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Summary

1. SUMMARY

Solid-phase peptide synthesis (SPPS) was firstlojeed by Bruce Merrifield for
the synthesis of polypeptides. In 1984, he was d&hivith the Nobel Prize “for his
development of methodology for chemical synthesisaolid matrix”. Compared to
solution-phase methods, solid-phase chemistry ©ffeany advantages in terms of
efficiency as well as purification procedures. Ratarly for longer peptide sequences,
in solution-phase chemistry the isolation of allpfi@e intermediates is required,
whereas in a solid-phase approach simple washi@dgrocedures enable the entire
automation.

In organic chemistry, there is the goal to prodpcee compounds with the
highest possible efficiency. But the frequent nosiexce of suitable separation and
purification methods often makes it impossibleubilf these requirements. Thus, also
in SPPS purification frequently limits the succegshe synthesis. While a number of
small proteins have been successfully assembledtipal limitations regarding the
ability to purify and characterize the mixturesttia@evitable result from less than
complete reactions as well as side reactions Inast efforts to synthesize peptides
with more than 100 amino acid residues.

Our approach to overcome these limitations is basedaffinity purification
strategies frequently applied to the purificatidnr@combinant proteins. Immobilized
metal ion affinity chromatography (IMAC) has becothe most common method for
the purification of proteins carrying either a G-Mterminal histidine (His)-tag. This
short amino acid sequence is able to bind & imobilized on a nitrilotriacetic acid
(NTA) column. Despite its broad application in miot purification, only little is
known about the binding properties of the His-tamnd therefore almost no
thermodynamic and kinetic data are available. finsa phase, the binding mechanism
of the His-tag to Ni-NTA was investigated. Different series of histiglioontaining
peptide tags were synthesized using automated-gbéde peptide synthesis (SPPS).
Binding to NF*-NTA was analyzed both qualitatively and quanti@ly with surface
plasmon resonance (SPR) using commercially availdhTA sensor chips. The
hexahistidine-tag showed an apparent equilibriuresatiiation constant @X of
14 nM. This was the best affinity found for all syesized peptides. Furthermore, it
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Summary

could be demonstrated that two histidines sepatayegither one or four residues are
the preferred binding motifs for NiNTA. Elongation of such a binding motif led to a
decrease in binding affinity, probably due to iras®ed entropy costs upon binding.

To reduce the entropy costs, short three amino e were designed with
decreased rotational freedom to fix the two histdiresidues in the binding
conformation, as it was the case with His-Aib-HBompared to the His-Gly-His
(Kp = 54 uM) the binding affinity could be decreased by atdacof 1.5 with the
aminoisobutyric acid (Aib) at position 2 to g k&f 36 uM.

1,10-Phenanthroline and derivatives thereof shiwgh potential as a tag binding
to Ni®-NTA and were analyzed in the Biacore assay. Ty Hiinding affinity of
1,10-phenanthroline @ = 650 nM) is mainly based on a slow dissociatiate r
constant (k) with a half-life time of about 5 min. Differenapameters, such as the
charge transfer between the binding nitrogen arukehi rigidity, and additional
interactions between the binding partners were ddonnfluence the binding affinity.
Among these factors, solubility played the mostc@urole. Ligands establishing on
the side directed towards the solvent a well-ogahi solvation shell, showed
improved binding properties for the Whisurface. Therefore, 5-amino-1,10-
phenanthroline (K = 407 nm) binds with a 1.6-fold higher affinity Mi**-NTA than
1,10-phenanthroline ()K= 650 nM). On the side involved in binding howevar
weaker solvation is desired, because the removsirongly bound solvent molecules
prior to the binding lowers the gain of enthalpy time process of the complex
formation. In parallel to the Biacore assay, a cotaponal approach to predict
binding affinities of various ligands to KiNTA was developed by Dr. Martin
Smiesko, a member of the Institute of MolecularrRizy.

To study the phenanthroline-tag and demonstratesutiability for SPPS, the
following simple strategy was chosen: Phenantheolivas coupled via an acrylate
spacer to the N-terminal of a test peptide. Intergly, the affinity purification of the
test peptide proved to be superior to the standt#PtiC purification method and
afforded a pure product with a yield of 43% compate 34% for the HPLC
purification. The potential of the new tag couldalbe demonstrated in a Biacore

assay with the phenanthroline-tagged peptide, waestable immobilization could be
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achieved despite the negative influence of theigepin the binding affinity, which
led to a 20-fold increase inpK

After Ni**-NTA purification of a tagged protein, the tag hadbe cleaved. For this
purpose, a photolabile linker was introduced betw#® phenanthroline and the
peptide. Due to the poor solubility, the synthedishe tag-photolinker construct did
work with only 11% vyield. Because only small amaurtf the phenanthroline-
photolinker-construct could be purified, the photkér approach was abandoned.

Finally, a screen to identify new tags using thaddre and the computational
model resulted in a promising scaffold, the picaliacid. The 6-amino-picolinic acid
turned out to be the best representative with,aK10.9uM. The aromatic nitrogen
and one oxygen of the carboxylic acid occupy the &wailable coordination sites of
Ni?*-NTA. Compared to picolinic acid, the binding affinwas 1.4-fold increased due
to the interaction of the anilinic nitrogen withetbharboxylic acid of the NTA chelate.

With this work a new purification strategy usingeplanthroline-tags could be
presented. Furthermore, the knowledge about thdirginproperties of Ni-NTA
binding tags was increased. This may add to theldpment of new tags as presented

for the picolinic acid.
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2. ABBREVIATIONS

Aib
Arg
Asp
Bipy
BOP

CSD
DMA
DMF
DABS-CI
dba
DCC
DCU
DIPCDI
DIPEA
Dtt
EDC-HCI
Gly
HATU

HBTU

HCTU

HEPES
His
His-tag
HMBA
HOBt
HPLC

Aminoisobutyric acid

L-Arginine

L-Aspartic acid

2,2’ -Bipyridyl
Benzotriazole-1-yl-oxy-tris-(dimethylamino)-gphonium
hexafluorophosphate

Cambridge Structural Database
N,N-Dimethylacetamide

N,N-Dimethylformamide
4-(4-Dimethylaminophenylazo)benzenesulfociyloride
1,5-Diphenyl-1,4-pentadien-3-one
N,N’-Dicyclohexylcarbodiimide

N,N’-Dicyclohexylurea

N,N’-Diisopropylcarbodiimide
N,N-Diisopropylethylamine

Dithiothreitol
1-ethyl-3-(3-dimethylaminopropyl)carbodiid& hydrochloride
Glycine
2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uromiu
hexafluorophosphate
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate
5-Chloro-1-[bis(dimethylamino)methyleneHibenzotriazolium 3-
oxide hexafluorophosphate
4-(2-hydroxyethyl)-1-piperazineethanesulf@uicl
L-histidine

Hexahistidine-tag
4-Hydroxymethylbenzoic acid

1-Hydroxybenzotriazole

High-performance liquid chromatography




Abbreviations

HR-MS
IDA
IFC
IMAC
IMAP
IMAGE
IMACE

Lys
MBHA
MS
NAPamide
Ni-NTA
Nle
NTA
o/n
PAM
PEG
Phe
Phen
PL
PPOA
RAM
r

Sar
SD
S-Phos
SPR
TBAF

High resolution mass spectrometry
Iminodiacetic acid
Integrated fluidic cartridge
Immobilized metal (ion) affinity chromatograph
Immobilized metal (ion) affinity partitioning
Immobilized metal (ion) affinity gel electrbpresis
Immobilized metal (ion) affinity capillary ettrophoresis
Equilibrium association constant
Equilibrium dissociation constant
Association rate constant
Dissociation rate constant
L-Lysine
4-Methylbenzhydrylamine
Mass spectrometry
[Nlg, Asp;, D-Phe, Lys;1]-MSH,.11
[Ni(I)(nta)] - complex
L-Norleucine
Nitrilotriacetic acid
over night
4-hydroxymethyl-phenylacetamidomethyl
Polyethylene glycol
L-Phenylalanine
1,10-Phenanthroline
Photolinker, photolabile linker
4-Propionylphenoxy-acetic acid
Rink amide
Room temperature
Sarcosine
Standard deviation
2-Dicyclohexylphosphino-2’,6’-dimethoxybiplyé
Surface plasmon resonance

Tetrabutylammounium fluoride
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TBTU

TCTU

TFA
THF

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

1-[Bis(dimethylamino)methylene]-5-chlord4ibenzotriazolium-3-

oxide tetrafluoroborate
Trifluoroacetic acid
Tetrahydrofuran
Retention time
L-Tryptophan

Half-life time
Microwave

2-Dicyclohexylphosphino-2’,4’,6’-triisoproliyphenyl

11



Abbreviations

12



Introduction

3. INTRODUCTION

Proteins form together with carbohydrates, lipidsyd nucleic acids the
“molecules of life”. They are present in variousm@ in every living cell and structure
the body of multicellular organisms in the formsiin, hair, callus, cartilage, muscles,
tendons, and ligaments. As enzymes, hormones,cadi®, and globulins, they are
involved in the control of chemical processes aaddport of biomolecules,g.in the
form of hemoglobin and myoglobin as carrier praseior oxygen. The vide variety of
their physiological function is also shown in theirysical properties: Silk as a flexible
fiber, horn as a tough rigid solid, and the enzymepsin, which forms water soluble
crystals.

Nowadays, large biotechnology-based initiativeke lithe Human Genome
Project [l], as well as the improved understanding of fundatale biological
processes, provides a huge number of new protgjuesees. This leads to a rapid
increase in the number of novel or important targketr drugs and agricultural
applications. Therefore, there is a high demanthe$e new targets in at least micro-
to multimilligram quantities. Obviously, accesstlese proteins should be provided
within the shortest possible time frame. Mainlyethdifferent approaches are used to
fulfill this requirement: (a) Isolation of nativegieins, (b) recombinant expression of
proteins in genetically engineered microorganismsanimals, and (c) chemical
synthesis. Each approach has its own advantagedisadvantages. The selection of
the feasible approach is driven by protein sizejrdd mutants or derivatives (such as
post-translational modifications and isotopic latg), time constraints, and
economics.

Although most of the proteins have been obtainedebpmbinant methods, these
approaches often suffer from the time used to geeenilligram quantities. Formation
of inclusion bodies, misfolding, and low expressimvels further decreases the
efficiency of this method2. Additionally, expressed heterogeneity and biaiab
contamination€.g.DNA impurities or endotoxins), may affect theieusr activity.

A good solution to circumvent the above mentioneawdbacks is provided by
their chemical synthesis. Besides avoiding biolagmontaminations, such a purely

synthetic approach offers the possibility to in@ygie unnatural amino acids or other

13



Introduction

chemical modifications that may improve proteiniaf€y. Finally, introduction of
biochemical or biophysical probes is facilitatedifully synthetic approacl3].
Nowadays, the synthetic approach allows only thetime synthesis of small
proteins with up to 50 amino acids. There are feangles of longer chains, such as
ribonuclease A (124 residued)] [and human immunodeficiency virus (HIV)-1 TaT
(86 residues)q, 6, or the green fluorescent protein, a 238-resigeptide chaing].
Therefore, synthetic methods are mainly restritbeggeptides rather than to proteins.
The name “peptide” was introduced from Emil Fiscl&f and is built from
“pepton” (cleavage products of digestion of Pepsin; figm@ekpeptos= digested) and
polysacchdde, which are also built from monomeric building bisc Therefore,
peptides are just smaller versions of proteinslearcdividing line between peptides
and proteins is not defined, as the numbers ofluesi vary between 50 and several
hundreds. In the following section an overview dbthe current methods used in

peptide synthesis is given.
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3.1. Peptide Synthesis

In 1907, Emil Fischer initiated peptide chemistgythe synthesis of the dipeptide
glycylglycine, obtained by hydrolysis of the dikpiperazine of glycine. However,
already twenty years ago, Theodor Curtius synteesilae first N-protected dipeptide,
benzoylglycylglycine, by treating the silver saftglycine with benzoyl chloride7].
Furthermore in 1904, he developed the first pratteethod for peptide synthesis, the
azide coupling procedure, which enabled the syrghasbenzoylglycine peptides of
various length §]. In addition, only one year later, Emil Fischeregented a new
method for the synthesis of peptides via acylcdkEsj prepared from the

corresponding free amino acid using P@lacetyl chloride as solveri]|

3.1.1.Solid-phase Peptide Synthesis

Nowadays, peptides are mainly synthesized applionthe solid-phase strategy
developed by MerrifieldJ0. The genious idea of this strategy is to couple first
amino acid via its carboxylic acid to an insolubled filtratable polymer and then to
build up the peptide chain from its C-terminal d8dheme 1).

The great advantage of this approach comparedliticgophase methods is the
simplification of the synthetic procedure. In sa@uatphase methods, the product has
to be isolated and purified after each reactiomrgo the next coupling step. In solid-
phase peptide synthesis, byproducts are simply vechdoy washing the product
immobilized on an insoluble support. Furthermorbe trepetitive steps of the
synthesisj.e. deprotection, washing, coupling, washing, andradaprotection allows
the use of a single reaction vessel and the automat the peptide synthesis. For this
fundamental contribution to peptide synthesis, Brivterrifield was awarded with the
Nobel Prize in chemistry in 1984. The process & Merrifield synthesis is now
performed on automated synthesizers that can assesapuences of up to 50 amino

acids in a few days.
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repetitive cycle
- LINKERO

l Anchoring
O—LINKER
l Deprotection

O—LINKER

Addition of amino acid

—LINKERO

(1) Deprotection
(2) Cleavage from resin
(3) Side chain deprotection

X X X X
0 0 0 0
H H H
HoN @ N @ NNOH
n-3

Scheme 1:Schematic principle of solid-phase peptide syrighes: protecting groups of amino acid
side chains; Y: Kiprotecting group.

