.16 -1.85 -0.53 -0.90 -9.60 96
(j9)IBT2 -1.15 -3.03 -2.16 -1.85 -0.53 -0.90 -9.62 96
(i9)IBTEL 113 299 213 -1.79 052 -0.88 | -9.44 94
(i9)IBTeA -0.97 -2.82 -1.36 -1.38 0.22 -0.14 -6.45 64

A direct comparison of the fraction folded values for the cage loop region gieesly identical
values for (jg)IBTC to -3. (jg)IBT& has a lower fraction folded value of 64% and thus is less
stable folded than the first three proteins. The fraction folded values of 94%/96% indicate a
stable folded cage loop. However, the chimemlix fraction folded values for (jg)IB-LCo -3

were lower than the cage loop values. As a folded chimera helix is a prerequisite for folding of the
cage loop, the fraction folded values for the chimera helix cannot be a good representation of the
helical region in ice binding Tepage chimeras. The NMR shifts of (jg)lRTiG -3 are in good
agreement with previously published data of the wijghe WAIAFP'® As the wildtype antifreeze
protein is 100% helical under the published conditions, so should the IBTCShT&SD
consequently is not a suitable method to determine the helical content of these chimera and

probably all alanineich proteins, so we took a look at th# chemical shift deviatiofy.
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2.3.3'%C Chemical Shift Deviation and the Helical Fold
The chemical shift of carbon is influenced by structural elementee same waywsare protons,

and the CSD is consequently calculated according to

oy 13 _ _
0O(™0l )= ¢ 9o

However,the/ " /afe § the opposite direction as compared to protons and exhibit a larger

deviation (~10x). Thus value of>0.7ppm is indicative oft y -hélix and a CSD of <qpm a

i -strand®!

A8/ ppm
1
n
| |
| |

Fig.38: @ chemial shift deviation of (jg)IBF&at 274K and pHB. The dashed line represents the helical
cutoff value. Overlapping alaniné @sonances where averaged according to signal intensity.
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Fig.39: O chemial shift deviation of (jg)IBTZat 274K and pkB (black squares) and pH9 (red circles)
The dashed line represents the helical cutoff value. Overlapping alahimesBnances where averaged
according to signal intensity.
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Fig.40. @ chemial shift deviation of (jg)IBFCat 274K and pkB (black squares) and pH9 (red circles)
The dashed line represents the helical cutoff value.
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Fig.41: @ chemial shift deviation of the folded fraction of (jg)IB#@t 274K and pH8. The dashed line
represents the helical cutoff value. Overlapping alanineésonances where averaged according to signal
intensity.

An unambiguous assignment of all alanine resonances for (jgiB2Cand-4 was not possible
due to resonance overlapnd some of thechemical shift deviations othe alanines had to be

averaged.

Importantly, a positive chemical shift deviation can be observed for the helical elongation and
chimera helixfor all IBTCwith all residues exceeding the helical limitdicating anh-helical
secondary structureThe -helical fold also includes the-fdrminus, with noindication for
N-terminal frayingwhich has previously been observed fFRTc5 at pH3 with the @ CSDs of

the first threonine and the second aspartate being below the heliat.

Remarkable are the large downfield shifts of leucine and threonine in the bEl{}g)IBT
and-3. M. Lipfert hypotleszed that the strong CSD of residue 7 is due teffect of the tertiary
Trpcage structuré® However, @ all threonines exhibit the strong CSD, treue of residug
cannot be explained byhe fold alone It rather seems to be an intrinsic pregy of the

antifreeze protein.

The chemical shift deviations of (jg)IBF @re in size lowethan for theother chimera.While the
values indicat a helical secondary structureis noteworthy that the usually strong chemical

shift deviations of tryptophan and residdeare not as pronounced.
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To quantify the helical fold and enable a comparidmiween different chimeras, M.ipfert
establishedthe parameterW @GS NI 3 S K § bysuiming up thé BIDs and dividihg
sumby the number of amino acids’®

MRACAS)
£

Due to the stark difference in protein length, neither a reference against the sanfigies
M. Lipfert nor with each other was not performeidr the average helical foldHowever a
separation of the helix in helical extension and chimetixis possibleThe chimeraelix always
contains the same amount of amino acids and a comparison of proteins of different lengths is

possible.

Tab.13: Average chemical deviation¥ (, determined by 13Cshifts)for all IBTGit 274K and pHB for the
complete helix, the chimera helix and the helical extensifme values in brackets include the averaged
alanine @ shifts.

Helix Chimera Helix Helical extension
Y (ppm) Y (ppm) Y (ppm)
(jg)IBTE3 3.41 (3.30) 3.72 (3.53) 3.32 (3.24)
(jg)IBT2 3.06 (2.93) 3.35 (3.19) 2.91 (2.75)
(jg)IBTEL 2.80 2.84 2.75
(jo)IBTe: 1.17 (1.23) 1.04 (1.09) 1.26 (1.31)

By comparing th&/ of all four ice binding Treage proteins, a clear order of helical fold stability
can be deducted(jg)IBTE F (jg)IBTE > (jg)IBTEL > (jg)IBTEA. Principally, pon elongation of

the helix, a further stabilization can be observed. The high alanine content might be favorable for
the helical fold”®, asis an additional salbridge in (jg)IBTG. (jg)IBT@ is an exception as it is
longer than (jg)IBTXC but exhibits the lowest helical fold values. Even though the helical fold
appears to be propagated the overall fold stability is not as high as with the other chimera

proteinsas is apparent from théH NMR spectra
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2.3.4 Circular Dichroism Spectroscopy
The evaluation of the secondary structure elements of a protein is not restricted to NMR

spectroscopy. Circular dichroism (CD) spectroscopy is based on the UV absorptiopeaytitie
bonds amide. As a protein is a chiral molecule it absorbsdatt rightpolarized light differently.

The difference spectrum shows the predominant fold of the protein, averaged over all residues.
The global fold icharacteristicfor h-helices,i -strands, and random coil global structures. A
h-helical fold has two minima a=222nm and<=208nm as well as a maximum &t 196nm.

A n” * transition is responsible for the first minimum at about222nm, at about<=208nm a

~-~* transition of perpendicular polarized light is visible. The maximum at approximately

<=190nm is & -~ * transition by parallel polarized ligh?***
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Fig.42: : CDspectra of (jg)IBT€ (black), (jg)IBFC (red), (jg)IBT2 (blue), and (jg)IBT& (brown) in order
of increasing fold stability at 2744 and0.1m NH,HCQ buffer, pH7.9.

The CD spectra of all four IBTC exhibit helicattire characteristicsthe minima at<f 222nm

and <f 208nm as well as anaximumto lower wavelength for (jg)IBTZ and (jg)IBTG. By
comparing the signal intensity of the spectra and comparing the minime=&22nm, a trend
about theh -helical fold is deductabldjg)IBTE3 x(jg)IBTE > (jg)IBTEL > (jg)IBTE4. This trend is
in agreement with the one previously determined using the helical $6ldand the fraction

folded valueof the helical region
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To quantify the helical content thenean residue ellipticity ¢[]ops at <=222nm is taken and

divided by a reference

oo O
"OBGINCEE 6 0= 100 O
1'QQ

The reference valuéor each IBTC is HD0%?" -helical protein which can be estimated using the

equation (based on empiritabservationsy*

1
Oz = 1 ¢ O 44000+ 250 JY

with nis the number of residues arithe temperature in °C

Tab.14: Helical content adetermined by CD spectroscopy for (jg)IBITt® -4 at 274K and pH 7.9alues
for pH3 can be found in the Appendix.

(i9)IBTE3 (io)IBTE (i9)IBTEL (ig)IBTGH
[0]obs (deg cnd dmol™) -36070 -34195 -14871 -5977
[0]er (deg cnd dmol™) -42875 -42628 -42188 -42424
Helical content (%) 84 80 35 14

For (jg)IBT@, a 50amino acids long peptiddyy assuming a 100% stable heglixhelical content

of 84% implies that 4&sidues contribute to the helix. Thaixceedsthe expected amount of
37residues by 5The same applies to (jg)IB2Qvith 31residues calculated to contribute to the
helical fold as to the expected 26lowever, the difference can be explained by further
contributions possibly by the;ghelix in theloop region. An overestimation of the helicity due to

the contribution of the tryptophan side chain towards the signakat222nm also is possible

and has been observed for Tc5b before but would apply to all IBTC chifér&8.In both
proteins the fraction folded of the cage loop indicates a nearly 100% fold. Thus, according to
NMR and CD spectroscopy, both proteexhibit a stable fold at 274 in 0.1m NHHCQ buffer,
pH7.9.

Both [p]oss (-14871 deg cidmol™) and helical content (35%) of (jg)IBT@re lower than the
literature values of ARPc5. The @erminal elongation by two amino acids however increases
the size of the peptide without being expected to cohtrie to the helical fold. Calculating the

residues in helical conformation gives rE3idues, which is comparable to AF&5. As
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15residues were expected, the helix seems to be just 66% stable. This is in good agreement with

the literature.”®

The helical content of (jg)IB¥Cis the lowest in comparison with the other chimeras. The
calculated amount of residues in helical conformation refidues, expected are 22. Taking into
account that according to théH NMR spectrum 71%f the cage loop are unfolded and
correcting for it, 1Iresidues of the folded fraction are in helical conformation. The helix appears

to be 50% stable folded.
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Fig. 43. CD spectra of the thermal denaturation upon heatingf (jg)IBT&! (black), (jg)IBFC (red),
(i0)IBTE (blue), and (jg)IBF&(brown) in0.1 M NH,HCQ buffer, pH7.9.

Thermal denaturation curves were recorded by observihi.f while raising the temperature
from 274K to 334K. The unfolding of the IBT¢as fully reversible for all four chimeras heating
and cooling curves overlasee Appendix). The melting Temperature,))(Tor (jg)IBT& was
estimated to be 28X and for (jg)IBF8 285K. For (jg)IBFZ and-3 an unconstrained Boltzmann
fit gave 292811 K and 291.81 K, respectively.

The thermal melting point fowWflAFPhas been previously determined to be 294K.>%°?Both
chimeras(jg)IBT€ and-3 exhibit consequentlya fold stabilityin good agreement with the fold

stability of the wildtype antifreeze protein.
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All measured data support a grouping upon fold stability according to

(jg)|BTE3F (jg)IBTE > (jg)IBTEL > (jg)IBTEA.

The CD spectra for (jg)IBIGFP to (jg)IBF&GFPare not shown as the spectra are

superimposed by théargei -barrelstructure of the green fluorescent protein.

2.3.5 Ice Activity Assay
A unique feature of antifreeze proteins is their property to lower the freezing point of water non

colligatively. Thogh the mechanism by which antifreeze proteins interact with ice still needs to
be determined definitely, all data point to an absorption inhibition mechanism. The antifreeze
proteins are postulated to bind to the surface of a small ice crystal and ithébfurther growth

of the ice crystal at the bound ice plane via the Gilbempson or Kelvi&ffect.**** Depending

on the plane of ice the antifreeze protein binds to, the ice crystal develops into a characteristic
shape. The riave winter flounder antifreeze protein (HPBLe.g. binds to the pyramidal plane,
shaping the ice crystal into a hexagonal bipyraifsiee Fig.9). In buffer, no ice shaping can be

observed(Fig.44).