Generally, peptide synthesis is based on the apptegombination of protecting
groups and an efficient method for the activatidntiee carboxyl group prior to
reaction with the amino terminal. Protecting grotpse to prevent on one hand bond
formation between two incoming amino acids (N-terahiprotecting group), and on
the other hand formations between the incoming amacids and side chain
functionalities (side chain protecting groups). tre Merrifield synthesis, the C-
terminal is protected by the polymeric carrier.

For the Merrifield synthesis mainly, two protectisthemes have been developed.
The first one is théert-butoxycarbonyl (Boc)/benzyl (Bzl) strategy, whidepends on
the different acid lability of the N-terminal prateng group (Boc) and the side-chain
protecting group (Bzl) as described in the origipablication of Merrifield L0]. The
main drawback of this strategy is the use of hydrofjuoride (HF) for the final

cleavage and deprotection of the peptide. This qore leads to various side
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reactions, such as Friedel-Crafts reactions betve@ematic groups of the resin and
the side chains of the peptide, and/or promotiomarofN- O acyl shift involving the
side-chain groups of serine and threonine. For gigpose, Tanet al developed a
two-stage deprotection protocol. In a first stepy IHF concentrations were used,
followed by a second with higher concentrationsiciwhminimized the occurrence of
these side-reaction]].

The second protection strategy was developed by.LCarpino and G. Y.
Han [12] and is based on the use of the base labile 9dtydmethyloxycarbonyl
(Fmoc) group for the protection af—amino groups. This allows the orthogonal

protection of side-chain functions with acid lalpletecting groups (Figure 1).

Side chain protecting
group, cleavable with

TFA \

Resin linker, cleavable
with TFA

Fmoc deprotection
with piperidine

Figure 1: Fmoc strategy in solid-phase peptide synthesis. Fimeoc-group is cleaved under basic conditions with
piperidine, while the side chain protecting groapsl the linker are cleaved under acidic conditigsing TFA.

The first solid support used in solid-phase peptsyathesis was a styrene-
divinylbenzene co-polymer, functionalized by chhation of benzyl groups. The
benzyl chloride was then be used to anchor ther@i@l amino acid via an ester
linkage to the solid support. Thus, when the prodiithe SPPS was cleaved from the
solid support a carboxylic acid was obtained at @erminal. Later on, a broad
variety of resins were developed leading to différeinctionalities at the C-terminal
such as acids (Wang resin, 2-chlorotrityl resin, riield, (4-hydroxymethyl)-
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phenylacetamidomethyl (PAM), oxime resin), amidd®ink amide (RAM), 4-
methylbenzhydrylamine (MBHA) resin), thioesters sidfamylbutyryl resin), or
alcohols (4-hydroxymethylbenzoic acid (HMBA) resimjurthermore, oxime resins
and 4-hydrazinobenzoyl resins are useful to geeersiters, whereas the latter is also
used for C-terminal thioesters and amides dependmdhe reagents used for the
cleavage reaction. Finally, brominated PPOA ([4{@mopropionyl)phenoxy]-acetic
acid) resins are used for the generation of C-teshpeptide hydrazides.

The following properties of solid supports propossdMirandaet al use to be
crucial for the succesdJ: (a) particles should be of consistent shapesarelto elicit
a certain robustness; (b) they should be inertlltoeagents and reaction conditions
applied in the reaction cycles; (c) they shoultdbwlla fast solvent and reagent
diffusion and access to all reactive sites; andlfin(d) the particles should contain
functionality to enable efficient anchoring of tiveker or the first amino acid.

The most widely used resins are made of polystymengolyethylene glycol. As
already mentioned, Merrifield used a polystyrensirrewith 1% divinylbenzene
(PS-DVB) for his synthesis. However, different ato-batch results of peptide
syntheses clearly demonstrated that. slight vanatin the swelling properties or the
degree of functionalization may substantionallyuahce the synthetic outcom#.

To increase the diffusion rates, a problem thatitably arises in heterogeneous
reactions, polyethylene glycol (PEG) spacers aoh@amed to the polystyrene beads, as
demonstrated with TentaGel S RAM resitb|] These resins however, are slightly
unstable when treated with TFA{], a problem that can be avoided with polyethylene
glycolamine linkers (PEGA)1[7]. These linkers show improved diffusion rates, toit
not cause problems upon TFA treatment.

Thermodynamically, peptide bond formation is natoi@d, because of the highly

stable ammonium carboxylate formed by the two isigutnaterials (Scheme 2} .

RCOOH+R'NH, — <2 R'NH;*+RCOO- ¥ RCONHR’+H,0

Scheme 2The carboxylic acid forms a thermodynamically staddlt with the primary amine, which
inhibits the formation of the amide.
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A condensation of the salt requires elevated teatpers of 160 — 180°CL§]
leading to degradation of the growing peptide. €fee, the acid has to be activated
by the attachment of a leaving group to supportniheeophilic attack by the amino
group. Carboxylic acids are generally activatetiezitoy carbodiimides, formation of
symmetrical anhydrides (anhydride formed from eglgut of the same amino acid),
or formation of active esters. Since low yields;emization, or degradation often
accompany amide formation, coupling proceduresoptamized not. only to provide
high yields, but also to prevent racemization.

In solution-phase peptide synthesis, racemizatsoanicountered upon activation
of the acid (—iii), which might lead to the formation of an oxaz@dw). Under mild
basic conditions, the oxazolone is deprotonated iat conjugated anionic
intermediate\). Since reprotonation occurs not enantioselegtiveacemates of
oxazolones are obtainedi (andviii). Because both react with the amino terminal of
the growing peptide chains, chirality gets lostdieg to an DL- yii) and a LL-
peptide x) (Scheme 3).

DL-peptide (vii)

NYO H Ri 0 HoN . L ¢ R
SN 38 SV

LL-peptide (ix)

Scheme 3Racemization via oxazolone mechanism. R: side chain residues.
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In SPPS, this mechanism is prevented due to thethat peptides are grown at
the N-terminus and Nprotected amino acids are used. Neverthelessmiaaton
might also occur due to a reversible proton exchaog the Gatom forming the
carbanion as observed with activated cysteine sirdme residues20, 2. Similar to
the oxazolone mechanism, reattachment of the piistable to occur from both sides
leading again to a racemic mixture.

Activation of the carboxylic acid allows to overcenthe thermodynamic
restrictions of the peptide bond formation as ayeaentioned above. Carbodiimides
are highly popular ag situ activating reagents. In 1950, dicyclohexylcarbmatie
(DCC) was reported as an excellent coupling reafmmthe apolar environment of
polystyrene resin®2P]. The mechanism of the reaction is depicted ineBun 4 3.

o] 0O +
R1_< + RN=C=NR —> R14< + RNH=C=NR
OH O
i ii iii iv
@]
)J\ /R2
O vi Ri H

F?N \N R j\
R _R
N7 N
H H
A
DCU (viii)

Scheme 4: Peptide coupling via carbodiimide. R: cyclohexyl ideg;
R;: carboxy moiety; R amino moiety.

The anion of the carboxylatéi] is added to the protonated carbodiimiae) (
forming the highly reactive carbamimidic anhydriflg, which further reacts with
aminevi to form amidevii dicyclohexylurea (DCUyiii) as a byproduct. The major
drawback of DCC is the poor solubility of DCU inchloromethane, the most
common solvent used for the coupling reaction. Autsmn to this problem are
modified carbodiimides as diisopropylcarbodiimideDIRCDI) [24], tert-
butylmethylcarbodiimide 75, or 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC+HCI), which form more solubleoducts.
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Symmetrical anhydrides are mainly used in combomatiwith the Boc
strategy 26, 21. They are formeadh situusing two equivalents of the protected amino
acid and one equivalent of the DCC. Therefore,dpjgroach wastes one equivalent of
the amino acid reagent. As the formation of antdgliis much faster in DCM than in
DMF, Boc-protected amino acids are used for sdlybileasons. Fmoc-protected
amino acids,e.g Gly, Ala, Nle, Cys(Acm), GIn(Mbh) are not solubie DCM.
Therefore, the addition of DMF is required for themation of anhydrides2j].

The successful active ester method has been exébnsstudied 9] and is
nowadays the most widely used method in solid-plpegtide synthesis. The peptide
bond is formed via the 82-mechanism. The amino group ofN®, (i) nucleophilicly

attacks the carboxyl carbonioleading to the tetrahedral intermediaitd Scheme 5).

.0
= slow @ 1 fast H Ry
Ri—NH, + >—XR3 — R1—IT1—$—XR3 = R/ \n/ + RgXH
R, fast H R, slow )
i ii iii iv v

Scheme 5:Formation of peptide bond via,B mechanism. R amino moiety; R carboxy moiety;
Rs: leaving group.

Formation ofiii is the rate determining step in this reactiorcdih be positively
influenced by activating the carboxy component wathctron withdrawing groups.
The second step, the peptide bond formation, is flathe C-X bond iniii is highly
polarized.

The 1-hydroxybenzotriazolyl- (OBt) esters, whicle &mrmedin situ for example
from DIPCDI and HOBt, are the most frequently usatdive esters following the
mechanism described abowe. situ activating agents are widely accepted in solid-
phase peptide synthesis, as they lead to fasioaaaven between sterically hindered
amino acids. In addition, their use is generalgeffrom side reactions. Most are based
on phosphonium or aminium (formerly known as uramjsalts. The most commonly

employed compounds are listed in Figure 2.
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Figure 2: Structures of the most common coupling reagentsrto active esters for peptide coupling.

Castroet al developed the highly efficient phosphonium reademzotriazole-1-
yl-oxy-tris-(dimethylamino)-phosphonium  hexafluofmsphate  (BOP) 30.
However, BOP has a strong tendency to racemizf§B8djnand during the reaction the
toxic byproduct hexamethylphosphoramide is formeds an alternative,
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphoniurnexafluorophosphate (PyBOP)
was developed3P]. The cytotoxic aminium salt HBTU is often repldcey the
tetrafluoro borate TBTU33).

Besides OBt esters, Hthydroxy-7-azabenzotriazole (OAt) esters show an
increased reactivity due to the formation of agithon state stabilized by an additional
H-bond as suggested by Carpiabal. [34]. This increases the aminolytic reactivity
and additionally inhibits racemization with a higfiiciency. In the transition state the
amino component is fixed in a certain orientatianilftating the nucleophilic attack,
whereas the oxazolone formation is significantijueed due to the low activation of
the ester group (Scheme 6).
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Scheme 6:Intramolecular base catalysis of HATU during amysa of OAt esters.
R1: carboxy moiety; R amino moiety.

6-chlorobenzotriazole (OCt) esters have demonstratesactivity comparable to
OAt esters. They can be formed with 5-chloro-1{diimethylamino)methylene]H-
benzotriazolium 3-oxide hexafluoro-phosphate (HC®BUjts tetrafluoroborate variant
TCTU. They were found to be nontoxic, stable in DMRd available at much lower
costs B5|.

Less important as activated species are pentafheroyl (OPfp) esters3f).
Although they react significantly slower tha:ng. symmetrical anhydrides, they
showed only little side reactions during the amimad formation. However, with
some amino acids, the generation of the OPfp esetsmbersome as they do not
crystallize and are difficult to purify.

N-hydroxysuccinimide esters37] are highly popular as they are easy to
crystallize and show a high aminolysis activity.dinally, due to their hydrolytic
stability, they allow peptide synthesis in mixture H,O with organic solvents
(EtOH/water, dioxane/water, THF/water).

Finally, the deprotection and cleavage of the cqelatide from the solid-phase is
accomplished with HF when Boc-strategy is appliad aFA in case of the Fmoc-
strategy. In the latter case, concomitant remof/#h® side-chain protecting groups is
possible when highly concentrated TFA solutions used. When the production of
protected peptides is addressed, deprotection gk than 10% TFAe(g. trityl
linkers) or employment of orthogonal protectionuyps €.g9.photolabile protection) is

required. Under acidic conditions, the side-chaiotgrting groups form stabilized

23



Introduction

carbocations, which are able to react with thetedeerich side chains of amino acids,
e.g.present in Cys, Met, Tyr, Thr, Ser, and Trp. Tlaeds to undesired side-products,
which can be minimized by using scavengers to tiag cations formed by
deprotection. Commonly used scavengers are thgddacocktails as ethane-1,2-
dithiol, or thioanisole 38, 39, or the nonodorous and less toxic silane-based

compounds as.qg.triisopropyl silane40Q].

3.1.2 Limitations of Solid-phase Peptide Synthesis
Although the chemistry for SPPS is highly developed allows high coupling

efficiencies, the success of the synthesis is dappending on the sequence of the
synthesized peptide.

Within so-called “difficult sequences” sequencascicessibility of the N-terminal
amino group due to intermolecular aggregatifrsifeet formation) of the growing
peptide chains in some cases makes an acylationssilge. These sequences are
often found 5-15 residues away from the re§hDifferent strategies are known to
avoid the development of these secondary structyedsdevelopment of highly
efficient coupling methods,e. in situ neutralization (addition of base during coupling
step improves swelling properties of the res#il)],[ (b) the use of new supports that
increase interchain separation and peptide chaivaten [17], (c) addition of
chaotropic salts during or preceding the couplitep $42], (d) attachment of spacer
units to increase the distance from the resin leesgnthesis of the target peptide]|
and finally (e) modifying the deprotection proceglor the coupling solventd4].