Fig.44: Shape of an ice crystalinlm NHHCQ, pH7.9, upon slight supercooling.

As the goal of this work was to create chimetiaat combine the stable fold of the Trpage and

the ice activity of the antifreeze protein, the ice activity of all protein chimeras was tested using a
Nanoliter OsmometerA Nanoliter Osmometer enables @mecisetemperature regulation of a
sample on a specific sample holder through a Peltier element. The temperature can be tuned as
finely as in steps of hOs, with 1000nOs corresponding to 1.6 °C. During this period, the

sample is observed under the micrope.
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Fully active antifreeze proteins shape ice crystals into specific forms in the thermal hysteresis gap
as mentioned aboveBy constantly reducing the temperaturehese metastable ice crystals
finally burst upon reaching a threshold temperatur&he bust point temperature minus the
melting point temperature gives the TH value. However, not all IBTC studied in this work
exhibited ice growth inhibition. Especially the shorter IBTC only exhibited ice growth retardation.
As this has been observed in ouogp before for other IBTC, Bamberg established a method
which enables an analysis of the ice growth retardation of the less effective IBTC. (Details can be

found in chapter 4.3.17.)

2.3.5.1 (jg)IBT@
Based on the native winter flounder sequence, BF)E3 consists of the three lrksidue long

repeat motifs and is elongated at itst€'minus with a cage loop sequence from the Tgge.As
the IBTC which resembles the wiighe antifreeze protein the mostt is the best chimeran this
study to evaluag the influence of the @rminal capping sequence on the activity of the

antifreeze protein.

Three different concentration of (jg)IBI3Cwere tesed for ice activity and all three shaped the

ice crystal into a hexagonal bipyramid and exhibited a fregzirigt depression.

Tab.15: Thermal hysteresis ardto a-axes ratio of (jg)IBTF&

Concentration (mg/mL) Thermal hysteresis (°C) c-.a-axes ratio
1 0.3 2.8:1
10 0.6 2.81
80 0.8 3.1:1

(i9)IBTE shows an increase in TH upimtrease of the protein concentration. This effect has

also been observed for the native WilAERHowever, the increase in thermal hysteresis is

fAYAGSR G2 GKS 200dzLdr GA2y 2F | tf WoOAYRAYy3I ariGS:

saturation concentration a further increase does not lead to an increase in TH. A concentration
thermal hyseresis curve has the shape of a saturation curve. Thus it is not surprising, that the
exceptionallyTH measured for thligh concentration of (jg)IBT&at 80 mg/mL is in accordance
with the TH value measured at 28g/mL for the WfIAFP. The other conceattons fit well with
the literature data too'® As a result, the antifreeze activity of the chimera protdoesnot seem
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to be affected by the @erminal cage lop capping structure although further analysis at

different concentrations are necessary for a definite statement.

However, the ice crystal morphology varies from the naliviBAFP The hexagonal bipyramid is
slightly twisted, like a hexagonal trapezohed(glg. 45). This has been observed before for
shortened WflAFPsequences as well as hydrophobic analogaesi other fish AFp>°0:66:106108
Analysis of the ice binding plane for the type Ill antifreeze protein showed a binding to the
pyramidal plane like the winter flounder antifreeze protein. Howewaujperet al. designed an
h-helical antifreeze protein which shapes ice crystals into hemaltrapezohedrals and has been
shown to bind to a different plane of ice by ice etchifigA determination of the ice binding

plane of (jg)IBTG consequently remains of interest.

Fig.45: Ice crystals in thepresence of (jg)IBF&in 0.1 NHHCQ, pH7.9. The slightly twisted hexagonal
bipyramidal shapéthe upper pyramid is rotated against the lower pyranigishown in the side view. The
black scale is 10m.

2.3.5.2 (jg)IBTRQ
Varying from (jg)IBF8 by the deletion of one 1Xesidue repeat motif of the winter flounder

antifreeze protein sequence, (jg)IBECstill shapes ice crystals into a twisted hexagonal
bipyramid over time(Fig.46). Yet, the ice crystal growth is not stopped, only retarded. The ice
growth retardation is 0.049C at a concentration of 8ag/mL.
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Fig.46. The shape of ice aystalin the presence of 8thg/mL (jg)IBTQ in 0.1m NHHCQ, pH7.9. The
hexagonal bipyramidal shape is slightly twisted. The black scalgii® 1dnhg. The- to a-axisratio is 3.0:1.

As the shorter (jg)IBTZ is not able to halt the ice crystal growdven though the Nerminal
helical sequence is 100% helical according toNiMR and Cata, the three repeat motifs of
the native winter flounder antifreeze protein (HPLC6) with the four threonines seems to be the

minimal sequence length required to aelie thermal hysteresis activity.

2.3.5.3(jg)IBTEL
Being the shortest IBTC chimeaad containing just one repeat motif of the winter flounder,

(jo)IBTEL shapes ice crystals into flaexagonal Kig.47). The ice growth islowedby 0.039°C at

a concentration of 8@ng/mL.

Fig.47: Ice aystals during the growth in the presence of 8@/mL (jg)IBTQ in 0.1m NHHCQ, pH7.9.
Left the top view shows the view perpendicular to the basal plane, while on the right the side view of the
crystal is shown. The black scale in each picture jgrilbng.
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The shaping of the ice crystal into a hexagonal digitie to a highegrowth rate along the @axis
than the caxis of the crystal. As can be seen in the side vieWwi@f47, no tilt is observable

indicating no binding athe IBTC to the pyramidal plane.

The result is in contrast to the findings of Ketal., who found thermal hysteresis activity for a
short segment of following composition: DTASDAAAAXNALLIN contrast to (jg)IBTFC the
sequence is shorter, lacks thehelix stabilizing @erminal Trpcage and also contains only one
threonine, which is postakted to be important for ice bindingAs the published CD spectod
DTASDAAAAAALe similar to (jg)IBTC and the ice crystal morphology pictures taken by Zhang
et al. also show a hexagonal di&t the stark difference in the thermal hysteresis measurements

cannot be explained to date.

2.3.5.4(jg)IBT&A
Containing onaepeat motif of the winter flounder antifreeze proteilike (jg)IBTd, (jg)IBTE}

was synthesized by fusing two peptidegeTah 7).

Tab.16: Primary sequence of (jg)IBAOWfIAFP, and 1repeat

lrepeat AANAKAAAELT
Tc10bKKA Ac- DKYAQWLADGGPSSGRPPPK
(jg)IBTC -4 DT AANAKAAAELT DKYAQWLADGGPSSGRPPPK

As a reference for (jg)IB¥C lrepeatg a 1lresidue long repeat motif of the winter flounder
sequence¢ was also testedNMR and CD data both show that lrepeat has no secondary
structure in 0.2m NHHCQ buffer (see chapter 5.3). Alsoo ice activity could be observddr
lrepeat (jg)IBTE4 on the other handshapes ice crystals into hexagonal discs and retards the ice

growth by 0.040°C at a concentration of 80g/mL (Fig.48).
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Fig.48: Ice aystals during the growth in the presence of ®@/mL (jg)IBT& in 0.1m NH,HCQ, pH7.9.
Left the top view shows the view perpendicular to the basal plane, while on the right the side view of the
crystal is shown. The black scale in each picture jgrifbng.

Even though (jg)IBT€appeardo be aonly 30% foldedorotein according to NMR and therystal
edges are at as sharp as (jg)IBTC the ice growth retardationof (jg)IBT& and -1 is
comparable. A possible explanation is the high concentration of both sarmmpl@@mg/mL In
the case of (jg)IBT& 70% unfolded sample would still amount to i&g)/mL of folded proteinAs
ice activityis corrdlated to concentrationand the correlation followshe shape of a saturation
curve, the plateau of the saturation curve of (jg)IB#Ccould be reached a24 mg/mL 30%
folded protein at 8dmg/mL thus would be enougfor ice growth retardation activity. Another
possible explanation is an effect of the ioa the structure of the protein bynducing the

h-helical fold.

2.3.5.5 (jg)IBTG-GFP
Containing a @ermina GFP, the remainder of (jg)IBB&GFP is made up of the same sequence

as (jg)IBT3 and would be expected to have a comparable ice activity

Tab.17: Thermal hysteresis ardto a-axes ratio of (jg)IBF&GFP*Ice growthretardation

Concentration (mg/mL) Thermal hysteresis (°C) c-:a-axes ratio
0.81 0.029* Not determined

15 0.4 2.8:1

80 0.9 3.0:1

The threshold concentrationeeded for thermal hysteresis activibf WfIAFP was determined to
be 0.06M."? Asthe concentration of 0.8Ing/mL equals 0.081, the ice growth retardation is in

accordance with literature. The thermal hysteresis activity of the other two auinggons
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however is higher than both (jg)IBBCand the wild type WfIAFP. An increase in thermal
hysteresis activity upon fusing antifreeze proteins with a second (larger) protein has been
reported before. The enhanced thermal hysteresis activity has lpgeposed to be due to an
increased coverage of the ice surface or a steric hindrance of the ice crystal to overgrow the
larger moleculé***The shape of the ice crystas shown irFig.49is the same athat of the
untagged (jg)IBT-@: a twisted hexagonal bipyramid with the upper pyramid rotated against the

lower pyramid(seeFig.49).

Fig.49: The ice gystal shape in the presence of 8@/mL (jg)IBT3-GFP in 0.1 NH(HCQ, pH7.9. The
slightly twisted hexagonal bipyramidal is best visualighdrtly before the burst. The black scale ispb®
long. The dark gray spheres are air bubbles.

Having produced an actiw/flIAFRIBTGGFP fusion variardiscards the concerns of Pertaga

al., who pondered a negative influence of the bulky GFP on binofiige antifreeze moiety to
the icesurface? The structural model of (jg)IBTBGFRvisualizes the size ratio of the ice binding
site (IBS) to the GFP bar(gkeFig.29). In comparison to the GFP, the length of the IBS is even

greater than the barrel structure.

2.3.5.6(jg)IBTE2-GFP
A Gterminal GFP fusion protein of (jg)IB2ZC(jg)IBT@-GFP behaves diffently from the other

two GFP fusion proteins as it does not exhibiy anhanced ice activity. Contrary, it only shapes
ice crystals into hexagonal discs at any measured concentration uprieg80L. An increase in

protein concentration leads to a more prounced hexagonal shaseeFig.50).
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2 IceBinding Trpcage Gimera

Fig.50: Ice aystals during the growth in the presence of 4r88/mL (left) and 8@ng/mL (right)(jg)IBTE2-
GFFn 0.1m NHHCQ, pH7.9.The view is perpendicular to the basal plane. The black scale in each picture
is 10um long.