The most powerful strategy to combat these diffisequences is the introduction
of secondary amino acid (imino acid) surrogatearadogs of proline dl-alkylamino
acids, which disrupt the secondary structure. Rgenadines fi5] and Dmb/Hmb (2,4-
dimethoxybenzyl/2-hydroxy-4-methoxybenzyl)4f]l amino acids are the most
frequently used surrogates, which are cleaved anfhysiological amino acid upon
TFA treatment (Figure 3).
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R
, C::O T OH F{N/Hf{ R
72—& TFA r,,,N:ﬁ\\\ U TFA ﬁﬁ)ﬁf{
0

MeO
pseudoproline serine or threonine

N-Hmb amino acid amino acid

Figure 3: Secondary amino acid surrogates to disrupt formaifcsecondary structure during peptide synthesis.

The probability to encounter intermolecular aggtegain a peptide increases
with peptide length. Therefore, the synthesis ajda peptides (more than 50 residues)
or even proteins via SPPS is limited.

Different ligation strategies have evolved durihg tast decades for the synthesis
of small proteins of more than 100 amino acid nessd from smaller fragments
synthesized by SPPS. The most popular method ishioselective ligation suitable
for the preparation of C-terminal thioester anaalsid functionalities47]. An elegant

method is the so-called native chemical ligatio€I)N[48] (Scheme 7).

()
Peptide 1 —< + HS HN— Peptide 2
SR H
HaN 0 .

11 -RSH
O
Peptide 1 —<
SHN— Peptide 2
H,N O

l iii
O O
Peptide 1 4{ N—; Peptide 2
HN

iv
HS

Scheme 7Native chemical ligation (NCL) of the peptide fragns andii.

A C-terminal a-thioester () is reacted with a second unprotected peptide

containing an N-terminal cysteine residug.(The reaction occurs via a reversible
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transthioesterification in aqueous solvents @l 7 to from the thioester
intermediataii . After a spontaneous—-2N acyl shift the native peptide bond at the
ligation site is formediy).

The initial ligations in a solution-phase approaetre followed by solid-phase
ligation strategies from Canm al in 1999 fi9] (Scheme 8).

H SX
PG’N\CyS/\/%/ ¥ Cys/\_/O
o)

l -PG
SX
HoN —~__C~ + HZN\CyS/_\—/CyS/\-/O
Il
O l
HoN"™T S Cys” S~ CyS/_\—/O

l cleavage

HN- ~__-Cys” ——Cys” . ~COOH

Scheme 8General concept of solid-phase chemical ligatiottefsinal cysteines are
used for the formation of the native peptide boathieen the segments.

The advantages of such a solid-phase approacledoeed losses by avoiding a
series of intermediate purification steps followiegch ligation. In addition, as
common for all solid-phase approaches, the usexadss quantities of each segment
drives the reaction nearly to completion.

With the increase in efficiency of the synthesidafger peptides the challenges
for the purification increases as well. The crudeodpct obtained by
deprotection/cleavage of a peptide synthesizedotd support contains a variety of
byproducts. Generally, these impurities consisslodrtened peptides with a single
internal amino acid missing (deletion peptidesyfed during chain assembly), and
peptides with chemical modifications due to sidact®ns in the final deprotection.
The key to a successful synthesis is the formatioproduct as uniform as possible.
This task becomes more and more difficult for pgsi of 50 or more residues.

Nowadays, most cleavage protocols involve predipitiaof the crude product using
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cold diethylether otert-butylmethylether prior to the purification by resed-phase
high performance liquid chromatography (RP-HPLCepBnding on the peptide
sequence, an additional treatment with oxidizingrdsg to form disulfide bonds before
HPLC purification is necessary. In principle, pigdtion should be carried out by the
consecutive application of mechanistically diffargarification methods to lead to a
high purity of the final product. However, such altistep purification procedure is
time consuming and rather expensive. Furthermoreéhé increase of the number of
manipulations the yield can drop significantly. Ma$ the smaller peptides (2 — 50
amino acids) can be purified by a single step pedpee HPLC. Reversed-phase
HPLC may not be satisfactory for the purificatidnpooducts containing a lot of late-
eluting impurities, because the more hydrophobimmonents can displace the target
peptide B]. At a peptide length of about 50 amino acidsnglse HPLC approach is no
longer efficient, due to an onset of relativelybdtaand slowly exchanging folded
structures of the peptide chal0]. As a consequence, a single peptide leads atyarie
of chromatographically separable conformers. If@pr folding of the peptide chain
prior to the HPLC purification is not possible, émmationally independent methods
have to be applied, such as isoelectric focusingmmobilized pH gradients, ion
exchange chromatography, or high-resolution gehtibn.

Finally, solubilizing a peptide can be quite a tdraje. Improper solubilization
results in the loss of the peptide and/or failufethe purification. Whereas small
peptides with five or less residues generally atelde in aqueous media, the situation
looks different for larger peptideS]]. Peptides containing less than 25% hydrophobic
and more than 25% charged residues are considesradraproblematic to dissolve
and to be purified by reversed-phase HPLC puribcest Peptides containing 50 to
75% hydrophobic residues are only poorly solubl@adgueous solvents, and peptides
with more than 75% hydrophobic residues will geltgrzot dissolve in water.

The purification of synthetic products is still ooé the biggest challenges in
chemical peptide synthesis. As peptides and protane a heterogeneous class of
compounds in respect to their physiochemical priogeerit is difficult to find a
“general purification procedure” suitable for a#piides and proteins. Therefore, the
use of affinity tags for the purification would di& a certain standardization of the

cumbersome purification protocols.
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3.2. Affinity Chromatography

In the post-genomic area, the procedures for thédigations of biomolecules
became more and more important. Because the fduftedsfrom high-throughput
analysis of genome sequences to functional andttatal studies of the proteins,
encoded by these genes. For peptides and protgmbesized by solid-phase
methods, the chemical and structural diversityoisdifferent to recombinant proteins.
Therefore, for the purification of peptides, themsatechniques are applied as for
recombinant protein (Table 1).

Table 1: Common techniques used for the purification of remiormnt proteins.

Purification according to: Technique

Charge lon exchange chromatography
Size Size exclusion chromatography
Polarity Normal-phase chromatography
Hydrophobicity Reversed-phase chromatography
Biorecognition (ligand specific) Affinity chromatoaphy

Affinity chromatography is unique in purificatioedhnology since it enables the
purification of biomolecules according to their loigical function or individual
chemical structure. The pioneering work of Poratll aolleagues52] and cyanogen
bromide activation initiated the development ofahd immobilization chemistries,
which allow the specific binding of affinity labets chromatographic supports. The
specifically adsorbed biomolecules can then beedll¢ading to a product of high
purity. The first affinity chromatography separatizvas performed by Anfinseet
al. [53], who demonstrated a successful purificatiorStdphylocociahuclease using
porous gel technology.

Affinity chromatography is based on the highly gpe@and reversible interaction
of a protein or peptide with a ligand, which is iwioilized on a solid support. It is
performed as a single-step purification and theestdfers immense time savings over
less selective multistep purification procedurese@o the concentration effect, large
volumes of complex crude mixtures can be processsmme of the specific

interactions used for affinity purifications arstéd in Table 2.
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Table 2: Common techniques used for the purification of remioant proteins.

Immobilized ligand Purification target

Enzyme substrate analog, inhibitor, cofactor
Antibody antigen, virus, cell

Lectin polysaccharide, glycoprotein, cell surface

receptor, cell
complementary base sequence, histones,

Nucleic acid nucleic acid polymerase, nucleic agid
binding protein
Hormone, Vitamin receptor, carrier protein
Poly (His) fusion proteins, native proteins
Metal ions with histidine, cysteine and/or tryptophan

residues on their surfaces

In recent years, affinity purification of recombmaproteins has been greatly
facilitated by the employment of affinity tags, aimed by recombinant expression.
The protein to purify is expressed together with thg and is loaded as a crude cell
lysate onto the affinity column for the purificatioSuch an affinity tag should share
the following featuresd4]: It should (a) allow purification in one singleep; (b) have
a minimal effect on tertiary structure and biol@jiactivity of the protein; (c) allow an
easy and specific removal to produce the nativaeprp (d) allow a simple and
accurate detection of the recombinant protein duparification; and finally (e) be

applicable to a number of different proteins.

3.2.1 Purification Tags

During the past years, a plethora of different sgggtems evolved, which have
been applied to the production of recombinant pnst@n a large scale. The most
commonly used small peptide tags are the poly-Abs&l, FLAG- [56], c-myc- [B7],

S- [53, 54, Strep II- B8], and the His-tagq9]. Small tags are thought to interfere less
with the fused protein and are therefore prefemeer bigger tags. When a small tag
has no effect on the tertiary structure, it mayremet be removed from the fusion
protein. Bucheret al could demonstrate that the effect of small tagshe tertiary
structure and therefore on the bioactivity of taeambinant proteins is depending on
the location and on the amino acid compositié@].[ Larger tags, often used to
increase the solubility of the target protein, nt@gve an impact on the folding

properties of the protein. Examples of larger tags HAT (natural histidine affinity

29



Introduction

tag) [60], the calmodulin-binding peptidé&]], the cellulose-binding domaib9, 64,
the streptavidin-binding proteir6?], the chitin-binding domaing3], the glutathione
S-transferase6fl], and the maltose-binding protei6g. In the following, a selection
of different tag systems will be briefly discussedormation about the His-tag will be
given in section 3.2.4 in more detail. Table 3 prds all tags including their

purification matrix and elution conditions.

Table 3: Overview about the most frequently used affiniystéor the purification of recombinant proteino(fr [54]).

Affinity tag Matrix Elution condition

Poly-Arg Cation-exchange resin NacCl, linear gratampH >8.0
His-tag NF*-NTA, Co?*-CMA (Talon) Imidazole or lowpH

FLAG Anti-FLAG monoclonal antibody| pH 3.0 or 2 -5 mM EDTA
Strep-tag Il Strep-Tactin Desthiobiotin

c-myc Monoclonal antibody LowH

S S-fragment of RNase A Guanidine thiocyanateatgtrMgCh
HAT Co**-CMA (Talon) Imidazole or low pH

3x FLAG Anti-FLAG monoclonal antibody| pH 3.0 or 2 -5 mM EDTA
Calmodulin-binding peptide Calmodulin EGTA (additad NaCl)

Family I: guanidine HCI or urea

Cellulose-binding domain Cellulose Family 11/l1: ethylene glycol

Streptavidin-binding

: Streptavidin Biotin
protein
Chitin-binding domain Chitin Fused with intein: dlth_lothreltol,[}-
mercaptoethanol or cysteine
Glutathione S-transferase Glutathione Reduced thiiotae
Maltose-binding protein Cross-linked amylase Madtos

For each affinity tag specific buffer conditiong applied, which could affect the
protein of interest. Therefore, the proper choita @urification system is crucial for
the success of the purification. The sequencesized of the different tags are shown
in Table 4.

The poly-Arg-tag consists of five to six arginine residues, whiem de used for
purification by cation exchange chromatography. éaly, the tag is attached to the
C-terminal of recombinant proteins expressed inds&ad systems. It leads to proteins
with a purity of more than 95% and yields of 4456]|[ Elution is performed under
basic conditions and addition of sodium chloride ctuimpete with the positively
charged arginine residues. In some cases, theiqawioh is hampered due to a

hindered accessibility of the tag. In this regé8dssenfelet al reported interactions
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of the poly-Arg-tag with hydrophobic C-terminal regs of target proteinsbp]. The
poly-Arg-tag is further used for the immobilizatiofh various targets on flat surfaces

as routinely used in scanning probe microsc@ty. [

Table 4: Sequence and size of affinity tags (frobd]).

. No. of Size
Affinity tag residues Sequence [kDa]
Poly-Arg 5-6 | RRRRR 0.80
His-tag 5-6 HHHHHH 0.84
FLAG 8 DYKDDDDK 1.01
Strep-tag Il 8 WSHPQFEK 1.06
c-myc 11 EQKLISEEDL 1.20
S 15 KETAAAKFERQHMDS 1.75
HAT 19 KDHLIHNVHKEFHAHAHNK 2.31
3x FLAG 22 DQKDHDGDYKDHDIDYKDDDDK 2.73
Calmodulin-
binding 26 KRRWKKNFIAVSAANRFKKISSSGAL 2.96
peptide
Cellulose- 3.00-
binding 27 —189| Domains '

. 20.00
domain
Streptavidin- 38 MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP|  4.03
binding protein
Chitin-binding 51 TNPGVSAWQVNTATYTAGQLVTYNGKTYKCLQPHTSLA 559
domain GWEPSNVPALWQLQ )
Glutathione S-1 511 | Gytathione 26.00
transferase
Maltose- 396 Cross-linked amylase 40.00
binding protein

The FLAG-tag is a short, hydrophilic peptide consisting of ¢igesidues. It still
remains controversial, whether its binding to thenotlonal M1 antibody is calcium-
dependent 7] or not. Since non-denaturing conditions can bedugor the
purification, the isolation of active proteins isgsible. Elution can easily be done by
addition of EDTA or by a transient reduction of thl. Schusteret al. reported a
successful purification of FLAG-tagged proteins megsed in yeast cells with a purity
of 90% [68]. The development of the 3x FLAG system was purebtivated by the
improvement of the detection limit via antibodieswsh to 10 fmol of expressed
protein.