The fact that (jg)IBFZ-GFP doesiot exhibit any ice growth retardation is an exception in
contrast to all other IBTC proteins and cannot be explained to date as samples from different
batches and concentrations were tested. All samples were pure according to HPLC and contained

only the potein of interest according to EMS.

2.3.5.7(jg)IBTCL-GFP
Being a GFP tagged (jg)IBIQjg)IBTA-GFP has a similar ice growth retardation at a lower

concentration than (jg)IBFC(0.046°C at 10ng/mL vs. 0.039C at 8ng/mL). The enhanced ice
adivity is in accordance with literature and (jg)IBFGFP"*The ice crystal is shaped into a
hexagonal disc whose edges are well pronounced. In some cases agstigkht into part of a

hexagonal bipyramid could be observed (§&g51).

Fig.51: Ice aystals during the growth in the presence of m@/mL (jg)IBTQ-GFP in 0.11 NHHCQ,
pH7.9. Left the top view shows the view perpendicular to the basal plahie the middle and the right
show the side view of the crystal. The black scale in each picturgin10

61



2 IceBinding Trpcage Gimera

In summary, (jg)IBT€ and (jg)IBTG-GFP are the only two chimeras in this study which
effectively suppress the freezing point of water. Of bdjla)IBTE-GFP has the higher activity

and representsto our knowledge the first GFP fusion protein with a typentifreeze protein.
Additionally to the two chimeras, (jg)IBPCalso shapes the ice crystals into hexagonal
trapezohedrals and some cappeddatwisted hexagonal bipyramids could be observed in some
rare cases. The other chimeras shape ice crystals into hexagonal discs. Ordering the IBTC

according to activity gives following order:
(19)IBTE3-GFP > (jg)IBTE> (jg)IBTRF (jg)IBTEL-GFFF (jg)IBTCAF (jg)IBTEL > (jg)IBTR-GFP

Theresults are not in agreement with our expectatio@ur hypothesis was that (jg)|B-BGvould

be the most active IBT@llowed by (jg)IBTL, then (jg)IBTQ and (jg)IBT@ in accordance with

a decrease irantifreeze protein length and not considering the GFP labeled IBTC. However, the
IBTC 1, 2, and 4 all exhibit a similar ice growth inhihigspecially if one takes the error margins
into consideration. As the #&rminal helix of (jg)IBT€ is 100% fold& under the conditions of

the experimental setup, the only remaining explanation is that a stable fold is not the only
necessary prerequisite for an active antifreeze protein, but that a critical size or in this case

15 A study by Warrenret al. of synthetic h-helical antifreeze

protein length is also vital:
homologues containing two to six repeats showed activity for all except the shortest vfiant.
Additionally, pevious studies have mostly correlatedasd of antifreeze activity with a loss in

h-helicity > This study however utilized at€rminal stabilizing module and a loss of antifreeze
activity consequentlycannot be explained by a loss of secondary structure. The critided he

length for ice growth inhibition ofVflAFPand its analogthus consists of three repeat motifs.
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3.1 Summary

In this work, the synthesiand characterization of different ice binding Tepge chimera was
pursued. Mainly two gestionswere of interest Frst, if the Gterminal stabilizing TrHzage unit
has any effect on the biological activity of the antifreqa®tein part. Scond, the reqired
antifreezeprotein length necessanp achieveantifreeze activityTheproteins were obtained via
SPPS or bacterial expressiorEioli and characterized amongst other methods with NMiRd

CDspectroscopyFurthermore, theiice activity was measured using a Nanoliter Osmometer.

To answer the questioii the Gterminal stabilizing THzage unit has any effect on the biological
activity of the antifreeze proteinan IBTC based on the full length wiyge antifreeze protein
WIflAFPand the Trpcage was studied(jg)IBTE3). NMR and CBspectroscopy both showed the
antifreeze part to be 100% helical folded without anyeminal fraying. The ice activity analysis
gave a comparable activity to the witgpe WFIAFR indicating no #ect of the Gterminal capping
unit on ice activity. However, the ice crystal formed during the thermal hysteresigsliffaped
slightly from the wildtype crystal. A twisted hexagonal bipyramid with the upper pyrami

rotated against the lower one was aliwed.

The secondquestion concerned the protein size. Thereforile fold and ice activity oeveral
IBTCvariants each comprisedof a different number of ice binding repeatsas studied Three
analogs were comparedjg)IBTE3 is the largest of all chacterized proteins concerning the
antifreeze part and resembles the witgpe antifreeze protein. The othdBTC, (jg)IBTZ was
one ice binding repeat shortejg)IBTEL and (jg)IBT& were each two ice bindhg repeats
shorter. While (jg)IBTQ and-1 were wellfolded, especially in the helical region, (jg)|IBI®as
only ~30% folded in buffer at 2K according to NMR data. However, all three IBXlGbéed no
antifreeze activityOnly ice growth retardation and ice shapingre observedAs the icggrowth
retardation ability of all is comparable, it was concluded that tinénimal protein length
necessary for antifreeze activiig three ice binding repeat motifs and therefoegual tothe
wild-type WfIAFP

Additionally to the above mentioned IBT€&me were chosenand labeled @erminally withGFP
The advantage of adding a fluorescent tag to the proteins is that it enables a microscopic
analysis. Thdabeled IBTC wer§Q)IBTE3-GFP, (jo)IBFEGFP, and (jg)IBTXSGFP. They were
characterized with pdicular emphasis of the ice activity studielBTC (jg)IBFT&GFP and
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(J9)IBTEL-GFP behaved as expected and had a greater activity than the IBTC without GFP.
(19)IBT-GFP, however, behaved unexpsaly as no ice growth retardation could be recorded

only ice shapingThe origin of thimbservationremains unclear andequires further analysis

3.2Determination of the Ice Binding Plane

The ice crystals formed the presence of (jg)IBTZ (jg)IBTE3, and (jg)IBT-G-GFP are all twisted
hexagonal bipyramidsyetter described as hexagonal trapezohedrals. In contrast, the WfIAFP
forms ice crystals into hexagonal bipyramids. Even though the shaping of ice crystals into
hexagonal trapezohedrals has been observed beforevémiants of the WIAFP and a different

typelll antifreeze protein who all bound to the pyramidal plane of 7t&%6106-107

a designed
h-helical antifreeze protein, which produces a hexagonal trapezohedral ice crystal, shows a
different ice etching pattern than WHIAR®. The source of this unusushape could therefore be

a difference in the ice binding plane.

The determination of the ice binding plarman be performed withan ice hemisphere etching
experiment *® or alternatively FIPR (see Introduction). For FIPA analysis the binding of
fluorescently labeled antifreeze proteins to a single ice crystal hemispherebserved.
Depending on the preferential binding to a specific ice plangharacteristic pattern is formed.
While the tryptophan of theTrp-cagesequence as an intrinsic fluorescence, it can be quenched
by electron transfer from the indole ring to neighboring side chains of asparagines or the amide
backbone and fluorescencesyils as low as 0.01 have been reportétiThe covalent attachent

of a fluorescent dye or tag like green fluorescent protein (GFP) are alternatives. Three of the

proteins studied in this work are GHilsion proteins and thus candidates for FIPA analysis.

3.3Photo-switchable IceBinding Trpcage Chimeras

A control of the ice activity by changing the structure of WIWE8AFPhas been of interest in our
group for some time. Therefore the incorporation of a molecular switch was envisioned. The
switchable molecule has to be stable in at least two different ®rlike conformation or
constitutional isomers?® Both states need to be convertible into each other, preferably by an
external stimulus ke, in this case, light. Molecules which fulfill these requirements are amongst

others azobenzené¥, diazocine¥®, and spiropyrane$* (seeFig.52).
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Fig.52: Azobenzene (a), diazocine (b), and spiropyrane (c) as possible photoswitchable molemuths.
azobenzene the two different conformational states are shown:ttefts, on the rightcis

The incorporation of the molecular #sh into the cage loop is of special interest as by
influencingthe conformation of the photochromic molecule amfolding of the cage loop and
the hydrophobic encapsulated tryptophan side ch&fowed byan unfolding of the chimera

helix and helical extension is envision@eeFig.53).

@ - ; i g
———
-—

Fig. 53 Envisioned induced structurachange of the foldig of Trpcage module through the
conformational change of a photochromic moleculéhe Trpcage and selected side chains are colored
light blue. The azobenzene is colored according to atoms: carbon is grey, oxygen red, and nitrogen blue.
(PDBs wer@repared by NPreuRke based on PDB: 113Y)

The attachment of an azobenzene between two residues Bbipecagehas been achieved in our
group successfull{ The transfer of this concept to IBTC and a subsequent switching of the
Trp-cage as well as the oelated antifreeze protein segent is currently under investigation by

K.Bamberg.
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The advantages of the bacterial expression of IBTC, especially GFP laredets, combined

with a switching of antifreeze activity could facilitate the way to finally elucidate the interaction
between antifreeze protein andte crystal surface. Currentthe linking reaction is performed
between an activated Mydroxysuccininde (NHS) ester and a primary amine, mostly from the
amino acid lysine even though shorter unnatural amino acids with a primary amine work, too.
(N.Preu3ke, master thesisjowever, for IBTC obtained via bacterial expression the dnussg
reaction is poblematic. Not only is the Nerminus an additional primary mine which can
interact with the molecular switch and form a hard to separatepbgduct. In the case of GFP
labeled IBTC, the molecular switch can also react with any of the lysines of thEe&vERl ways

to solve the problems are possible. The most promisingdgfarent crosslinking reaction.The
reaction betweenthe thiol of cysteinand iodoacetamideas reactive group of the photoswitch
has been performed beforaiour group by HKobarg(unpublished work). However, the results
were wnsatisfactory. Another possible crelisking reaction is between an alkyne and andazi
(seeFig.54). Fa this clickchemistry, unnatural amino acids have to be introduced into the
sequence?” The incorporation of unnatural amino acids by SPPS follows the standard protocol
and for the incorporation of unnatural amino acids during protein expression thezeakso

solutions. One is theell free expressionf proteins*?®

a)

P 0
THZ + N—O _— HT)J\RI
Peptide > 0 .
Peptide
o R
b
) H "
N—pN
| ‘ + Rl —_— N//
Ny F
Peptide pentid
eptide

R! = switchable molecule

Fig.54: Comparison of the crodimking d a) a primary amine withraN-hydroxysuccinimed ester with b)
the clickchemistry between an alkyne and an azide™**

66



3 Summary and Outlook

3.4 Transfer of the Chimera Concept

The concept of the synergistic fusion of two proteins is transferable to other proteins as well.
Both theh -helical stabilizing module and ttiehelical biological active protein can be exchanged.
Ash -helical stabilizing gptide modulethe zinc finger motif'*?> (avain) pancreatic polypeptide
(aPPY¥*'?8 protein Z*%°, or a subdomain of thevillin headpiece (HB5)'* can be employedsee

Fig.55).