The Strep-tag Il was developed for the purification on Strep-Tactfumns. The
octapeptide shows an affinity of aboutuld to Strep-Tactin §9]. The purification

conditions are highly variable, allowing their sifiecadoption to the target protein.
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Additions like chelating agents, mild detergenéslucing detergents, or saltup to 1 M
do not destroy the specific binding. For the eltid.5 mM desthiobiotin is applied.
The method is suitable for the purifications ofivatproteins with the tag attached
either to the N- or the C-terminal(Q] and for metal-containing enzymegl]. The
application range of the Strep-tag has permanantdseased during the past years,
since the tag is also used in NMR experiments aystallization [72].

N- or C-terminally c-myc-tagbearing proteins can be purified by covalently
coupling the monoclonal antibody 9E10 to divinylgwone-activated agaros&d.
Washing can be achieved under physiological camstifollowed by elution at low
pH, which proved harmful for the target protein. Tdygplication of the c-myc-tag is
predominantly focused to detection than to purifara

The S-tagis a 15 amino acid-tag derived from RNasebA,[54. It interacts with
a strong ks of 100 nM to the 103 amino acid S-protein, whishalso derived from
RNase A. This strong interaction dependgbt) temperature, and ionic strengi].
Due to four cationic, three anionic, and three pagidues the S-tag is highly soluble
in aqueous solvents. Due to its high binding afyinelution has to be performed under
very harsh conditions such g 2. Due to the discovery of a hypersensitive
fluorogenic substrate for RNase A, the system la@segl special interest for detection
in combination with high-throughput screenin@$|[

The calmodulin-binding peptide is a widely used tag due to its high specificity
to calmodulin. This tag is often used for the paafion of recombinant proteins
derived fromE. coli, because no endogenous proteins of this organisrkreown to
interact with calmodulin. This leads to high recoee of fusion proteins of 80-90%.
The tag consists of a 26 amino acids, which biradsiedulin in the nanomolar range
in presence of 0.2 mM CadI76]. The tight binding allows stringent wash condiso
which lead to only few contaminants after elutiofwvEGTA. The system is not
suitable for purifications in eukaryotic cells, asmny endogenous proteins interact
with calmodulin in a calcium-dependent manniédf.|

The main driving forces for the binding of thellulose-binding domain(CBD)
to cellulose are hydrogen bond formation and vanWleals interactions7B]. Over
120 different CBD sequences have been identifiedl @assified into at least 11

families [79]. Domains belonging to family I, Il and Ill are ggominantly used as
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affinity tags. Tags belonging to family | are inesvailable in many different forms,
and have been approved for many pharmaceuticahandn uses. In addition, it can
be used in a widgH range from 3.5 up to 9.5. The only disadvantagthéstight
binding, which requires elution buffers containiagea or guanidine hydrochloride.
Therefore, the target protein has to be refoldedr gburification. For this reason,
McCormick et al. [80] developed a milder purification system using CBidem
family Il and 11, which can be eluted using ethyéeglycol.

The streptavidin-binding peptide (SBP-tag) has a length of 38 amino acids and
developed from the Strep-tag Il. It binds with ghhiaffinity (Kp = 2.5 nM) to
immobilized streptaviding2], and can therefore be used for stable immobibrabf
proteins on streptavidin coated chigd]|

The chitin-binding domain is a 51 amino acid-tag, which is derived from
Bacillus circulans The tag suffers from rather high non-specificdmg, which can be
lowered by the use of non-ionic detergents and bajhconcentrations. Elution has to
be done using 1% SDS in 6 M guanidinesHCI leadngrifolded proteins. Therefore,
it is mostly used together with so-called self-sply inteins, which will be discussed
later in this section.

One of the most frequently used tags isgheathione S-transferase(GST)-tag.
The first application with this 26-kDa tag was pemed by Taylort al [82] with a
fusion protein expressed . coli. In most cases, after elution with 10 mM reduced
glutathione, the fusion proteins are stable, howdthey sometimes form dimers.
However, in some cases, the fusion protein is gfrtor even totally insoluble, a
property associated with the presence of hydromghadgions in the GST sequence.
Interestingly, insolubility was more pronounced flusion proteins larger than
100 kDa.

Proteins fused to the 40-kDaaltose-binding protein (MBP) can be purified by
one-step affinity chromatography on cross-linked/lase. Elution is activated with 10
mM maltose in physiological buffer. The MBP-tagoiféen used to increase solubility
in combination with smaller affinity tags for pogpdoluble fusion proteins8p).

Besides their purification task, affinity tags melicit a number of positive effects
on the expression of recombinant protein such asrmrement of solubility, efficient

initiation of translation, or an increased stapibigainst degradation. Thus, some tags
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are employed for the sole reason to enhance siyudiid do not show any affinity to
the purification matrix€.g.NusA [84], thioredoxin B, or SET B6f]).

3.2.2 Removal of Tags and Combinatorial Approaches

Especially large tags have a tendency to intenfietle the proper protein folding.
Therefore, they might have an impact on the bi@algactivity, might impede the
crystallization, or influence the behavior of thesibn protein. Hence, it is usually
desirable to remove the tag, to obtain the pureratye protein. Nowadays, highly
specific endoproteases are available, such as thusmled by the tobacco etch virus
ACTEV from Invitrogen B87] or the human rhinovirus PreScission from Amersham
Biotech B8]. Nevertheless, the processing efficiency highéries for each fusion
protein leading to time-consuming optimizationsied digestions.

Factor X, with the recognition sequence IEGR and enterokingth DDDDK are
well suited for the cleavage of N-terminal tagsk€a5). Since they cleave at the C-
terminal end of the recognition sequence, nativiensni of the target protein can be
generated. Unfortunately both proteases often eléasion proteins at locations other
than the desired site due to low sequence spegii8, 84. More stringent proteases
like TEV and PreScission have recognition siteadileg to one or two amino acid

truncs on the native protein stemming from the tag.

Table 5:Cleavage site of different proteases.

Protease Recognition sequence

Tag-IEGR{Protein

Factor % Tag-DDDDK|-Protein
TEV Tag-ENLYFQ|S-Protein
PreScission Tag-LEVLF@GP-Protein

| cleavage site of the protease

Proteolytic methods for the C-terminal cleavagéagk are much more difficult to
find, as all of them usually leave at least 4-6ra&xton-native residues on the C-
terminus of the native protein. Therefore, theyehbeen used only to a limited extent

to remove short C-terminal tagd9, 90Q.
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An elegant method is the so-called intein methegdprted by Chonegt al [91].
The idea is to integrate a self-cleaving elemealled an intein, between the target
protein and the tag (Figure 4).

HS
target o
protein '/ intein
CBD

WN
H Cys

0]

N-S acyl shift

-YSY:c
O NH,
+B-ME (1) HS
DTT (ll .
:Cys ((III; intein
+ hydroylamine (IV) H,N

(@]
OH
- N o M. © - o
—_—
O EH OH HS OH ) O\j\
2 N~ COOH o

H,0 B-ME
I\ H20 DTT SN acyl shift

WOH WOH HSj\
0
O -\WH COOH

0o
0O am (1 ()

Figure 4: Autolytical splicing of intein from host protein.uBion protein consists of target protein and a r@eal
chitin-binding domain (CDB). The tag is linked vieetmtein to the C-terminal end of the target protdihe intermediate
thioester is cleaved upon addition of I, II, IIl, . Final workup depends on the desired C-teringmal; from P1].

Per definition an intein is a segment of a protaihich is able to excise itself and
connect the remaining parts, the exteins, by aigegiond. Most of these inteins
contain an endonculease domain to cleave the @epichds. Therefore, a mutant
(Asn454Ala) of the VMA intein fromSaccharomyces cerevisiagas produced to
inactivate its splicing and C-terminal cleavagevagt Now, the mutated intein is able

to catalyze an N-S acyl shift at its N-terminal teyse residue, which results in a
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thioester bond. Addition off-mercaptoethanol, dithiothreitol (dtt), cysteine; o
hydroxylamine leads finally to the cleavage of thieester bond.

Despite the innovative approach, the intein methwifiers from the large size of
the catalytic machinery, which forces the cellgptoduce this huge construct. As for
most cleavage methods, the efficiency is highlyetelent on the sequence at the
cleavage site. In addition, the autoprocessing rscetl a very slow rate, a further
drawback of this strategy.

As no single tag is ideal for all proteins, a conattorial approach was developed
by Tropeaet al [92] using a dual tag system consisting of agHWBP affinity
tag (Figure 5).

protease cleavage site

~

: \%
Soluble  IMAC Hisg -
extract ' arget

protein
; TEV digestion
His,
Hisg

Target IMAC
protein Target

protein

in flow through
His,

Figure 5: Schematic illustration of combinatorial tag apptoarsing Hig-MBP tag.
IMAC: immobilized metal ion affinity chromatographyWBP: maltose-binding
protein; TEV: tobacco etch virus protease.

The MBP part is only attached to improve the y@tdl enhance the solubility and
is not used for purification purposes. After atfpsrification of the fusion protein via
a Ni-NTA column directed towards the hexahis-tdwg tag is cleaved by the TEV
protease. This protease is His-tagged as well andtleerefore by removed together
with the Hig-MBP tag in a second IMAC. The uncleaved fusiontgrs, Hig-MBP
tags, and the HisTEV will be retained, whereas the pure proteieliged in the flow-

through.
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3.2.3.Immobilized Metal lon Affinity Chromatography (IMAC )

A special affinity purification method is the solled immobilized metal ion
affinity chromatography (IMAC). This technique wiast proposed by Poratt al.in
1975 P3]. Actually, the principle of IMAC was developed otu earlier §4], but
Porathet al were the first to apply this purification printg@pto the separation and
isolation of proteins. The method is based on wBffié affinities of proteins for metal
ions, which are tightly bound to a metal chelat@njch is immobilized on the solid
support. Electron-donating groups present on tlwtepr surface coordinate to the

metal ion. The principle of IMAC is demonstratedHigure 6.

chelator )
Loading of
metal ions metal ion

matrix
(solid support) _
protein
adsorption
displacer ) protein
elution

A

Figure 6: The principle of immobilized metal ion affinity atmatography (IMAC). After loading of the solid

support with the metal ions, the protein is abladsorb to the solid support. Elution is perforrbgdaddition of a
displacing molecule.

In a first step, the metal ions are loaded ontocthlamn by coordination with the
immobilized metal ions. The oligodentate chelasoable to bind the ion tightly to the
solid support. With its free coordination sitesg timetal ion can coordinate with the

protein. For the final elution of the protein apacer €.g9.imidazole) is added. The
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strength of the interaction between protein andahiens is protein dependent, which
allows the separation and isolation of a specé#igeét.

The differences in affinity of the proteins to timetal ion can be explained by the
hard-soft-acids-base (HSAB) theor95]. For each interaction formed, one of the
binding partner acts as a Lewis acid and the aibex Lewis base. The strength of the
interaction is depending on the atoms rating asd'har “soft”. The theory states that
bonds between atoms with similar ratingsy. soft acid combined with soft base, are
stronger than the one between odd partners. Metal such as K C&*, Mg®*, and
Fe** belong into the group of hard Lewis acids, wherel@stron-rich ions like Ag
and CU are classified as soft Lewis acids. In between laad soft Lewis acids, there
are the so-called borderline acids, such as thesitian metal ions C8, Zr¢*, Cu*,
and NF*. According to the HSAB theory, three major typétigands can be predicted
for the various metal ions. Ligands containing ayge.g. carboxylate), aliphatic
nitrogen €.g. asparagine and glutamine), and phospleog. phosphorylated amino
acids) form the group of the hard Lewis bases. hdgawith sulfur €.g.cysteine) are
classified as soft Lewis bases, and those with atemmitrogens €.g. histidine,
tryptophan) belong to the group of borderline ba3éerefore, the transition metals
mentioned above prefer to coordinate with aromatimgens and to a lesser extent
with sulfur atoms 96.

As already stated by Pora#h al [93], His, Trp, and Cys undergo the strongest
interactions to borderline metal ions and are tioeeethe key players in IMAC
technology. In addition, they all provide electrentical and redox stability under
chromatographic conditions as well as redox stgdid7]. However, a high retention
on the sold support does not enforcedly correlatk good separation, since a high
retention capability could also lead to an incréaadsorption of impurities9g]. In
many cases, the retention behavior is largely otiatt by histidines exposed on the
protein surfaced9, 100, because His can interact via imidazole withithenobilized
metal ion. In addition, cysteines also display rhata affinity, although to a lesser
extent P8, 101, by an interacting with their sulfhydryl group.e&ral other
functionalities present on protein surfaces catuanfce the retention on metal ion
matrices:a-amino groups via a direct interaction to the meial[10Z]; Trp, Phe, and
Tyr acting directly via their aromatic side chai®8]; and Arg, Lys, Asp, and Glu
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acting indirectly on the accessibility of His restd P8]. Finally, special amino acid
sequences, folding, and overall surface propeftigber complicate the prediction of
the retention behavior of a specific protein. Néwveless, Kagedakt al [103
proposed a rule for the choice of the correct metabased on accessible His und Trp
residues on the protein surface (Table 6) leadingatisfying results in separation of

the target protein from the impurities.

Table 6: Protein metal ion affinity prediction based on asiiele His and Trp residues.

Occurrence of accessible His and Trg . - :
. Metal ions providing retention
on the protein surface
No His/Trp -
1 His Cu(ll)
> 1 His Cu(Il), Ni(ln
His clusters Cu(ll), Ni(ll), Zn(I1), Co(ll)
Several Trp, no His Cu(ll

In IMAC, oligodentate chelators are used to immabiimetal ions. The chelators
are covalently linked to the support by linkersvafious length and composition. To
allow interaction with the protein, the chelatorashleave free coordination sites on
the metal ion. Iminodiacetic acid (IDAPJ] and nitrilotriacetic acid (NTA)J9| are

the most frequently used chelators in IMAC (Figdye

Ni(ll)-IDA Ni(ll)-NTA

Figure 7: Structures of the two commonly used chelators i@V Chelators are covalently attached to a solid sttpnd
can be loaded with metal ions.¢ Ni**, C&*, F&", Zr?").