Fig.55: Structures of zinc finger (#DB: 1ZNE> aPP (bPDB: 1PR'F®, proteinZ (¢ PDB: 1LR'’, and the
subdomainof the villin headpiece (dPDB: 1\/ﬁ3°. The secondary structure is colored in cyanfdrelices,
magenta for loop structures, red for-sheets, and marine for polyproliré helices. In a the zinc ion is
shown in brown and the side chains for complexation shown. The nitrogens areddlore and the sulfur
atoms yellow.

The zinc fingeis 25residues long andonsists of amN-terminal antiparalleli -sheet followed by a
Gterminal " -helix. Two cysteia side chains in thé-sheet and two histidine side chains in the
h-helical regiorcoordinate a zinc ion, which stabilizes the f&fdlaPP on the other hand consists
of an Nterminal polyprolingl helix followed by a @rminal "-helical region. The fold is
stabilized by hydrophobic interactions between the polyprolinehelix and theh-helical
region!?® For a combination with ah-helical protein an elongation at the-t€rminus of both the

zinc finger and aPP is possible.
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ProteinZ is derived from the staphylococcal protéirand is made up of a thrdelix bundle!®
The three helices of the thermostable subdomain of the villin headpeeeshorter than the one
from proteinZ*° While HP35 is 35amino acids long, proteid is made up of 5@&sidues. An

elongation at both Nand Gterminus are possible.

The most promising candidatder the transfer of the cocept are both zinc finger and aPP.
While aPP has several similarities to the-Gage, the zinc finger on the other hand coordinates a
metal ion between four amino acid side chains. As the protonation/deprotonation of both amino
acid side chains is pH depdent, so is the coordination of the zinc ion. Consequently, this
stabilizing motif can be switched between folded and unfolded conformation byAsHhe zinc
finger motif has to be addedN-terminally and the Trgage, on the other hand, on the
Gterminus, a combination of both stabilizing units with ohénelical sequence is possible. If the
Trp-cage @ditionally is modified with a photoswitch, the structure and biological activity of the

whole protein could be influenced by two factaypH and light.
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4.1 Solid Phase Peptide Synthesis

The peptides synthesizddr the fusian approachwere prepared using Fmdzased solid phase
peptide synthesis(SPPSpn the semiautomated peptide synthesizemitiator™ SP Waveby
Biotage.Solid phase peptide synthesisas developed by Merrifield it963>' and describes the
synthesis of a peptide frord- to N-terminus on a resimsing protected amino acids. The amino
group of the backbone is protected with a base labile Fmoc, the functional groups of the side
chains by acid labile protecting groups. The orthogonal protecting strategy en#i#especific

and systematicasynthess of proteinsHere a general overview over timethods used to obtain
either fully deprotected or protected peptides and to condense fragmentds given. Details
concerningthe synthesis of each peptidgike the amount of protected amino acid in ¢gn be

found in theAppendix

4.1.1 Preparation of the Resin

The solid phase on which the peptide synthesiasried outis a polystyrenebased resin.
Different surface functionalizatiorere used to obtairdifferent target proteins. Each resin has a
specialloading capacity of the functional groupe. the distribution of functionalizations per
bead The loading capacity value is supplied by nenufacturer For this work the Wang resin,
enabling the synthesis dtilly deprotectedpeptides, as well ashe 2-chlorotrityl chlorideresin

for protected peptide fragments were uset.

(J
s c. G ()

Fig.56: Used resins fosolid phase peptide synthesig/ang resin (left) ath 2-chlorotrityl chloride resin
(right). PStandsfor polystyrene.

Each resin was swollen in dichloromethane fdr firior to use, enhancing the volume and tu

the surface accedility.
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4.1.2 Synthesi®f Fully Depotected Peptides

Before the coupling of the first amino acid the resin was washed with dimethylformafbitlié-)

The Fmoecprotected amino acid Heq), ZX[Bis(dimethylamino)methylenelH1,2,3triazolo

[4,5-b]pyridinium 3-oxid hexafluorophosphateHATU 4.9eq) and N,N-diisopropylethylamine
(DIPEA1O0eq) were dissolved in dimethylformamide and added to #sweollen Wangesin. The
microwaveassisted coupling of each amino acid was performed 5tC7 for 5min and with

600rpm followed by a washing cycle with dimethylformamitfe.
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Fig.57: Schematic representation of the peptide coupling with HATU and DIPEA.

The lase DIPEA deprotonates the Fnpotected amino acid. The carboxylate anion reacts with
HATU via an unstable intermediate to formthe 1-hydroxy7-azabenotriazole anion and

O-acyl(tetramethyl)isouronium cation. The anion attacks the cation and, after release of
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b Z b X {efdadnbtifylurea, the activated ester is formed. The addition of a nucleophile like an

amine results in acylation, in this case #maide peptide bond(seeFig.57)

An additional coupling step was performed for difficult couplings and unpolar amino acids,
especially alanine, to ease purification andraase the @erall yield. In case of a high alanine
content a capping step with acetic anhydride, pyridine and dimethylformamibfie1(\1/2) was
inserted before the depotection stepto quench unreacted sidesising the same reaction

conditions as for the agpling of amino acids

TheN-terminal Fmoc protecting group was removed with 25% piperidine in dimethylformamide
at 75°C for 30secand at 600 pm followed by a second deprotection stdasting 3 min. For
difficult deprotection steps an extended deprotection was performed, consisting of three parts
each at 75C. While the first deprotection step lasts $€c, the second and third both takemin

to completion. Before the coupling of the next amino ati a washing cycle with

dimethylformamide was performed

)
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Fig.58: Deprotection mechanism for the removal of Fmoc with the base piperidine.

The acidic fluorenyl proton fothe Fmoc is removed by the base piperidine leading to a
i -elimination finally resulting in -‘8nethylenenfluorene, carbon dioxideand the free amine.

9-Methylenefluorene can react further with piperidingFig.58)**

The cleavage from theesin and the deprotection of the pepié ensued after the coupling and

deprotection of the last amino acid. An acidic sobri of 2,2,2trifluoroacetic acid andthe
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scavengers water and triisopropylsilafév/v 95/2.5/2.5) was added to the dried resin at a ratio
of 1mL/100mg. The mixture was incubated forZh at room temperature, filtrated and the
resin washed twice witl2,2,2trifluoroacetic acid. The combined filtratevas treated with cold
diethyl eher to precipitate the peptide. The crude peptide was washed wdtbthyl ether,
dissolved in water and lyophilized. The purification of the peptides was done using high

performance liquid chromatography.

4.1.3Synthesis of Potected Peptides

The synthesis oprotected peptide fragments varies from thene of the fully deprotected
peptide in the following points: (lihstead of the Wang resithe 2-chlorotrityl chlorideresin is

used, (2) the coupling of the first amino acid, (3) the missingatection step of the last amino

acid, and (4) the cleavage conditioffs.

The couplingof the first amino acidvas a double coupling step. 8olution consisting of the
Fmoeprotected first amino acid (g) andN,N-diisopropylethylaming5eq) in dichloromethane
was added to the swollen-éhlorotrityl chloride resin and incubated at room temperature for
30min. The secondcoupling step hal a concentration of ®q amino acid and 1€q
N,N-diisopropylethylamine After incubating forl h at room temperature the resin was washed
with dichloromethane. The capping ahreacted functional groups on the resin was done twice
at room temperature for 10nin and 600rpm with 15v/v% methanol and /%

N,N-diisopropylethylaminen dichloromethane.

TheN-terminal Fmoc protecting group was removed with 25% piperidine in digifsirmamide
at 75°C for 3G and at 600pm followed by a second deprotection stégsting3 min. Before the

coupling of the next amino acid a washing cycle with dimethylformamide was performed.

For the coupling of the following amino acidset Fmoeprotected amino acid (Bq), HATU
(4.9eq) and N,Ndiisopropylethylamine (1@q) were dissolved in dimethylformamide. The
microwaveassisted coupling of each amino acid was performed atC/3or 5min and at

600rpm followed by a washing cycle with dimethylfoamide.

After the coupling of the last amino acitthe resin washed with me#mol, dichloromethane and

dried, leaving out the deprotectiostep.

For the cleavage of protected peptides a cleavage solutic20@g(v/v) 2,2, 2trifluoroethanol in

dichloromethane was added to the resin. After incubating fom#b the mixture was filtrated
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and the resin washed with dichloromethane. The combined filtrate was treated withdietdy!

etherto precipitate the peptide. The peptideas solved in water and lyophilized.

Usually the protected peptide fragment can be used without further purification but a

purification using higiperformance lquid chromatography is possiblsee4.1.5 andAppendix)

4.1.4 Condensation of peptide fragmes

The Gterminal fragment was synthesizdike a fully deprotectedpeptide (see4.1.2 utilizing
Wang resin but omittinghe cleavage step. Thi-terminal protected peptide fragment (€q,
about half the weight of the resin), BenzotriaZebl (2eq), and N,b @iisopropylcarbodimide
(2 eq) were dissolved in dimethyl sulfoxide added to the resin bound fragment and incutosited
48h at room temperature. Subsequently the resin was washed withethylformamideand
capped with acetic anhydride, pyridineé dimethylfomamide (v/v/iv1/1/2) at 75°C for Gmin
and at 600pm. TheN-terminal Fmoc protecting group was removed witl2&/v) piperidine in
dimethylformamide at 75C for 3Gs and 600rpm followed by a second deprotection step lasting

3 min 58,84

AdditionalN-terminal amino acids could be coupled using the procedure in chapie?.

The cleavage from theesin and the deprotection of the péide ensued after the coupling and
deprotection of the last amino acid. An acidic solution 2, 2trifluoroacetic acid andthe
scavengers water and triisopropylsilane (w/95/2.5/2.5) was added to the dried resin at a ratio
of 1mL/100mg. The mixture was incubated forh at room temperature, filtrated and the
resin washed twice witl2,2,2trifluoroacetic acid. The combined filtrate was treated with cold
diethyl etherto precipitate the peptide. The crude peptide was washed wvdtbthyl ether,
dissolved in water and lyophilized. Thpirification of the peptides was done using high

performance liquid chromatography.

4.1.4 The DG Motif in SPPS

Aspartimide formation is well knownside reaction during Fmoc SPPS, in which the nitrogen of
the amide bond of the previous amino acid reawsi¢h the i -carboxy side chain of the aspartate
to form afive-memberedring. Most commonly the reaction takes ptabetween aspartate and

glycine and can be either base or acid catalyZe&t***
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Fig. 59 The aspartinide formation between the aspartate side chain and the amide nitrogérihe
previous amino acid.

The resulting aspartimide is prone to racemization via base catalysis. Ring opening in the

presence of piperidine gives a mixturehofi -aspartyl peptides antl-,i -piperidides.
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Fig.60: By-product formation after ringopening of an aspartimide by hydrolysis or with piperidine.

2T 0
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To prevent aspartimide formation a backbone moted amino acid was used previous to
aspartate. For synthetic reasons a dipeptide Fmsp(@Bu}(Dmb)GIyOH was

employed® 13613

4.1.5 HPLC

The highperformance liquid chromatography consists of a mobile and a stationary phase. While
the liquid solvent passes over the solid stationary phase each component of the sample interacts
with the adsorbent material resulting in differemetention times (tg). A pumping device can
generate a gradient between different solvents.
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For the purification 6 the above mentioned peptides a stationary phase of poly(styrene
divinylbenzene) (PLR® and a mobile phase of,® and acetonitré was chosen Both were

acidified with0.1% (v/v) 2,2 Zrifluoroacetic acid or formic acid.