IDA binds a metal ion via two carboxylate oxygensl ghe central nitrogen. Thus,
with Ni?* having an octahedral coordination site, threetamftil interactions with the

protein are possible. In NTA, an additional carlateyleads to a stronger chelation of
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the metal ion. However, protein retention may berel@sed as only two coordination
sites are left in case of Ni[103. Due to a stronger metal binding in case of NTg
risk of metal leaching is lowered leading to a matble surface and less
contamination of the protein with metal ioa0H].

Many other chelators have been designed over 8teféav decades, all having
advantages as well as limitations. Some of themsanalar to IDA and NTA, based
on carboxymethylated amines such as tetraethylepatamine (TEPA) or
carboxymethylated aspartic acid (CM-ASHQ]]. Other commonly used chelators
with different chemical structures are reactive tlgét-resistant yellow 2KT 105,
dipicolylamine (DPA) 0106, O-phosophoserine (OPS) 1Q7, and 8-
hydroxyquinoline (8-HQ) 107]. For the structures of the different chelatingahds

see in Figure 8.
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Figure 8: Structures of different metal ion chelators usedMAC technology binding either in a tri- or
tetradentate manner.
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The proper combination of chelator and metal iowgrigcial in regard to protein
retention. Chelators were found to influence protegtention, such as complex
coordination geometry, charge, steric bulk, andatity [98]. Finally, Lehr et al
stated that also the resins can alter protein tieteas a result of interactions between
the protein-metal complex and the chelating res08]

The transfer of metal ions from the chelators ® pinotein in solution is called
“metal ion transfer”. When a protein or solute [deato disrupt the chelator-metal
binding and therefore to strip off the metal ioanfr the solid support, the protein will
be found in the flow through, contaminated with ahé&ns [LO9.

Originally, the column material, to which the chelais covalently attached, was
mainly agarose. Nowadays, different supports aeel ssich as cellulose, cross-linked
agarose, different polymers, silica, or polystyrgh@s. According to Uedat al [97],
the ideal support should meet the following physkamical characteristics: It should
(a) be easy to derivatize, (b) not exhibit non-gpe@dsorption, (c) display good
physical, mechanical, and chemical stability, (d¥sess high porosity to provide easy
ligand accessibility, (e) allow use of high flowtes, (f) be stable to eluents including
denaturing reagents, (g) permit regeneration ofirnak without degeneration of the
matrix, and (h) provide a stable gel bed with noinkting or swelling during the
chromatographic run.

The influence of the chelate structure and the hneta on protein retention were
already discussed. Other factors altering protelecsivity in IMAC are ionic strength
of the buffer orpH [103. When sodium chloride (0.1 — 1.0 M) is used, ©ni
interactions between sample and matrix are supgdesghereapH changes alter the
protonation state of the binding amino acids. Galherwhen apH range between 6
and 8 is used, the coordination of His and Cysdues is favored. At highgrHs,
deprotonation of Lys and Arg leading to additiooabrdination ligands decreases the
selectivity of the purification proces$(q1].

Addition of detergents is widely accepted as saliggt enhancer in IMAC,
because of their capability to diminish undesirahteractions 103. A similar effect
Is achieved when the proteins are eluted with dgs showing a higher affinity for

the adsorption sites than the protein. The monamiggand imidazole by can be
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improved by the formation of imidazole polymers,iethshow an improved elution
strength and therefore a better selectiviti(}.

As all purification methods, IMAC has also its prasd cons. To understand the
success of IMAC in protein purification, a comparisto other types of affinity
chromatography, especially immunoaffinity chromasgpy should be made.
Although, both techniques are based on the speaifezaction between protein and
ligand, but nevertheless, IMAC elicits a number adfvantages as presented in
Table 7 p7].

Table 7: Comparison between IMAC and standard affinity chragetphy.

Feature Metal affinity “Bio-affinity”

Ligand stability High Low

Protein loading High Low

Elution conditions Mild Often extreme
Ligand recovery after column regeneration Complete Generally incomplete
Selectivity Low-medium High

Costs Low High

Since most proteins lack metal affinity and canoetpurified via this technique,
purification tags are attached to overcome thigtdiion. Insertion of a N- or C-
terminal oligohistidine-tag, which is exposed oa firotein surface, allows a selective
purification of the target proteir®{]. Now, the lack of metal affinity of most proteins
is beneficial, as they will not undergo unspecifiteractions. Nevertheless, some
proteins do show metal affinite,.g superoxide dismutase expressed fineoli, and
will therefore disturb the purification proced9(j.

Since there is no need for extremle conditions during loading, washing and
elution, IMAC is regarded as a mild purification timed. The high selectivity in case
of an attached affinity tag allows in most casesirgle step purification with high
protein loading capacities of 0.1 — 1M per mL of gel P6]. IMAC can also be
applied to industrial applications, as the costslaw and upscaling fairly easy and
reproducible 96]. In addition, the same resin can be regeneraeeral hundred times
with a high recoveryd6]. Upon addition of strong chelators as EDTA or EGetal
ions can be removed, and the same resin can bedoadh different metal ions

providing a certain degree of flexibility. This &so ensured because various buffers
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can be used, as IMAC is known to be compatible Wigh ionic force and chaotropic
components 6. The use of IMAC is not only restricted to therifigation of
recombinant proteins, but can also be used fosiegah sterilization (removal of metal
ions essential for bacterial growth9€], or for the concentration of dilute protein
solutions Pe.

Recently, new variants of IMAC have been developsdalternatives to the
existing technique. One new application is immakiti metal ion affinity partitioning
(IMAP) in aqueous two-phase systems, where polyetieyglycol (PEG), covalently
linked to metal chelates and loaded with metal ,ijoasintroduced to increase the
partitioning of metal binding proteins in the PEGape 111]. IMAP is also used to
study surface features among structurally relatedtems. Finally, a further
development of IMAC is immobilized metal ion affini gel electrophoresis
(IMAGE) [112, 113 and capillary electrophoresis (IMACE}14].

3.2.4.The Hexahistidine-Tag (His-tag)

For the purification of recombinant proteins, IMAE€often used in combination
with oligohistidine-tags as demonstrated in thenparing work of Hochulet al [90,
115. Typically, tags consisting of five to six conséige histidine residues are used.
Since it is rather rare that such oligohistidingsents are expressed in naturally
occurring proteins, 5His- or 6His-tags guaranteghtselectivity. Binding of the His-
tag occurs via its imidazole nitrogens, which drkedo occupy two coordination sites
in the Ni-NTA complex. The column material consistsSepharose covalently linked
to NTA (Figure 9).

Besides the successful Ni-NTA resin, BD TALON™ nssare an alternative to
purify recombinant His-tagged proteins1f. TALON resins are loaded with o
instead of Ni*, and the tetradentate chelator has a slightly fisatlistructure
compared to Ni-NTA (Figure 9). Both chelators wenainly introduced due to the
higher metal ion binding affinity between chelaémd metal ion compared to IDA. As

a consequence, metal ion leaching could be reduced.
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Figure 9: a: His-tag bound to Ni-NTA via imidazole nitroget?* is complexed by three carboxylic acids and
the central nitrogen of NTA, which is covalentlyaahed to a solid support. b: TALON resin from Céaft
Laboratories.

The histidine sequence is introduced on the DNAIl&w the N- or C-terminal end
of the target protein. After cell lysis, the cruahxture containing the overexpressed
protein and all other cell fragments is loaded amtNi(ll)- or Co(ll)-NTA column,
which retains the His-tagged protein, whereas ¢ise of the cell content can be eluted.
In the next step, the bound target protein is dliitg increasing the concentration of
imidazole. Numerous successful purifications udihgr C-terminally bound His-tags
were reportede.g the purification of glutathione S-transferase 1P[t17], murine
interleukin 12 10§, cytochrome b5 118, green fluorescent proteiril9, chicken
lactate dehydrogenas&2(, mitochondrial ADP/ATP carrier proteirl®1], HTLV-I
surface envelope glycoprotein fragme@R?, just to mention the most prominent
examples.

Although the His-tag is mainly used for the separabf recombinant proteins, its
utilization is much more diverse. A common drawbaxk protein expression in
bacteria is the formation of inclusion bodies comntay the target protein in a
misfolded and non-functional state. Even in thespnee of aid devices, which should
support help for proper foldinge(g. co-expression of chaperones, optimization of
growth conditions), a refolding step is usually wridable to achieve acceptable
yields of functional protein from inclusion bodigs23. Addition of a His-tag may
help in a “matrix-assisted refolding”. In this pesture, the renaturation step is carried

out by applying a linear change from denaturingréoaturing conditions or by
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iterative refolding, a technique based on repeatgdles of renaturation and
denaturation. During the matrix-assisted refoldithg target protein is bound via the
His-tag to the Ni-NTA support. After renaturatidghe fully functional protein can be
eluted in its native and soluble formlOb, 124. Another application is the
immobilization of His-tagged proteins to a matrix & defined spatial orientation.
Immobilization of target proteins is generally used study interactions between
biomolecules, such as protein-protein, proteindipiprotein-drugs, and protein-DNA
interactions. A site-specific immobilization is ahtageous compared to random
immobilization as it allows improved accessibildf the binding sites and increased
stability [125. Especially in the field of the evolving biosensonethods, site-specific
immobilizations are highly demanded. For the Biacgystem, using surface plasmon
resonance detection to determine thermodynamickametic binding parameters, a
Ni(Il)-chelating NTA-chip is commercially availabl6GE Healthcare) allowing the
preparation of stable immobilized protein chips,ialthcan be applied for repetitive
injections [L26. Zhu et al [127] reported another application, the successfullstab
immobilization of His-tagged proteins on a nickehated glass slide. Proteins
immobilized via Histidine-tags clearly were superio proteins immobilization via
aldehyde-treated glass slides. Finally, the NTAdftdp system was also used to anchor
proteins to an atomic force microscopy tip applied the investigation of binding

forces of receptor-ligand systems at a single nuidelevel [L29.

3.2.5.The Need for New Purification Tags

Although the His-tag technology has become a stangmocedure for the
purification as well as the immobilization of recdoimant proteins 126, 129, the
chelating properties of His-tags at a moleculael@re still not fully understood. Only
some recent studies contributed a few basic mest@annformation: Investigations
with single-molecule experiments using scanningdganicroscopy revealed that His-
tags are forming various types of complexes, wiighificantly differ in stability and
energy profile along their dissociation pathwag8, 130Q. It was demonstrated that a
2His-tag forms less stable complexes with Ni-NTAmpared to a 6His-tag. In

addition, the binding mechanism of metal ions taiows His-tag motifs was
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investigated by computational approach&81], which showed that a 6His-tag has
mainly two preferred binding motifs, 1-8Blis-His-His) and 1-6 His-His-His-His-His-
His). This was at least partly confirmed by an ingeion of Bernaudagt al [132,
who studied different His-tags coupled to lactatehytirogenase to gain more
information about the influence of the target piroten the binding properties. The
His-Xaa-His motif elicited the best retention on Ni-IDA colummas also the most
stable immobilization on Ni-NTA chips in Biacoremtiments. Furthermore, a study
on the stability of His-tagged proteins?fNNTA complexes and their applicability to
protein immobilization in surface plasmon resonaagperiments was published by
Pluckthun and collaboratorg26. Very recently, Kozlowet al [133 reported results
of a huge peptide series investigating their badramn Ni-NTA columns. They found
that the retention of the histidine-containing pege depends on the arrangement of
histidines within the sequence, but also on thenamacid composition of neighboring
sequences. Trp and Arg, and to a lesser extentabhgsPhe, seem to increase the
affinity, whereas Glu and Asp decrease the affinityis-tagged peptides on Ni-NTA
columns. A more structurally related investigati@ported on differences of His-
tagged versus non-tagged proteins present as lcrtstectures 134. From the
presented structures, no structural impacts oHisetag on the protein was observed
although theB factors of the tagged structures were slightlyeased because the N-
terminal or C-terminal His-tags were generally disved.

In spite of all advantages of the IMAC technolothe method has also its limits.
The immobilization step, and consequently the whplgification procedure for
recombinant proteins, is often greatly hamperedhayinaccessibility of the His-tag
caused steric hindranc&35. When extended tage.g. 10His-tag 136, 137, or a
combination of two His-tags at both termini of thetein [L2§ are introduced for
improved accessibility, undesired changes in pnopeoperties may often result, such
as decreased solubilityl3g, misfolding [L39, dimerization [L4Q, inhibition of
complex assemblyl@]], or even degradationlfZ. A further drawback, especially
for industrial use, is the problem of metal ionkiage or metal ion transfe®¢, 101.
This leads to a contamination of the final prodwdtich is absolutely not tolerable for
pharmaceutical application. With the use of an @aitkl chelating gel column this

problem could be circumvented. However, this egtegp would cause additional costs
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and problems for the disposal of the contaminatethhresidues. Furthermore, since
the native structure is required for pharmaceutgtatie proteins, the His-tag has to be
removed by chemical or enzymatic means after it foddled its purpose in the
purification step. Therefore, there is a need &gstwith chelating properties that can
be adapted according to the type of applicatiodeendent of their use, ranging from
purification to site-directed and stable immobiliaa on analytical surfaces, these tags
should not interfere with the conformation and fiimre of the native proteinl43.

The need of new tags did not just evolve receiilying the last decades several
newly developed metal ion-binding tags were regbré&mithet al investigated the
properties of various metal chelating peptides agiis-Gly-His, His-Tyr-NH, and
His-Trp coupled to luteinizing hormone-releasingrhone (LHRH) for purification
on Ni-IDA columns 44, 14%. Similar investigations are reported for angictien, a
decapeptide with high affinity for various metah#[146. This peptide was coupled
to TEM-B-lactamase for the purification on Ni-IDA columnd4f]. Finally,
Ljungquist et al achieved a satisfying retention of protein A domaand f3-
galactosidase on Zn-IDA columns with tags contgni8 repetitive His-Gly-His
sequenceslyg.

For the development of new tags, a better undetstgnof the interaction
mechanism of the Ni-NTA system would be beneficiihe determination of
thermodynamic (K and Ky) and kinetic data ¢k and kg) of ligands binding to Ni-
NTA might add to a more profound knowledge of spahfication systems and could

therefore lead to further improvements.

47



Introduction

3.3. Surface Plasmon Resonance (SPR)-based Biosensoladire

Biacore measurements are based on the physicaigarcalled surface plasmon
resonance (SPR), arising from an electron densityewcaused by an interaction of a
p-polarized incident light beam with a metallic rthfilms [149. In the 80ies
Pharmacia Biosensor AB launched the first SPR tletecsystem. In 1996, the
company became Biacore AB and finally merged in62@@h GE healthcare.

3.3.1.The Theory of Surface Plasmon Resonance

The SPR-phenomenon is based on total internalctefte (TIR), an evanescence
electric field, and surface plasmon waves. Wherabof light propagating through a
first medium of higher refractive index ife.g a glass or quartz prism), meets the
interface with a second medium of lower refractivéiex i (€.g an aqueous solution),
total internal reflexion for all incident anglesegter than a critical anglé will
occur (Figure 10, A). Despite the total reflexidhe incident beam establishes an
electromagnetic field Ethat penetrates a small distance into the secoedium.
Propagation in the second medium is always parallédie plane of the interface. The
amplitude of the evanescent wave decreases exponentially with distance from the
surface, and the effective penetration depth ialysless than a wavelength of the
incident light and therefore only a few hundredaraeters 150. When a thin metal
film is inserted at the interface between the dliagsd interface, the phenomenon of
surface plasmon resonanc&s]] can occur (Figure 10, B). Surface plasmons are
waves of an oscillating surface charge density dooting electrons) £ which
propagate along the metal surface between the @retiiihe aqueous phase. Similar to
the situation without metal film, the field amplitei of the surface plasmons decays
with increasing distance perpendicular to the m&talace. Usually, the penetration of
the evanescent wave reaches 100 — 200 nm into itHectic medium. Surface
plasmons are excited when an evanescence fielduped by the internal reflexion of
a p-polarized incident beam, penetrates this lagérthereby enhances the evanescent
wave. Surface plasmons are waves and are equivalphbtons in the case of light. A

non-magnetic metal like gold is normally used fogde metal layerd $2-154.
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To fully describe photons or surface plasmons, twrarphysics is needed due to
their electromagnetic nature. However, a simplif@macan be made by depicting each
of the two wave momenta as a vector. The light @mahomentum at the interface can
be resolved into two vector components (parallel perpendicular to the interface) as
demonstrated in Figure 10, C. The magnitude ofethesident light vectors directly
depends on the light angle. Similarly, the surfalesmon wave is also described as a
vector, which depends on a number of factors suehmatal properties, layer
thickness, surrounding media. In case that theggnand the momentum of the
incident light vector exactly correspond to the afethe surface plasmon vector,
resonance occurs, leading to the conversion ofggngom photons into plasmons.
The energy conversion can be detected by a draptensity of the totally reflected
light beam. This drop is restricted to resonanceddmns, otherwise no such

conversion arises and the light is fully reflec(Edyure 10, D).
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Figure 10: Principles of SPR. A: Total internal reflectiorlu® line) and refraction (red line) of a light beamdependence
of the incidence anglé at the interface of two different mediay(m,). B: Evanescence field wave leaking through a thin
metal film (yellow). C, D: SPR in the gold surfacktHe incident light vectors (component parallehtetal film) has not the
same value than the surface plasmon vector, Igghlly reflected (C). Only a specific angle leadsatmatching of the two
vectors and a resulting resonance (D).

In an experimental setup, metal nature and thickiasswell as the properties of
one medium are kept constant and resonance cahté@ed only by variation of the
angle of the incident light and the refractive indé¢ the second medium. This allows
monitoring refractive index changes in the secordliom adjusting the incident light
angle until a dip in light intensity (resonancefletectable52-154.

For Biacore experiments, sensor chips that cartyiragold layer (50 nm) on a
glass support are applied. The gold surface isiiactd contact with a flow cell
(sample) and a prism follows the glass side. A nsbnamatic, plane-polarized light
beam at a wavelength of 760 nm is focused in a wedgthe gold surface and the

total internal reflection is monitored on a diodeag. The described evanescence field
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wave penetrates into the flow cell and enablesctiete of refractive index properties
to a distance of about 700 nm from the surface.

Biomolecular interaction measurements with SPR mage of the fact that
binding of molecules to sensor surfaces altergdfractive index near this surface. In
Biacore systems such a change is recorded by ayeharthe incidence light angle at
which resonance occurs. This change can finallycbeverted into a response
signal (Figure 11). The response signal is measuredesonance units (RU)
corresponding to a shift in the resonance anglppfoximately 10 degree 153. The
mass of the molecule and its influences on theacéfre index is directly related,
explaining why SPR biosensors are often referreastmass detectors. The correlation
between sensor signal and mass increase was foumel 1 pg/mrhfor 1 RU [155.

This experimental value was determined for a pnatieat binds to the metal surface.

A B Cc

] [ ]
Figure 11: Detection of biomolecular interaction by SPR. A, BnSor surface before and after interaction of
ligand. C: Shift of light intensity dip upon intetam.

f 3
Intensity

This correlation is almost constant for moleculegviigh protein and low lipid
and carbohydrate contentl93. The relationship can be extrapolated to other
molecules such as nucleic acids, carbohydratadslgr conjugate molecules. Despite
some variations depending on the type of ligandylgeall molecules binding to the
sensor chip can be detectdd4]. Deviations in signal intensity are a consequenice
the three dimensional distribution of the ligandthin the matrix near the metal
surface and due to the exponential decay of th@emscent wave with increasing
distance to the surface. Additional effects arouhd interface,e.g. electrostatic
attraction or conformational changes, will furthefluence signals as described by
Mannenet al [156].

Biacore experiments are generally used to studgractions between binding

partners. For this purpose, one binding partegy. a receptor or an enzyme is
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immobilized on the sensor chip and the otheig.(agonist, antagonist, inhibitor,
substrate) is injected. A direct surface attachnoéng.g proteins to a solid (gold)
support often leads to loss in affinity and potalhti unspecific binding events.
Therefore, a special surface chemistry was devdlopwolving a ‘protecting
polymer’, which carries functional groups for easymobilization. On standard
Biacore biosensor chips, thiolated carboxymethyitrde chains are directly attached
to the gold surface via the sulfur atom. Carboxyups distributed over the whole
dextran matrix (three dimensionally distributed) alkle immobilization via
well-defined chemistry. Due to the hydrophilic emwviment, the immobilized
biomolecules are kept in a quasi-solvent envirortni@d7], which increases the
stability of e.g labile proteins. As electrostatic artifacts coudd caused by free
carboxyl groups on the chip surface and sampleacointants a routine addition, salts
e.g 150 mM NacCl are routinely added to the runnindgfdu[153. Other reagents,
such as EDTA or polysorbate are highly recommertdefiirther limit non-specific
signals. A schematic overview of the entire expental setup is visualized in

Figure 12.

buffer II

detecto

Figure 12 (by courtesy of A. Vagtli):Schematic overview of the experimental setup ofBleeore 3000. Precise
sample delivery is conducted by the integratediftucartridge (IFC). Binding of a ligand to an immii®d target
is monitored in real-time by the SPR-based detectistem.
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Biacore experiments are performed under continufbow conditions. This
minimizes effects like mass transport of moleculesthe surface, a phenomenon
observed in stationary systems. In such a systeenraquired incubation times of
several hours to ensure reliable results wouldcootelate with real-time systems as
Biacore. The flow system consists of a micro-floall,cwhich offers a continuous
transport of sample to and from the surface, tloeeeminimizing the diffusion and
convection effects. Developments in miniaturizatimd to an integrated fluidic
cartridge (IFC), which further reduced sample comstion and sample plug
dispersion after injectiorilp3.

The shift in resonance angle is monitored in reaktand plotted in dependence
of time. In such a signal versus time plot, cabedsorgram, the different stages of a
binding event are visualized (Figure 13). Durindgirgt phase, running buffer is
injected over the surface leading to a stable baseContinuous injection of sample,
which binds to the surface, is monitored by theaease of the binding curve during
association phase (A). The shape of the curve duassociation is influenced by
dissociation occurring already at this stage. Ddpgnon the ligand, steady state
reached after a specific injection time, where assimg and dissociating molecules
are in equilibrium (B). With the stop of sampleeddijion and change to continuous
buffer flow, the dissociation phase starts and bevisible by the decreasing signal
in the sensorgram (C). In case of very slow disgam, an additional regeneration

step is required to reach the baseline again (D).
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Figure 13 (by courtesy of A. Vogtli): A typical sensorgram obtained for a
standard interaction measurement. Ligand from apbkarstarts to bind to the
target (A) until a steady state is reached (B).eAfthanging to pure buffer,
dissociation of the ligand is visible (C). In cadeemaining ligand a subsequent
regeneration step is required (D).

Due to the real time set up of Biacore, kineticapagters such as the association
and dissociation rate constants.(K) can be derived from the sensorgram. The
equilibrium dissociation constant g)kcan be directly calculated from the kinetic rate
constants using Equation 1 or independently froendfieady state signals at different
concentrations. Steady state affinity is calculdtased on Equation 2, wherg,#& the
equilibrium response signal,pKthe equilibrium dissociation constant, ¢ the sampl

concentration, and R, the maximal response at saturation level.

kon koff .
Ky= — : Kyp= —— [Equation 1]
koff kon
C x R
Req(C) = ————— [Equation 2]
Kp+c

To demonstrate the effect of different kinetics sensorgrams am silico
experiment can be performed, where eight conceoia{100uM — 0.25uM) of four
virtual compounds (A — D) are injected. The affnip) is for all compounds

identical, but they differ in their association atidsociation rate constants (Table 8).
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Table 8: Data of the virtual compounds A, B, C, D.

Compound | Kp [pM] Kon [M s Kot [S7]
A 10 10000 0.1
B 10 1000 0.01
C 10 500 0.005
D 10 100 0.001

For compound C and D, a steady state affinity aslys already complicated
because steady state for the lower concentratisnsot reached within injection

time (Figure 14). In such a case, only kineticdiyermined KKs are available.
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Figure 14: Importance of kinetics demonstrated by a simulatiith four virtual compounds (A, B, C, and D) alsglaying
a Kp of 10uM.

3.3.2Immobilization Assay Using NTA-chips

To measure binding affinities and kinetics of Ni-N'Complexes with various

ligands, one of the interacting molecules has tonfraobilized on the chip surface.
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Biacore produces a commercially available sensir with covalently attached NTA
to the dextran matrix (Figure 15)4§.

s

I | gold film dextran

Figure 15: Commercially available NTA chip from Biacore (GE Hbahre, Freiburg, Germany). Dextran is
coupled via sulfur groups to the gold surface.

After addition of ag. NiG solution, the chip forms Ni-NTA complexes are
formed, allowing the immobilization of His-taggedofeins. The NTA-chip is also
appropriate for the analysis of potential tags imigdto Ni-NTA. With such an
experimental setup, it is possible to simulate phefication process on a Ni-NTA
column. A comparison of the standard Biacore assa&yl for the investigation of Ni-
NTA complexes as proposed by Niedtaal [126 and a Ni-NTA purification is given
in Figure 16.

The basic principle of the two experiments is thms. In both cases, the ligand
(tag, tagged protein) is injected after the initi{ll) loading step. After the binding
process the surface or the column material is gded again for the next round of
ligand injection. Whereas in the purification presethe product is eluted with
imidazole to get a pure product, this step is remtegsary in the Biacore experiment.
Addition of EDTA leads to a complete release oflINiénd sample together. This is
not desired in the purification experiment as itwdblead to a Ni'-contaminated

products.
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NTA
NTA NTA bound to surface NTA
or solid phase NTA
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Figure 16: Comparison between Biacore assay using Ni-NTA chigsIMAC purification using Ni-NTA columns.

From the shape of association, steady state, asdaation phase, the parameters
Kp, kon, @and kg can be calculated. The correct evaluation andpraéation of the
obtained sensorgrams is critical. Many reporte@ datiterature are either unreliable
due to poor quality or to bad processii®y. Deviations from an expected binding
model are often caused by poor experimental desoym,purity of ligands and/or
target heterogeneity. Unfortunately, such data aféen be fitted to a more complex
binding model, simply because of the increased musndf variables taken into
consideration 160. Hence, before reporting new binding mechanisorsaf certain

interaction all possible influences have to be mlated.
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To exclude unspecific binding, subtraction of apmo reference flow cell is
needed. A reference flow cell should mimic the ¢éardow cell as close as possible.
For this purpose, one flow cell is generally usétheut injection of Nf* to eliminate
unspecific binding either to the dextran matrixtbe covalently attached NTA. In
addition, injections of buffer blanks over the &irglow cell cause small deviations
from the reference and should be included as \Bath, subtraction of blanks and
signal from the reference flow cell, also knowndagible referencing lead to higher
data quality 161].