For the purification of fully eprotected peptides first an analytical column was emploffedthe
solvent gradient se Tab.18). Duing the linear gradient from 2.5 to 12.5 min the target protein
elutes Unpolarspeciesare washed down with a gradient of 95% acetonitrile. Beforesttogage

of the column it is requilibrated with 95% KO and 5% acetonitrile.

Tab.18: Solvent gradient of the analyticaln.

time/ min H,O, 0.1% TFA / % acetonitrile, 0.1% TFA/ flow rate/ mL/min
%
0 95 5 1.000
2.5 95 5 1.000
12.5 40 60 1.000
13.5 5 95 1.000
16 5 95 1.000
17 95 5 1.000
18.5 95 5 1.000

Based on the retention time during the analytical rime method for the sempreparative run
can be determined: Subtracting the injection time (2Min) from tg and determining the
corresponding KD andacetonitrile concentrations @vethe values for the starting point. For the
end point 3.5% were added tthe acetonitrile concentrationsee Tah 19). During this time

fractions corresponding t0.25¢ 1 min were collected?®
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Tab.19: Slventgradient of the sempreparative run.

time/ min H,O, 0.1% TFA / % acetonitrile, 0.1% TFA/ flow rate / mL/min
%
0 95 5 6.000
5 95 5 6.000
35 Starting point 6.000
70 End point 6.000
80 5 95 6.000
90 5 95 6.000
95 95 5 6.000
105 95 5 6.000

Thecollected fractions were tested for purity using HFESIMS, eitherwith the analytical run

(seeTab.18) or a longer60 min run.

Tab.20: Solvent gradient of the longer analytical run.

time/ min H,O, 0.1% TFA / % acetonitrile, 0.1% TFA/ flow rate / mL/min
%
0 95 5 1.000
2.5 95 5 1.000
45 40 60 1.000
50 5 95 1.000
53 5 95 1.000
58 95 5 1.000
60 95 5 1.000

Pure fractions were combined and lyophilized.

The purification of protected peptidehad an acetonitrile concentration oft least 50% to
prevent peptide precipitationAs the gradients vary depending on the fragments, detailsbean

found in the Appendix (se€Bah 27 and Tah 32).%*
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4.2 Bacterial Expressiom E. coli
The cloning and bacteriakpression of proteins was done in cooperation with the group of Prof.
Dr. Axel Scheidighdditional bacterial expression was just carried out in cases where protein was

depleted.

Furthermorea protocol for the bacterial expression of labeled proteins in minimal medium was
adaptedfrom the European Molecular Biology Laboratory, Heidelb&rgeneral overview over

the protocols for bacterial expression will be given in the following chapters.

4.2.1 Protein Expression

Protein expression wamducedby addingA & 2 LIN:B-1-fleidgalattepyranoside(IPTG)o the

cells in theculture medium after they reached an opticalensity at 600nm (OR,o) of 0.60.8.

The plasmids used for cloning all contain the operonand laclnext to the origin of replication,
multiple cloning site, selection markand other genes. Thiac operorencodes for tle transport

of lactose into the celand its metabolism. In the absence of lactokaclinhibits thelac operon

as a repressorWhen lactosebecomesavailable it is converted into allolactose whigh turn
inhibits the Lad repressor resulting in the tragsiption of the gene®n thelac operon IPTG is a
structural analogue of allolactose which can inhibit the repressor but cannot be metabolized.
Furthermore the T7 RNA Polymerase, which is chromosomally encoded itath&/5 operon

can be regulated by #hLacl repressandisinduced with IPTG.

After induction and incubationthe cells were harvesteddisrupted and the proteins purified
using affinity chromatographyAs the poteins were expressed containing ddterminal Small
ubiquitin modifier(SUMO) tagthe targeted cleavage of the SUMO tag at the correct position
before the starting aspartateof the IBTCwas performed using SUMO proteasdsee
chapter4.2.2.1) and again purified by affinity chromatography. If necessary an additional
purification step with high performance ligd chromatography was performe(see chapter
4.1.5.

4.2.1.1SUMOProtease

The bacterial expression of tfBJMOproteasewas done according to literaturg.

4L of LuriaBertani (LB)medium (50ug/mL kanamycin) were equally distributed in twd.5

Erlenmeyer flasks with baffles and a suspension of cells addech t@@y, of ~0.1. After
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incubation of the cell culture at 37C and 80 rpm to an Qg of 0.6, IPTG was added to a final
concentration & 0.2mMm. The cells were incubated for anotheh3at 30°C and then harvested.
After washing them twice with PBS buffer (b& NaHPQ, 1.8mm KHPQ, pH7.4, 150mm

NacCl) the harvested cells were frozémliquid nitrogen and stored aB0°C.

4.2.1.2SUMOfusion proteins

To 2L of LB medium (5@ug/mL kanamycin) in al5 Erlenmeyer flasks with baffles, a suspension
of cells was added to an @9of ~0.1. After incubation of the cell culture at 32 andB0 rpm to

an ORy of 0.6, IPTG was added to a final concentration oiM.to induce protein expression.
The cells were incubateolver night at 25Cand then harvested. After washing them twice with
PBS buffer (1M NaHPQ, 1.8mm KHPQ, pH7.4, 150mM NacCl), the harvested cells were

frozen in liquid nitrogen and stored &80 °C.**°

4.2.1.3 Minimal Medium
For the expression ofN labeled proteinghe protocol wasperformed using minimal medium
instead of LB mediunmlhecomposition of the minimal medium was derived frahe Europan

Molecular Biology LaboratofEMBI. The ingedients ardisted inTab.21.

Tab.21: Compositiorof minimal medium.

Medium A(1L) 10x M9 mediunm(1L) 100x trace element solutiot
(1L

100mL 10xM9 medium 609 NaHPQ 59 EDTA

10mL 100x trae element| 30g KHPQ 0.83g FeGIx 6 HO

solution

20mL 106(w/v) glucose 5g NacCl 84 mg ZnCl

1mL 1M MgSQ 5g*°*NH,CI 13mg CuGlIx 2 HO

0.3mL 1m Cad 10mg CoGlx 6 HO

1 mL Img/mL biotin 10mg RBG

1 mL Img/mL thiamine 1.6mg MnC}x 6 HO

Appropriateantibiotic
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4.2.1.4 Cell Disruption

The cell pellets were defrostieand resuspended ibuffer (seeTab.22) at a 1:10 (w/v) ratioThe
physical cell disruption was done using an AvestinulBiFlex C3 at 10a01500bar and 4°C.
After centrifugation at 10C and 7560€pm for 45min the supernatant s taken and purifieé
using affinity chromatography as specifieccimapter 4.2.2.1

Tab.22: Composition of the resupension buffers

Sumo protease SUMOfusion proteins
50mM HEPES, pH4 300mm NaCl

100mm NacCl 50mm NaHPQ, pH4.5
1 mmMm PMSF 1 mmMm PMSF
0.2ug/mLDNAse 0.2ug/mL DNAse
4.2.2 BiochemicaMethods

4.2.2.1 Affinity Chromatography

The purificationof the proteins from the supernatant of the physical cell disruption was done
using Ni*-nitrilotriacetic acid agarose chromatography. The SUMO protease as vieé &JIMO
fusion proteinscontain a Hidag, the later at theN-terminus. Proteins with Hitag bind on the
column whileimpurities are washed off. The elution buffer contains a hagimcentration of
imidazole which is a structural analog to the histidine side chain and competitively interacts with

the nickel ionf the stationary phase

Before the puriftation of the proteins wi a fast protein liquidchromatography(FPLCat 8°C

and a 5mL HisTrap HP column the column was equilibrated with buffer until the base line
absorption at 280m was constantThe sample was loaded on tlselumnand, after a washing
step with equilibration buffer nonspecifially bound impurties were removed with 5%of
elution buffer. By applying a gradient of- 800% elution buffer the sample was eluted and

collected infractionsof 2mL.

The fractions of SUMO protease were tested for purity via-BBGE (seehapter 4.2.2.3 Pure
fractions were combied, their concentration determined using a nanophotometer and frozen in

liquid nitrogen in 20@, 500L aliquots. The storage was-80 °C.
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The pure fractions of SUMO fusip protein were combined and concentrated usiAgnicon
Ultra-15 Centrifugal Filters0.000nominal molecular weight limitNMWL/3.000NMWL and
rebuffered to50mm Tris, pHB, 20mm NacCl, 5nm DT Twith a 5SmL HiTrap Desalting columhhe
concentration was determined using a nanophotometer. For the proteolytic cleavage of the
SUMO tagSUMO potease was added at a ratio of 1:100 and incubated for dt 37°C and
600rpm. The purification via affinity chromatographyields the protein as eluent at the
beginning as it no longer binds to the colummhe fractions were combined and their

concentration determined using a nanophotometer.

Tab.23: Fyuilibration and elution buffers of the different proteins.

SUMO protease SUMO fusion proteins

Equilibration buffer  Elution buffer Equilibration buffer Elution buffer

50mm HEPES, pH4 50mMm HEPES 50 mm NaHPQ, 50mm NaHPQ, pH4.5
pH7.4 pH4.5

100mm NacCl 100mm NacCl 300mm NaCl 300mm NaCl
500mm imidazok 500mM imidazoke

4.2.2.2 High performance liquid chromatography (HPLC)

All proteins with a molecular weighelow 5kDAcannotbe concentratedby centrifugationwith
the above mentioned centrifugal filtersr analyzedwith SDSPAGE Thus the proteins were
tested fa purity using HPLC and B8 If necessary an additional pfication step with high

performance liquid chromatography was performed.

4.2.23 SDSPAGE

The sodium dodecyl sulfaggolyacrylamide gel electrophore]SDSPAGE#nllows the separation
of proteins bysize Consequently, the presence and purity of a sanman be testedFor the
analysis 129%9DSPAGE wererepared (sed ab.24).
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Tab.24: Layout of materials for 12% SPBGE gels

Materials 12%separation gel 5%stacking gel
ddHO 1.65mL 690puL

1.5M TrisHCI, pHB.8, 0.4% SDS 1.3mL -

1M TrisHCI, pH6.8, 0.4% SDS - 20L

10% APS 100pL 2L

TEMED 4L 170pL
RotiphoreseGel 30 (37,5:1) 2mL 130puL

The samples were prepared by mixingil6of sample with 2uL of 4x Laemmli buffe40%
glycero] 240mm Tris-HCI, pHb.8, 8% SDS, 0.04¥omophenolblue, 5% -mercaptoethanol)and
heating to 95°C for Gmin. The gel was loaded withh sample each and the gel electrophoresis

performedat 250V for 25min in SDS running buff€5mm Tris, 0.2v glycine, 0.1%SDS)

For the visualization # SDS was removed from the gel by heating in water and incubating
15min at room temperature The staining was done over higwith colloidal CoomassieCBB
G250 (0.02% CBB-Z50, 5% kminium sulfate octahydrat, 10%o0f 96% Ethanol, 2%f 85%

phosphoricacid).*®
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4.2.2.4 Regeneratiorof the column

After each purification the L HisTrap HP column wiaegenerated by first washinpe column
with bidestilled water ¢dH,O) then applying stripping and binding buffer, separated by a second
washing step, adding Nias achloridesalt and sbring the column in 20% ethan(deeTab.25).