Generally, data should first be fitted to a simpig-binding model according to
Equation 3. Since some targets possess more tleahinding site, the equation has to
be extended to a two independent binding site mddekuch a case two binding
affinities (K,' and qu) as well as two k& and ki values can be determined
(Equation 4). If mass transport effects are suggecr reported, a mass transport
coefficient (k,) might be introduced (Equation 5).

kon .
A+B = AB [Equation 3]
koff
kOh1 kOI']2
A =——— AB AB, [Equation 4]
koff1 koff2
km kon .
AB [Equation 5]

Mass transfer is very likely to appear for assammtate constant (k) higher
than 16 M™'s™. At these high on rates, the measured bindingiras®me cases may
reflect the transfer of analyte into the matrixhetthan the reaction rate itself6f].

As mass transfer is dependent on the flow raie,atsily detectable by measuring the
same analyte concentrations at different flow ralsviations of the binding curve
might indicate the existence of a mass transfene@ly, higher flow rates are less

prone to mass transfer, but increase significahyanalyte consumption.
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A proper data processing is especially importantfitting kinetic data (k, and
ko). Initially, different algorithms using curve trsfiormation L63 or nonlinear least
square analysislpZ were used for the evaluation of the binding kiceet However,
these methods only fitted single binding curvesdwen portions thereof) and were
found to be often insufficient to discriminate beem different binding
mechanismsl6d. In the global analysis approach, the associaéiod dissociation
phases of the entire data set are fitted to a ndalltaneously, resulting in accurate
and robust datalp4].

Finally, to exclude experimental artifacts, triglie injections are applied. Such a
treatment also helps to foresee changes of thescinfpce over time, which could lead
to deviations in further experiments and therefameeliable data. Repreparation and

reinjection of sample solutions additionally hetpsavoid systematic errors based on
manipulations.
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3.4. Affinity Tags in Solid-phase Peptide Synthesis

Nowadays, the principle of solid-phase peptide lsysis together with chemical
ligation enables the production of large polypeptat even protein chaind§y.
However, due to limitations in the standard HPLGifzation and the lack of suitable
purification methods for SPPS, synthesis is quiterohampered (see section 3.1.2).
Especially, in solid-phase based synthesis of lprgéeins using chemical ligation, the
repetitive HPLC purifications of the fragments lrefeach ligation is highly laborious
and prone to significant losses. Furthermore, astergactions, which do not require
intermediate HPLC purifications of fragments butyoone single HPLC isolation of
the product 166, are often limited as they need near-quantitateaction yields for
each fragment. However, in the field of productioh recombinant proteins
overexpressed in engineered cells, the attachnigags to the N- or C-terminal end
of the proteins is a common strategy to yield potslin an acceptable amount and of
good purity. The most successful and most frequended method is IMAC
purification in combination with His-tags (see sect3.2.4). Kentet al. presented a
possible approach to make use of the successfahieiag for SPPSLB7]. For the
chemical synthesis of a 17-kDa protein (tetratrpeptide repeat) via the natural
chemical ligation strategy, they used a C-termireadahis-tag to facilitate the isolation
and handling of intermediate products formed dutimg reaction and also to enable
the final purification of the complete product (&g 17).

The attachment of an affinity tag would not onlyppart the chemical synthesis of
larger proteins but also the synthesis of larg@tides, which do not require chemical
ligation. Secondary structure®.g. helix, beta sheet) and tertiary structuresg(
leucine-zipper, disulfide bridging domains) areogisesent in peptides of 40 and more
amino acids and have to be established after ssisthelpon detachment of the
product from the solid-phase, the peptides forneroftnultimolecular aggregates,
which do not show the desired biological activitherefore, attachment of a metal
binding tag prior to the cleavage from the soligpmurt, would allow to load the
peptide onto a Ni-NTA column to perform a refoldisgep similarly done with

proteins expressed as inclusion bodiEa]].
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Figure 17: His-tag assisted solid-phase peptide syntheg®lgpeptide chains using native
chemical ligation (from167).

The first attempt to use metal affinity for SPPSswmaade from Comelgt al in
2001, although with a slightly different airhg8. These authors complexed an amino
acid via chromium to a solid-phase using aromatgonor systemse(g.as present in
Phe). After the final coupling step, the peptideswdgtached from the solid-phase by
elution with a competitor. The purification was dlly performed using flash
chromatography and not by the means of the attaghethl chelator, which
significantly differs from the strategy of Keet al. with the His-tag 167.

The approach of Kerdt al suffers from mainly two drawbacks: Attachmentaof
C-terminal hexahis-tag means six additional cogpkateps to the growing peptide
chain, which further lowers the overall yield oethynthesis. Furthermore, as already
described in section 3.2.5, the His-tag has somerndaawbacks, which could also

have an impact on fully synthetical proteins.
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The interaction mechanism between metal ions arsttadjs with a variable
number of His residues has not yet been experirhgntavestigated at a molecular
level. In fact, Hochulet al. [90] compared the binding of His-tags consisting &f @
residues, but only by means of retention and etudéfiiciency on Ni-NTA columns.
Larger tags with up to ten histidine residues halge been described37], however
without any characterization of their binding prdpss. Hence, the hexahistidine
tag 6) has been empirically determined as suitable fostrof the applications and is
therefore by far the most widely used affinity tag.

For the development of new purification strategussng tags with improved
chelation properties a better understanding ohteehanism of hexahis binding to Ni-
NTA is crucial. Very recently, an alternative tethpproach of Kergt al [167] was
presented in a patent application of Frastkal [169, who used a chemically
cleavable phenanthroline-tag attached to the Niteimof a synthetic peptide.
Purification was performed with Ni-NTA due to tha(IN-chelating properties of
phenanthroline. Unfortunately, no investigations bimding properties of such

phenanthroline structures were performed withia gatent.
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3.5. Aim of the Thesis

The aim of this thesis was to gain a better undedihg of the basic principles
involved in the binding process of various ligartdsNi-NTA. Such an improved
knowledge will then be used for the developmenneiv metal-chelating tags with
improved chelation properties and fewer drawbackgracountered with the existing
strategies.

With the Biacore system in house, a tool was abkdldo screen libraries of
different potential tags for Ni-NTA columns. In thest part of the thesis, the focus is
mainly on amino acid tags suitable as affinity tgssolid-phase peptide synthesis.
The binding assay using SPR should enable the rdetagtion of binding
affinities (Kp) and kinetic data @k, Ko.¢). In addition, a qualitative analysis of the
sensorgram should allow to gain a deeper insigbtthre binding mechanisms.

Besides, a slightly modified purification stratelggsed on the method of Frank
et al [169 using a phenanthroline-tag was set up and studiteasively by Biacore.
In addition, the phenanthroline-tag was also appioe the preparative purification of
a peptide synthesized using standard SPPS.

Furthermore, the possible introduction of a phdiibéalinker was tested. This
would offer an efficient cleavage method for thenowal of the tag17Q. Different
tag-linker constructs were synthesized and analymediacore to demonstrate the
effect on the chelation properties of the tags.

In a last part, new potential tags eg. picolinic acid were identified, using the

standard Biacore assay supported by a newly deseélopmputational modelt1].
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4. MATERIALS AND METHODS

4.1. General Procedures

Chromatography
Column chromatography was performed using silich Gfe (40-63 um) from
Fluka.

LC-MS:

LC-MS separations were carried out using Water$irgu@is columns (analytical:
2.1 x 50 mm, 3.5um; preparative: 19 x 150 mm, 50n) on a Waters 2525 LC
system, equipped with Waters 2996 photodiode aaral/Waters micromass ZQ MS
for m/z detection. If nothing else is mentione@nstard gradients of 15 min duration

in analytic mode and 30 min in preparative modeewan.

Mass spectrometry
Mass spectra were obtained on a Waters micromassr ZJFinnigan LCQ Deca
System. High resolution mass spectrometry (HR-M&csa were performed on an

ESI Bruker Daltonics microTOF spectrometer equippét a TOF hexapole detector.

Microwave reactions

Microwave reactions were carried out in a CEM Digramicrowave apparatus.

Nuclear magnetic resonance

Nuclear magnetic resonance spectroscopy was pextbion a Bruker Advance
500 Ultra Shield spectrometer at 500 MHH (NMR) or 125 MHz £°C NMR).
Chemical shifts are given in ppm and were assigneaélation to the solvent signals
on the d-scale or to tetramethylsilane (0 ppm) as intestandard.'H: 7.26 ppm
(CDCl), 5.32 ppm (CBCl,), 3.31 ppm (CEROD), 4.79 ppm (BO), 2.50 ppm
((CD),S0); *C: 77.00 ppm (CDG), 53.50 ppm (CBCl,), 49.00 ppm CEOD),
39.43 ppm ((CB),S0O). Coupling constantsare given in Hertz (Hz). The following
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abbreviations are used for the multiplicities: sngket), d (doublet), dd (double
doublet), t (triplet), dt (double triplet), g (quewr), dg (double quartet), m (multiplet).
Assignment of'H and**C NMR spectra was achieved using 2D methods (COSY,
HSQC, HMQC, HMBC). Abbreviations used for the assignt of peaks are the

following: tBu, tert-butyl; MeO, methoxy; Me ester, methyl ester.

Solvents

All solvents were obtained from Fluka and driedoprio use if necessary:
Diethylether, dioxane, toluene, and tetrahydrofur@fHF) by refluxing with
sodium/benzophenone and subsequent distillationdiRg was freshly distilled from
CaH,, whereas dichloromethane (gEH,) was dried by filtration over AD; (Fluka,
type 5016 A basic). DMF and DMSO were liberatednfravater by stirring over
activated molecular sieves 4A over night, followsdmicrofiltration. Methanol was

dried by distillation from sodium methoxide.

Thin layer chromatography

TLC was performed using silica gel 60 coated gidates containing fluorescence
indicator from Merck KGaA (Darmstadt, Germany) wsg&ither UV light (254 nm) or
Mostain solution [0.8 g Cer(S§, 40 g (NH)s(M0,0,4)+4 H,O dissolved in 300 mL
of 10% aq. HSQ,] followed by heating to 140°C for 5 minutes to vafize the

substances.
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4.2. Solid-phase Peptide Synthesis

Four peptide series were synthesized to be uséteimBiacore experiments: The
oligohistidine ( - 9), the HisAla, (10- 14), the HisAla, (15- 19), and the HXH 20 -
24) series. In addition, the-MSH derivative NAPamide26) and Hig-amide g6)
were produced for a closer investigation of theNYIA purification process. An
overview about the peptide sequences and the camdpoames is given in Table 9
As long as not stated explicitly, theform of the amino acids was utilized. All

reactions were performed at room temperature (rt).

Table 9: Peptides synthesized by solid-phase peptide syisthes

Compound No. | Sequence

His2 (@) | H-His-His-OH

His3 @) | H-His-His-His-OH

His4 (3) | H-His-His-His-HisOH

His5 @) | H-His-His-His-His-HisOH

His6 () | H-His-His-His-His-His-HisoH

His7 6) | H-His-His-His-His-His-His-HisoH

His8 (7) | H-His-His-His-His-His-His-His-HisoH
His9 ) | H-His-His-His-His-His-His-His-His-HisoH
His10 ©) | H-His-His-His-His-His-His-His-His-His-HioH
His,Alasl (10) | H-Ala-Ala-Ala-Ala-His-His-OH

His,Alas2 (11 | H-Ala-Ala-Ala-His-Ala-His-OH

His,Ala,3 (12) | H-Ala-Ala-His-Ala-Ala-His-OH

His,Ala 4 (13) | H-Ala-His-Ala-Ala-Ala-His-OH

His,Alas5 (14) | H-His-Ala-Ala-Ala-Ala-His-OH

His,Ala,1 (15) | H-His-Ala-His-Ala-Ala-His-OH

His,Ala,2 (16) | H-His-Ala-Ala-His-Ala-His-OH

His,Ala,3 (17) | H-Ala-Ala-Ala-His-His-OH

HisAla,4 (18) | H-Ala-Ala-His-His-OH

His,Ala,5 (19 | H-Ala-His-His-OH

HGH (20) | H-His-Gly-His-OH

HAH (21) | H-His-Ala-His-OH

HSarH @2) | H-His-Sar-HisoH

HAIibH (23) | H-His-Aib-His-OH

HPH (24) | H-His-Pro-HisOH

NAPamide 25) | H-Nle-Asp-Hisb-Phe-Arg-Trp-Gly-LysNH,
Hisg-amide 26) | H-His-His-His-His-His-HisNH,
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Reagents
9-Fluorenylmethoxycarbonyl-(Fmoc) protected HisfTbovaSyn TGT resin

Fmoc-Aib-OH, Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc{#©&tBu)-OH, Fmoc-
Gly-OH, Fmoc-Phe-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, FrSac-OH, Fmoc-
Trp(Boc)-OH, and 1-hydroxybenzotriazole (HOBt) wer@urchased from
NovaBiochem (VWR International AG, Lucerne, Switaaed). The resins Rink
Amide Novagel and Fmoc-PAL-PEG-PS were from Ap@iedystems (Rotkreuz,
Switzerland), dihistidinel), Fmoc-protected His(Trt), as well as 2-(1H-benaable-
1-yl)-1,1,3,3-tetramethyluronium  tetrafluoroborate(TBTU) from  Bachem
(Bachem AG, Bubendorf, Switzerland). 2-(1H-7-Azabsnazol-1-yl)-1,1,3,3-
tetramethyl uronium hexafluorophosphate (HATU) waschased from PerSeptive
Biosystems. All solvents used for the automatedtigepsynthesis were purchased
from PerSeptive Biosystems or Applied Biosystem®L8-grade watert-butyl
methyl ether, acetonitrile, and trifluoroacetic dac{TFA) used during peptide

purification were purchased from Fluka (Fluka AGicBs, Switzerland).