Tab.25: Regeneration of thélisTrap HRolumn

buffer volume
ddH0 3CV
Stripping Buffer (2tnm NaHPQ, 0.5M NaCl, 5anm EDTA, pH.4) 5CV
ddH0 3CV
Binding Buffer (20nM TrisHCI, 0.5v NaCl, 2Gmm imidazok, pH7.4) 5CV
ddH,0 3CV
0.1M NiIC} 0.5CV
ddH,0 3CV
Ethanol (20%) 3CV

4.3 Other used Methods Materialsand Instruments

4.3.1 Chemicals aniMaterials

All chemicals were purchasedbin abcr, Acros Organic#lfa AesarAppliChemBCD Chemie,

Biesterfeld, Cambridge Isotope Laboratories, Carbolution Chemic&leemPep, Deutero,

Eurisotop, Grissindgdoneywell, Iris, MerckiNippon GeneticsNovabiochemRoth Serva,Sigma

Aldrich TC] Ted Rlla Inc.,VWR. Solventsfor peptide synthesis were purified bglistillation

before use except forN,N-dimethylformamide which was ordered low in watéBolvents for

HPLC were purchased as HPLC grade solvents.

Consumables werpurchased fronHassaMerckMillipore, neolab,Roth, Sarstedt.
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4.3.2 Peptide Synthesis
Fmocbased solid phase peptide synthesis was performed on a microassisted, semi

automated peptide synthesizénitiator' SP Wavéy Biotageversion 4.1.1.

4.3.3 Lyophilizer
Lyophilization &the sampls was done with a lyophilizer Alpha42by MartinChrist and a RZ6

vacuum pump by Vacuudnd and a typical vacuum oflOmbar.

4.34HPLC

The high performance liquid chromatography was performed with a LaChrom Elite by VWR
Hitachi with a L2400 Udetector. Analysis and purification was achieved by reversed phase
column with a stationary phase of poly(styred&inylbenzene) (PLRE) with a prticle size of

8 um and a pore diameter of 3@ by Agilent Technologie$he dimensions for the analytical
column are 150nm x 4.6 mm and for the semreparative 325nm x 30mm. For detection of

~ AL A X S

by Teledyne Isco and an autosampler -Plds by Waters are connected to the HPLC.

The program used to operate the HPLC and fraction -aotledor is EZChrom $kersion 3.3.2
SP2.

4.3.5Mass Analysis

The molecular massf the synthesized proteins was determined by either an electron spray
ionization mass spectrometéESI MSgonnected to the HPLEXxpressiorl. CMSby Advion with

a hexapol as separator, manually by matassisted lasedesorptionionization (MALDI) wit a
time of flight (ToF)mass separator, Biflex Il by Bruker,ahybrid quadrupoleorbitrap mass

spectrometer, Q Exactive Plus 2.8 by Thermo Scientific.
As matrix for MALBToF, (B)-2-cyana3-(4-hydroxyphenyl)pop-2-enoate was employed.

The program fooperation of the directly to the HPLC connett€SMS is Advion Mass Express
version 2.0.50.9 and Advion Data Express version 2.0.4&rdanalysis of the spectralhe
MALDITOF is operatedy Bruker Daltonics flexContrgkrsion 3.0and the Q ExactivePlus by

tune version 2.8 and with licenses Enhanced Resolution Unlimited and Protein Mode Unlimited.
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4.3.6 Bacterial expression
For bacterial expression the bacterial str&ncoli BL21 Gold (DE@jh the following genotype B,
F, ompT,hsd%rg"mg°), dem’, Tet, gal< 0 5 @ral,Hte from Agilent Technologiesas used

Plasmids fronthe group ofProf. Dr. Axel Scheidig (based on BEI-SUMO3GFP bMuseyin
Besir, EMBL) wereised.pET28aSENP2 (catalytic domain) was a gift from Guy Salvesen (Addgene
plasmid# 16357 ; http://n2t.net/addgene: 16357 ; RRID:Addgene_163%7).

4.3.7 Incubator
The incubation otell culture mediumwas carried out using a Multitron by Infors H&br the

incubation during the proteolytic cleavage a Thermomixer comfort by Eppendorf was used.

4.3.8 Centrifuges
For cell harvesting or after cell disruption a Heraeus Multifuge 3SR+ centrifuge by THRiehap
Scientificor an Avanti 326 XP by Beckmabouter were used.During SPR$rotein precipitation

was facilitated byan EBA 20 by Hettich.

4.3.9 Cell disruption

The cells were physically disrupted using an Emuls&EBeftom Avestin.

4.3.10AKTA
The purification and desalting of proteins from thacterial expression was done using an AKTA

FPLC by GEeblthcare. It was operated by the program Unicorn 5.31.

The columns, HisTrap HPk and HiTrap Desaltingil,were alsofrom GE Healthcare.

4.3.11SDSPAGE

Sodium dodecyl sulfatgolyacrylamide gleelectrophoresisvas performed witha Mini-PROTEAN
Tetra Sgtem equipped with a voltage unit Power Pac 300 both byRad. Documentation of the
gels was done on a light plate FastGene White Light Plate by Nippon Genetics usite Mdiiké
digital camea by Rioh Imaging.
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4.3.12 pH Measurements
The determination of the pH of samples and for buffer preparation was performed with either a
pH526 by WTW for buffers or a pheter 320 by Cornindor protein sampleslf necessary, a

calibration step was performed before the pH measurements.

4.3.13 Protein Concentration Determination
The concentration of protein samples with an extinctor? S T F A G:3>800@ m™'en¥ was
done with a nanophotometer P300 by Implen. All other protein concentrations were daterm

using UV/vis spectroscopy

4.3.14 UV/vis Spectroscopy

UV/vis spectra were recorded on a Lambda 14 two channel spectrometer by PerkinElmer. It is
equipped with a hermostat E100 by Lauda and operated byJV WinLab, 2.80.03All
measurements were performed iguartz cuvettes with a path length of 1®dm by Hedima
Analytics at 25C+0.1°C Measurements were performed under the same conditions and with

the same stockalution as the CD measurements.

The extinction coefficients for all proteins can be foumdah 26.

4.3.15 CD Spectroscopy

CD spectra were recorded on asda 3720 spectropolarimeterThe temperature was contlied
with a thermostat WKR6 byHaake and a PT423S Peier element by Jascdll measurements
were performed inquartz cuvettes with a path length of thm by Hellma Analytics. The lower
limit of the spectra was tested manually as the voltage should not exceed/ 70 the data
becomes unreliable. Spectra were recordedh protein samples of ~0.ng/mL concentration,
with a data pitch of 2iIm and a scanning speed ofBn/min. Accumulation of three repeats and
subtraction of the background signal gave the final spectriihe instrument was operated with

the programSpectra Managefor Windows 95/Nversion1.53.00

The resulting signal is converted to mean residue ellipt{¢ityir,

10000
[QU'Y_ ('I)a:x:t
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with ¢ the measured CD signalthe concentration in mol/L, the path length of the cuvette and

nthe number of residues.

Calculations were performed with the program OriginPro 2016, version b9.3.206. Curves were

smoothed usinghe method SalvitzkyGolaywith 5 points ofwindow anda polynomialorder of 2.

Thermal denaturation curves were recorded starting 4Clto 61°Cwith a temperature slope of
1°C/min and a data pitch of Z followed by a reverse temperature scahe melting point was
either estimated visually or calculated with the above mentioned program employing a
unconstrained fitting using sigmoidal Boltzmamfunction and a Levenbesiylarquardt iteration

algorithm.

The signal at 228m is usually taken to quantify the helical content, using the folloviangnula:

‘oo O¢g
‘OBGINCEE 6 0= 100 O
Oian

with [¢],f at 222nm for a 100% folded helix calculated by

1
Oz = 1 ¢ O 44000+ 250 JY

Wheren is the number of residues aritthe temperature in °C*

4.3.16 NMR Spectroscopy

TheNMR spectra wereecorded on Fourier transfo-NMR (FINMR) spectrometers Avandd

600 with a frequency of 600 MHz for'H-, 150.9MHz for*G, and 60.8IMHz for**N-nuclei and
equipped with a triple resonance cryo probe heas well as a DRX500 spectrometdth a

frequency of 500.MHz for 'H-, and 125.8VIHz for **Gnuclei by Bruker. Both spectrometer
have a variable temperature unit. As internal standard-dipethyl4-silapentanel-sulfonic acid
(DSS) was used for aquecmmples tetramethylsilane (TMS)ith organic solvents™C and™N

1H. 140

were referenced indirectly using the IUPAC recomdaions for the frequency ratido

For locking of the aqueous samples 109 Was added:**

Chemical shifts are given in ppm. Sigassignmentvas done based oane-dimensionafH NMR
and two- or three-dimensional NMRpectroscopy, nameliH,'H-corelated spectroscopy (COSY),
'"H!'H-total correlation spectroscopy (TO®S 'H'H-nuclear Overhauser enhancement

spectroscopy (NOESYH,*Gheteronuclear single quantum coherence (HSQE)°N-HSQC
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'HHTOCSYHN-HSQC and'H'H-NOESYHN-HSQC.Water suppression in théH and
'H'H-correlation spectra was done using an excitation sculpting with gradient pulses (esgp),
'HBGHSQC had a presaturation of water ditf°N-HSQC a flipack pulse fowater*?

The spectra were processed using TopSpin by Bruker. Peak assignments were performed with
NMRView versio8.2.0b11 following the guide of Wiithrich*

4.3.16.1 Chemical Shift Deviation
Calculation of thechemical shift deviatiofCSD)was performed using random coils values
derived from Wishartand Sykeg® The CSD is theifference betweenthe observed( .9 and

referentialrandom coil( ) chemical shift
00= :5  ion

The CSD is dependent of the secondary structure of the protein. Whild "/ ppnforan ®m
cluster ofat least four amino acidsf five (if not interrupted by a value >0ppm)is an indication

ofl y-KSf AOFf F2f Raifola cluster dfaf I8ast Breabamino acidsf four (if not

interrupted by a value <0.ppm)is2y (1 KS 02y (i Nidsthigd CRYWRN O W&eh I ig|
>0.7LILIY A Y RA éheliki &d a €SP off<Q.ILIY -dtrand under the above mentioned

conditions®®

TKS LINRG2Yy &aKATOa 2F |1hQ ahdFHDMME tl m @cagede G Ky ¢ M
sequence correctedandom coil valuegrom Linet al., which are 4.02, 2.29, 3.59 and 3pfm,

respectively’>**

4.3.17 Ice Activity Measurements

Thermal hysteresis and ice growth retardation measuremevedse performed using a nanoliter
osmometer by Clifton equipped with Reltier element cooling statiorwhich is cooled to 160C
with glycol as thermal fluid by a Minista80 by Huber. The coolingiation is mounted on an
Eclipse NI microscope with a D7000 camera by Nikon. Pictures were recorded ®fik a

magnification with the Cama Control Pr@& version 2.23.Goftware by Nikon.

¢CKS Al YL S K2t RSNNAa 0unNBsfare lsakisi$he samptel theo&esBdié 2 T H N
filled with highviscosity immersion oil (typB). Utilizing a glass capillary connected to a Hamilton

syringe a nanoliter sized drop was placed in the middle of the bore without touching the
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surrounding metal. The sample was flash frozerdo°C.Carefulheating gave just one single ice
crystal. For thermal hysteresis measurements the temperature was decreassthntly at 30 or

40 mOs/min until the ice crystal burst at the tips.

For samples which do not show a burst poiice growth retardation was determined Hirst
decreasing the temperaturand then measuring the correlating growth rate (um/s) of the ice
crystalover time For every sample at least 10 different temperatures were evaluated. A plot of
the crystal growth rate against the temperatusthows the ice growth retardation for the first
severallow decreases in temperaturand then a rag rise in crystal growth. By plotting two
linear regressionghrough the correlating data points and determining their intersection the ice
growth retardation was determinedt is important tomention that the observable ice crystals
show a hexagonal shapghus enabling a measurement froopposingedgeto-edge or tipto-tip.

As the antifreeze protein binds to the edge correction of values derived from #p-tip

46,112
1)

measurements by cos(30°) is necesgapeFig.61). (K.Bamberg, Masterthesis)

cos 30°

Fig. 61. Schematic representatiof the top view of a hexagonal ice crystdlo evaluate its size a
measurement from tigo-tip (blue) or edgdo-edge (red) is possible.

The measurements werdone with Adobe Photosho@S6 version 13.8nd the plotting and

calculations withOriginPro 201&ersion b9.3.206.

As internal reference for the size of the ice crystal, the diameter of the bore was Adezkzing

point depression of 100mOs corresponds to 1.8
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4.3.18 Molecular Modeling

All structures presented in this work wepegepared starting from the first structure of the NMR
ensemblesof Tc10bby Baruaet al. (PDB entry: 2JOBjThey wereprepared and extended using
Schrédingers Maestraversion 11.4.01%° while energy minimizations were performed with
Schrédingers MacroModét® As a potentialOptimized Potentials For Liquid Simulati¢6$IS3)

with the solvent water washosen™*® The charges were set as in the force fieldd an
extended cutoff for the norbonded interactions.The energy minimization followed the Polak
Ribiee conjugate gradient (PRCG) method with a maximum of 2500 iterations and a gradient

convergencée™!

Pictures of poteins and protein models wereendered by PyMol Molecular Graphics System

version 2.1.1%

4.3.19 Calculation of Absorption Coefficier@nd Molecular Weight
Calculation of the molecular weight and absorption coefficient was done with9 Et ! { | Q

ProtParamby the Swiss Institute of Bioinformatics®
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Tab.26: Absorption coefficients and molecular weightssimepeptides

MW/Da 6,60 Mlcm?

(j9)BTGL 2620.68 6990
(JQ)BTC1-GFP 29412.96 28880
(9IBTG2 3517.68 6990
(j9)BTE2-GFP 30309.96 28880
(jgyIBTG3 4529.81 6990
(j9)BTC3-GFP 31322.09 28880
(jo)BTCGA 3355.68 6990
(j9)SUMQABTGL 14968.52 11460
(jo)SUMGABTCGL-GFP 41847.87 33350
(i9)SUMABTG2 15865.52 11460
(lJ9)SUMGABTGE2-GFP 42744.87 33350
(i9)SUMABTG3 16877.65 11460
(lJ9)SUMQIBTG3-GFP 43757.00 33350
1repeat 1029.55 28200%/9763
SUMO protease 31111.52 41160
Tc10bKKA 2127.35 6990

* 54,7 T55
8205 1 5214
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5 Appendix

In this chapter, the synthesis, purification (HPa@ AKTAorofiles), mass spectra (MALDI or ESI),

UV/vis, CD and NMR spectra as well as ice activity data of all substances are preSpattch

presented above are recurring with new numbering to enable a quick and focused overview over

all experimental data.Additionally, the proton, carbon and nitrogen chemical shifts of all

peptides as well as the corresponding CSD plots, and Fra&aided values are listed.

5.1 Tc10bKKAs fragment onWang resin

Sequencé®

Molecular weight
Absorption coefficient
Peptide amount

Resin type

Resin loading capacity
Resin amount

Capping

DKYAQWLADGGPSSGRPPPK
2127.32g/mol

8,g0= 6990M tcm™*
0.49g/0188mmol

Wang

0.85mmol/g

220mg

acetic anhydride, pyridine, dimethylformamide (1/1/2)
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Double Coupling Single Coupling

HATU (4.%q, 9) 0.700 0.350
DIPEA (1eq, mL) 0.655 0.328
Amino acids (®q, g)
K 0.440
Capping
P 0.317
P 0.317
P 0.317
R 0.610 Exended
deprotection
G 0.559
S 0.360
S 0.360
P 0.317
G 0.559 Extended
deprotection
DG 0.582
A 0.293
L 1.329
w 0.495
Q 0.574
A 0.585
Y 0432
K 0.881
D 0.387
Yield 6114 mg dry resin witiTc10bKKAagment
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.
¥ Te10-KiA_20 date 20171207 154345 Shan, mass range 2001700
=8

45 Short mass range 300-1700
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Fig.62: HPLC profilef the analytical rur{top), ion chromatogram (¥' panel from top) and MS spectat
all signals of purified Tc10bKKi/z: [M+2H*" calcd 1065, found 1064.8Mf+3H]*" calcd 710.1, found

710.1.tris 10.1min.
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8/ ppm

95 9.0

9 8 7 6 5 4 3 2 1 0 -1

o/ ppm

Fig.63: H NMR spectrum of c10bKKAn HO/D,0O, pH3, at 300K with enlargement of the indole proton

regionaround 10ppm.

5.2 2repeatpg

Sequence

Molecular weight
Peptide amount

Resin type

Resin loading capacity
Resin amount

Capping

94

FmocAAN(Trt) AAAAAAABU)YOH
1393.61g/mol

0.38g/0.273mmol

2-Chlorotrityl chloride
0.71mmol/g

396mg

acetic anhydride, pyridine, dimethylformamide (1/1/2)
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Single Coupling

HATU (4.2q, 9) 0.508
DIPEA (16eq, mL) 0.475
Amino acids (®q, g)
T (2eq,g) 0.216 Seed.1, no deprotection
T 0.540 Seed. 1, Capping
A 0.423 Capping
A 0423 Capping
A 0423 Capping
A 0423 Capping
A 0.423 Capping
A 0.423 Capping
A 0.423 Capping
N 0.811
A 0423 Capping
A 0423 No deprotection, capping
Yield 11.4mg(4%)

Tab.27: Solvent gradient of the senpireparative run of2repeatpg. Fractons were collected fron5 ¢
85min.

time/ min H,O, 0.1% TFA / % acetonitrile, 0.1% TFA/ flow rate / mL/min
%
0 50 50 6.000
5 50 50 6.000
90 37 63 6.000
100 5 95 6.000
110 5 95 6.000
115 50 50 6.000
130 50 50 6.000
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Fig.64: HPLC profile of the serpreparative run oRrepeatpg. tris 75min.
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Fig.65: lon chromatogram opurified 2repeatpg. m/z: [M+Na]" calcd 1417, found 1416.3.
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Fig.66: UVAs spectrum of2repeatpg in dimethyl sulfoxideds at 298K. The spectrum was measured to
600nm, displayed only to 350m.
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5/ ppm

Fig.67: 'H NMR spectrum dfrepeatpgin dimethyl sulfoxideds at 298K.

Tab.28: 'H-chemical shiftof 2repeatpgin dimethyl sulfoxideds at 298K.

Residue Chemical shift (ppm)
NH h i 4
1 | Ala 7.538 4.087 1.192
2 | Ala 8.003 4.310 1.219
3 | Asn 8.176 4.533 2.672 1 T dpd
7.074
4 | Ala 7.891 4.165 1.205
5 | Ala 7.907 4.138 1.076
6 | Ala 7.842 4.223 1.176
7 | Ala 7.907 4.138 1.076
8 | Ala 7.842 4.223 1.176
9 | Ala 7.875 4.259 1.215
10 | Ala 8.051 4.404 1.212
11 | Thr 7.413 4.218 4,118 1.212
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Tab.29: *H-chemical shifts ofhe protecting groups o2repeatpgin dimethyl sulfoxideds at 298K.

Residue Chemical shift (ppm)
1 FmoeAla | 7.887 (d) (2HH1), 7.717 (q) (2 H4-4), 7.410 (m) (2 H-2), 7.322 (t) (2 H-3)
3 Asn(Trt) 7.251 (t) (6 AH), 7.178 (t) (9 AH)
11 | Thr¢Bu) 1.096 (s) (9 H)

Tab.30: °N and™*Gchemical shifts ofrepeatpgin dimethyl sulfoxideds at 298K. Shifts marked with an

asterix are averaged.

Residue Chemical shift (ppm)
15N 01 O
1 Ala 50.33 18.34
2 Ala 119.16 48.49 18.85
3 Asn 115.60 L hmdn 50.27 38.58
4 Ala 118.42* 48.74 18.85
5 Ala 118.42* 48.85 17.73
6 Ala 118.42* 48.49 18.34
7 Ala 118.42* 48.85 17.73
8 Ala 118.42* 48.49 18.34
9 Ala 118.42* 48.30 18.85
10 Ala 119.27 48.23 18.85
11 Thr 107.64 57.77 67.48 118.85

Tab.31: N and*Gchemical shifts othe protecting groups ofrepeatpg in dimethyl sulfoxideds at

298K.
Residue Chemical shift (ppm)
1 FmocAla 120.48 C1), 125.74G4), 128.11¢2), 127.53G3)
3 Asn(Trt) 128.92, 127.86, 126.80
11 | Thr{Bu) 28.63
5.3 1repeatpg
Sequence FmocAAN(Trt)AK(Boc)AAAERD)LTi{BuU)}OH

Molecular weight
Peptide amount

Resin type

Resin loading capacity
Resin amount

Capping

98

1707.05g/mol
0.479g/0.2Z75mmol
2-Chlorotrityl chloride
0.71mmol/g

396mg

acetic anhydride, pyridine, dimethylformamide (1/1/2)
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Single Coupling

HATU (4.2q, 9) 0.513
DIPEA (1@q, mL) 0.479
Amino acids (®q, g)
T (2eq, g) 0.219 See4.1, no deprotection
T 0.547 Seed. 1, Capping
L 0.487
E 0.586
A 0.429 Capping
A 0.429 Capping
A 0.429 Capping
K 0.645
A 0.429 Capping
N 0.821
A 0.429 Capping
A 0.429 No deprotection, capping
Yield 38mg (14%)

Tab.32: Solventgradient of the sempreparative runof lrepeatpg. Fractons were collected fromi35
170min.

time/ min H,O, 0.1% TFA / % acetonitrile, 0.1% TFA/ flow rate / mL/min
%
0 50 50 6.000
5 50 50 6.000
140 30 70 6.000
150 5 95 6.000
170 5 95 6.000
180 50 50 6.000
200 50 50 6.000
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Fig.68: HPL@rofile of the sempreparative run ofL.repeatpg. tris 157min.
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Fig.69: lon chromatogram of purifiedrepeatpg. m/z: [M+Na]" calcd 1730, found 1729.8.
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Fig.70: UVNis spectrum oflrepeatpg in dimethyl sulfoxideds at 298K. The spectrum was measured to
600nm, displayed only to 350m.
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Fig.71: "H NMR spectrum dfrepeatpgin dimethyl sulfoxideds at 298K.
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Tab.33: 'H-chemical shifts ofrepeatpgin dimethyl sulfoxideds at 298K.

Residue Chemical shift (ppm)
NH h j 1

1 Ala 7.517 4.226 1.194

2 Ala 7.995 4.300 1.214

3 Asn 8.172 4.555 2.698, 1 7.518, 7.016
2.638

4 Ala 7.945 4.146 1.219

5 Lys 7.748 4.036 1.502, 1.510 11.189
1.322 5 6.694

6 Ala 7.864 4.166 1.195

7 Ala 7.754 4.129 1.146

8 Ala 7.815 4.210 1.199

9 Glu 7.768 4.260 1.887, 2.225,
1.752 2.225

10 Leu 7.952 4.407 1.598, 1.472 1 0.086
1.598

11 Thr 7.516 4.227 4.090 1.034

Tab.34: "H-chemical shifts othe protecting groups ofrepeatpgin dimethyl sulfoxideds at 298K.

Residue Chemical shift (ppm)
1 FmocAla | 7.8897.854 (d) (2HH-1), 7.709 (q) (2 H#4), 7.407 () (2 H-2), 7.316 (1) (2
H,H-3)
3 Asn(Trt) 7.247 (t) (6 AH), 7.150 (t) (9 AH)
5 Lys(Boc) 1.103 (s) (9 H)
9, 11| Glu(QBu), 1.367 (s) (9 H), 1.357 (s) (9 H)
Thr{Bu)

Tab.35: °N and™*Gchemical shifts ofrepeatpgin dimethyl sulfoxideds at 298K.

Residue Chemical shift (ppm)
a /i
1 | Ala 91.41 51.4 21.14
2 Ala 118.64 51.32
3 | Asn 115.76 1 00 Py 53.19
4 | Ala 120.59 70.23
5 Lys 115.77 5 85.66 56.28
6 Ala 118.50 51.81
7 | Ala 119.70 53.28
8 | Ala 118.57 49.94 20.89
9 | Glu 114.56 54.66
10 | Leu 118.88 1 43.42
1 26.49,
54.01 27.42 24.77
11 | Thr 109.70 60.55 I HOO®
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Tab.36: °N and ™*Gchemical shifts othe protecting groups ofLrepeatpg in dimethyl sulfoxideds at
298K.

Residue Chemical shift (ppm)
1 FmocAla 123.34(G1),128.53 G4), 130.94G2), 130.16G3)
3 Asn(Trt) 130.76131.81, 129.68
5 Lys(Boc) 31.66
9, 11| Glu(QBu), 31.11,31.66
ThriBu)
5.3 1repeat
Sequence AANAKAAAELT
Molecular weight 1029.55g/mol
Absorption coefficient 6,0:=28200M 'cm*
8,,~9763Mcm™
Peptide amount 0.12g/0.117mmol
Resin type Wang
Resin loading capacity 0.86 mmol/g
Resin amount 139mg
Capping acetic anhydride, pyridine, dimethylformamide (1/1/2)
Single Coupling
HATU (4.2q, 9) 0.217
DIPEA (1@q, mL) 0.203
Amino acids (®q, g)
T 0.232 Capping
L 0.412
E 0.248
A 0.181 Capping
A 0.181 Capping
A 0.181 Capping
K 0.273
A 0.181 Capping
N 0.348
A 0.181 Capping
A 0.181 Capping

Yield 8 mg (7%)
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Fig.72: HPLGrofile of the semipreparative run ofLrepeat tgis 5/ min.
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Fig.73: HPLC profilef the analytical rur{top), ion chromatogram (¥' panel from top) and MS spectit
all signalf purified 1repeat m/z: [M+H]" calcd1031, found1031.3.tgris 91 min
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3.0+
254

2.04

Absorption (aU)

0.5

0.04

-0.5 T T 1
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Fig.74: UV/vis spectrum folrepeatat 298K in 0.1M NHHCQ buffer, pH 7.9Thespectrum was measured
to 600nm, displayed only to 350m.
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Fig.75: CDspectrum & 1repeatat 274K in 0.1lm NHHCQ buffer, pH 7.9.The scale is different from the
other CD spectra.
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TR

0 9 ' o
Fig.76: 'H NMR spectrum dfrepeatin H,O/D,O, pH 3at 278 K.
Tab.37: 'H-chemical shifts olrepeatin H,O/D,O, pH 3at 278K.
Residue Chemical shift (ppm)
NH h i 4

1 Ala exch. 4.076

2 Ala 8.782 4.321 1.381

3 Asn 8.669 4.637 2.838, 17.748,
2.780 7.037

4 Ala 8.493 4.273 1.391

5 Lys 8.428 4.245 1.825, 1.463 11.682
1.750 5 2.997

y T ®cC |

6 Ala 8.373 4.259 1.390

7 Ala 8.366 4.273 1.301

8 Ala 8.379 4.252 1.3980

9 Glu 8.382 4.350 2.212, 2.456
1.987

10 Leu 8.473 4.437 1.708, 1.396 1 .0.949,
1.656 0.887

11 Thr 7.979 4.272 4.272 1.168
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Tab.38: °N and"*Gchemical shifts ofrepeatin H,0/D;0, pH 3at 278K.

Residue Chemical shift (ppm)
N a /]
1 Ala 51.74
2 Ala 123.57 52.57 19.12
3 Asn 118.83 L MmMo0( n.d. 38.48
4 Ala 125.29 52.58 19.12
5 Lys 121.04 56.21 32.85 4 HN P
1 HQPOPH
6 Ala 123.93 52.57 19.12
7 Ala 123.24 52.58 19.12
8 Ala 125.89 52.57 19.12
9 Glu 119.71 55.53 29.16 133.18
10 Leu 124.18 n.d. 42.36 LHND DI
23.21
11 Thr 117.20 61.79 70.92 121.76
0.10 - -
0.054
B
% 0.00 = =
3
-0.05 - . . "
0104 --==-mmmm- e

Fig.77: H CSD plot ofirepeatat pH3 and 27&. The dashed line at y&.1ppm represents the helical
limit. The scale is different from the other CSD plots.
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Fig.78 O CSD plot ofrepeatat pH3 and 27&.The dashed line at y=0ppm represents the helical limit.
The scale is different from the other CSD plots.

Antifreeze activity(10mg/mL,0.1M NHHCQ, pH 7.9:

- No thermalhysteresis
- Noice shaping

5.4 (jg)IBTCA

Sequence DTAANAKAAAELTDKYAQWLADGGPSSGRPPPK
Molecular weight 3355.68g/mol

Absorption coefficient B,g= 6990M et

Peptide amount 0.079g/0.023mmol

Resin type with Tc10bKKAreloaded Wangesin

Resinamount 171mg

Capping acetic anhydride, pyridine, dimethylformamide (1/1/2)
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Single Coupling

HOBT (24, 9) 0.009
DIC (2q,mL 0.010
HATU (4.2q, 9) 0.043
DIPEA (1eq, mL) 0.040
Peptide fragment (2q, ) 0.080 Capping
Amino acidg5eq, g)
T Capping
D Capping
Yield 8.7mg (L1%)
1500
= 1000%
Lg 500—:
< .5005
-1000—: . . . . . . ) . . .
0 1IO ZTO SIO 410 5|0 610 TIO BIO QIO 1 CIJO
t/ min

Fig.79: HPLGQrofile of the sempreparative run ofjg)IBTE4. tris 46min.
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Fig. 80: HPLC profilof a 60min analytical run(top), ion chromatogram (¥ panel from top) and MS
spectraof all signal®f purified (jg)IBTE4. m/z: [M+3I—|]3+ calcd 1119.6, found 1119.9\7I[I-4I-|]4+ calcd839.9
found 840.1. tris 21.8 min.
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Fig.81: HPL(profile of the analytical rur(top), ion chromatogram ('?’ panel from top) and MS spectiat

all signalsof purified (jg)IBT@L. m/z: [M+3H]** calcd 1119.6, found 1119.8f-4H|*" calcd 839.9, found
840.0.tgis 10.9min.
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Fig. 82 UV/vis spectrum D (jg)IBT& at 298K in 0.1 NHHCQ buffer, pH 7.9.The spectrum was
measured to 60&m, displayed only to 350m.
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Fig.83: UV/vis spectrum b(jg)IBTE&4 at 298K in water at pH 3The spectrum was measured to 60,
displayed only t850nm.
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Fig.84: CDspectia of (jg)IBT& in 0.1m NHHCQ buffer, pH7.9, at 29& (black) and 274 (red).
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Fig.85: CDspectia of (jg)IBTE4 in water, pH3, at 298K (black) and 27K (red).
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Fig.86: CD thermal denaturation scamf (jg)IBT& in 0.1m NHHCQ buffer, pH7.9. The black squares
show the heating curve, the red circles the cooling cuiMee estimated Jis 10°C, while the sample
shows a complete unfolding above 20.

Tab.39: Helical content of §)IBT& at 1°C and 0.M NH,HCQ buffer, pH7.9, a water, pH3.

0.1M NHHCQ, pH7.9 pH3
[#]obs(deg cnmi dmor™) -5.977 -5.144
[0]er (degen? dmol™) -42.424 -42.424
Helical content (%) 14 12
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Fig.87: 'H NMR spectrum ofjg)IBT€ in 0.1m NHHCQ buffer, pH7.9, at 274K with enlargement of the
indole proton region around 18pm.
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Fig.88: 'H NMR spectrum dfjg)IBTe4 in 0.1m NHHCQ buffer, pH7.9,at 208K with enlargement of the
indole proton region around 1ppm.
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Fig.89: 'H NMR spectrum ofjg)IBT€ in H,0/D,0, pH3, at 274K withenlargement of the indole proton
region around 1@pm.

Fig.90: *H NMR spectrum ofig)IBT€ in H,0/D,0, pH3, at 208K with enlargement of the indole proton
region around 1@pm.
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