Equipment
All the peptides except His2l and HSarH Z2) were synthesized on a fully

automated Pioneer peptide synthesis system. Thigcption of the peptides was done
on different HPLC and mass spectrometry systems: dllgohistidines Z — 9), the
His,Alay (15 - 19), HGH (20), HSarH @2), and HAibH @3) were purified on a Jasco
HPLC systems consisting of a Jasco UV-1570 intetligUV/VIS detector (Jasco
GmbH, Gross-Umstadt, Germany). An Agilent 1100 fication system (Agilent AG,
Basel, Switzerland) was used for pita, (10- 14), HAH (21), HPH @4), NAPamide
(25), and Hig-amide 6). This system consisted of a quaternary pump oéedowell-
plate autosampler, a column thermostat, a DAD dete@nd a cooled analytical
fraction collector.

The purification of the oligohistidine2 (— 9) except His3 Z) was performed
using a preparative C18 column (SymmetryPrepx 180 mm, 7um; Waters AG,
Rupperswil, Switzerland), whereas all other pegtideere purified with different
analytic C18 columns: His2), HisAla,1 (15), His,Ala,/4 (18), and HigAla,5 (19),
HPH (24), and Hig-amide 26) with a Vydac 218TP54 (4.6 250 mm, 5um; Vydac,
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Basel, Switzerland). All peptides from the pAta, series 10— 14) were purified with

a Phenomenex Jupiter C18 (46250 mm, 5um; Brechbihler AG, Schlieren,
Switzerland), while purification of Hjgala,2 (16), HisAla,3 (17), HGH (20),
HAH (21), HSarH @2), and HAibH @3) was performed on a Reprosil-Pur Basic C18
column (4.6 x 250 mm, 5um; Dr. Maisch GmbH, Ammerbuch, Germany).
NAPamide 25 was purified using the Agilent 1100 HPLC systemthwa
Phenomenex Gemini C18 column (4&50 mm, 5um; Brechbihler AG, Schlieren,
Switzerland).

Mass spectrometry analysis of the peptides wapedd on the Finnigan LCQ
Deca System in case of the peptides H&H His6é 6), His7 ©), His10 ©), and
His,Alay3 (17), while all the other peptides were analyzed o \tflaters micromass
ZQ system.

Buffer pH values were controlled with a combing@ti glass electrode from

Metrohm (Metrohm AG, Herisau, Switzerland).

4.2.1.Synthesis and Purification of Oligohistidines (1 9)

All oligohistidines @ — 9), except His2 1), which was commercially available,
were synthesized with a Pioneer Peptide Synthesumang fully automated
continuous-flow technology and Fmoc-strategy. A AByn TGT resin preloaded with
the C-terminal histidine (0.19 mmol/g) was used ttoe synthesis leading to a C-
terminal acid after cleavage from the solid-phds8. g of resin was pre-swollen in
10 mL DMF for 30 min. Afterwards, the resin wasded on the column, which was
directly connected to the lines of the peptide sgaizer. Theoretical yields between
43 mg and 125 mg depending on the peptide sequeeieexpected. For each cycle
an automated program was executed using 20% piper{st/v) in DMF for removal
of the Fmoc-group, followed by several washing stepgh DMF. Coupling steps were
performed using 0.5 M DIPEA in DMF and TBTU/HOBtoth 0.5 M in DMF) as
activator solutions, followed again by washing widF to start the next coupling
cycle. Four equivalents of amino acids were added the coupling. Detailed

information about the coupling cycle is summarizediable 10.
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Table 10: Coupling cycle on Pioneer Peptide Synthesizer.

No. | Step Duration [s] [mFLll(r)nV\iln] Reagent
1 | Deblocking 300 5 20% piperidine in DMF
2 | Wash 50 30 DMF
_— a 0.5 M DIPEA in DMF
3 | Activation of AA 12 8 | 0.5M TBTU and 0.5 M HOBt in DMF
4 | Recycling through columh 3600 30 activated AA
5 | Wash 40 30 DMF

& Amino acid is activated in separate vial prioirtigction onto column
® The solution containing the activated amino asiglimped several times through the column congittia resin

At the final stage of the peptide synthesis theeiNwinal Fmoc group was
removed by the peptide synthesizer, and the resia transferred onto a frit for
extensive washing with 2-propanol.

For cleavage and deprotection of the oligopeptid@s the resin, a TFA solution
containing 5% thioanisole, 4.5% water and 0.5% regki 2-dithiol (all v/v) was
employed. The resin was resuspended in 3 mL ofT##& solution and filtered for
45 min. For washing 3 mL of TFA solution were addidpwise over of 45 min. As
the final steps, the filtrate containing the soliubd crude peptide was concentraied
vacuoand precipitated with iceert-butyl methyl ether to afford the crude peptide as
a white solid.

Analysis and purification of the oligohistidines neeperformed with HPLC and
mass spectrometry. The crude peptides, except g3were dissolved in 0.1%
aqueous formic acid (10 mg/mL) and purified withirear gradient of acetonitrile in
water (0-35%, containing 0.1% TFA). For His3) (the aqueous phase had to be
changed to 10 mM ammonium acetgikél 8.8 to get longer retention and the
purification was performed on a Vydac C18 colummgghe same gradient. For all
oligohistidines 2 —9) major peaks were collected and analyzed by massrometry.
The correct fractions were lyophilized leading twiaite lyophilisate. The HPLC and

mass spectrometry data are delivered in Table 11.
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Table 11: Analytical Data of Oligohistidine2(-9).

Retention Calculated Found
Compound | No. | .. : monoisotopic | monoisotopic
time tg [min]
mass mass
His3 ()] 7.86% 428.2 428.2
His4 ®) 4.47 566.3 566.2
His5 @ 4.68 703.3 703.2
His6 ®) 6.11 840.4 840.3
His7 ©®) 9.01 977.4 977.4
His8 ) 12.52 1114.4 1114.4
His9 ®) 13.41 1250.5 1250.7
His10 ) 14.15 1388.6 1388.5

& Purification was performed with a different bufferstem compared to the other
peptides, see above

Lyophilized products were stored at -20°C and thsability was regularly
verified by HPLC.

4.2.2.Synthesis and Purification of HisAla, Series (10 — 14)

The synthesis of the Hiala, series 10 —14) was performed as described for the
oligohistidines 2 — 9). To achieve a theoretical yield of 55 mg, 0.5 fgFmoc-
His(Trt)-NovaSyn TGT resin (0.19 mmol/g) was em@dy After cleavage, the TFA
solution was evaporated and the crude product esisspended in 10% acetic acid
and lyophilized.

Purification of the HigAla, (10 — 14) was performed by a former member of the
Institute of Molecular Pharmacy, Dr. Daniel Rickl@nly small amounts of the crude,
lyophilized peptides for further experiments witla&re were purified by HPLC. Due
to their small size and relatively high hydrophtl¢c purification under acidic
conditions was not possible. Therefore, separati@s performed using 10 mM
ammonium acetate buffer pH 8.8, above the theoretical of 6.92 (calculated using
the PeptideMasgool [177), using a silica-based Phenomenex Jupiter C18nuol
After sample injection, an isocratic phase of 2 mias run, followed by a linear
gradient up to 5% acetonitrile. After collectingtrelatively wide peaks, solvents and

ammonium acetate were removed by lyophilizationr avght. Analytical data are
shown in Table 12.
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Table 12: Analytical Data of HigAla, (10— 14).

. Calculated Found
Retention . . . .
Compound No. | .. . monoisotopic monoisotopic
time tg [min]
mass mass
His,Alasl (20 11.78 576.3 576.1
His,Alas2 @y 10.49 576.3 576.1
His,Ala,3 22 11.75 576.3 576.1
His,Ala 4 @3 12.03 576.3 576.1
His,Alas5 @9 14.42 576.3 576.1

The pure white lyophilisates of the peptides weoeesl at -20°C. The purity was
checked by HPLC from time to time.

4.2.3.Synthesis of HigAla, Series (15 — 19)

The synthesis of the Hisla, peptides 15 — 19) was performed as described for
the oligohistidine serie2(—9). Again, 0.5 g of Fmoc-His(Trt)-NovaSyn TGT resin
(0.19 mmol/g) was used to produce peptides withemretical yield between 36 and
64 mg.

Only peptides HigAla,l (15), HisAla,2 (16), and HisAla,3 (17) were
precipitated with icedert-butyl methyl ether prior to HPLC purification. Alyécal
HPLC afforded about 5 mg of product the Biacoreags3he peptides were purified
using 10 mM ammonium acetate bufferpit 8.8. A linear gradient from 5 to 50%
acetonitrile was run on a Vydac C18 column for theptides HigAla,1 (15),
HisAlay4 (18), and HisAla,5 (19). Peptides16 and 17 were purified with the
ReprosilPur Basic column from Dr. Maisch GmbH usiing same gradient mentioned

above. Retention times and monoisotopic massdweqgi¢ptides are given in Table 13.
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Table 13: Analytical Data of HigAla, (15— 19).

. Calculated Found
Retention . . . .
Compound No. | .. . monoisotopic monoisotopic
time tg [min]
mass mass
His,Ala,1 @5 12.45 642.3 642.4
His,Ala,2 ae) 12.48 642.3 642.4
His,Ala,3 @n 11.63 505.2 505.3
HisAla,4 (18 5.33 434.2 434.2
His,Ala,5 @9 451 363.2 363.2

& Purification was performed with a different colunmompared to the other
peptides, see text.

Fractions containing the desired product were ctdl#, pooled and lyophilized.
The peptides were stored at -20°C, and their pwréty verified by HPLC.

4.2.4.Synthesis of HXH Series (20 — 24)

Synthesis of HGH 20), HAH (21), HAibH (23), and HPH 24) was performed
with the same protocol used for the oligohistidi2s- 9). For the synthesis, 0.5 g of
Fmoc-His(Trt)-NovaSyn TGT resin (0.19 mmol/g) wasptoyed. The cleavage
solution was changed to 5% triisopropylsilane a¥dviater in TFA, as to improve the
yield. 3 mL of the solution were added to the pdpstill bound to the resin, and after
1 hour the resin was washed with additional 3 mlthaf TFA solution. Finally, the
cleaved peptide was concentrated and precipitatdddiethyl ether to get the crude
peptide as a white solid.

The synthesis of HSarH22) was done manually. For this purpose, Fmoc-
His(Trt)-NovaSyn TGT (0.14 g, 0.19 mmol/g, 1 eq) swdeprotected in 20%
piperidine in DMF (5 mL). After 20 min the resin svavashed with DMF (% 5 mL),
transferred to a new flask and resuspended in DML). Prior to the first coupling
step, Fmoc-Sar-OH (34 mg, 0.106 mmol, 4 eq), HABO inhg, 0.128 mmol, 4.8 eq),
and DIPEA (38uL, 0.106 mmol, 4 eq) were pre-activated in DMF (B)rfor 10 min,
before the reaction mixture was added to the depted resin. The reaction vial was
permanently agitated over night. Finally, the resas washed with DMF (8 5 mL).
The next coupling cycle was performed twice to eaguoper coupling of N-terminal

His residue to the secondary amine of Sar. Usiagtbikthe same procedure as for the
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first step, Fmoc-His(Trt)-OH (68 mg, 0.106 mmokd), HATU (50 mg, 0.128 mmol,
4.8 eq), and DIPEA (38L, 0.106 mmol, 4 eq) were used for the reactionteAf
washing the peptide resin 5 times with DMF, Fmos{frt)-OH, HATU, and DIPEA
were added again in the same amounts as desciidoee.alThe final washing steps
were done with DMF (% 5 mL) and isopropanol (85 mL).

The purification was done with a ReprosilPur Basatumn from Dr. Maisch
GmbH using ammonium acetapdd 8.8 as the water phase and a gradient of pure
acetonitrile from 0-50%. For HAH2(Q) and HPH 24) the HPLC system from Agilent
was used, whereas for HGBOQj, HSarH 22), and HAibH @3), the Jasco system was

chosen. Data resulting from the purification arevahin Table 14.

Table 14: Analytical Data of HXH 20— 24).

. Calculated Found
Retention . . . .
Compound No. | .. . monoisotopic monoisotopic
time tg [min]
mass mass
HGH (20) 4.45 349.2 349.1
HAH (21 6.002 363.2 363.2
HSarH e2) 11.73 363.2 363.2
HAibH (23 3.51 377.2 377.2
HPH @9 3.90? 389.2 389.0

& Purification was performed with a different HPLGs®m compared to the other
peptides, see text
Fractions containing the desired product were ctidl#, pooled and lyophilized.

After prolonged storage at -20°C, peptide puritswhecked by HPLC.

4.2.5.Synthesis of NAPamide (25)

The first amino acid of NAPamid@%) was manually coupled to the resin. Fmoc-
PAL-PEG-PS resin (0.8 g, 0.19 mmol/g, 1 eq) wasswvellen in DMF for 30 min.
Then, 20% piperidine in DMF was added to cleaveRm®c-group. After 20 min the
resin was washed with DMF 65 mL). Fmoc-Lys(Boc)-OH (202 mg, 0.456 mmol,
3 eq) was pre-activated with DIPCDI (@&, 0.456 mmol, 3 eq) and HOBt (76 mg,
0.456 mmol, 3 eq) in DMF for 10 min. Finally, theepactivated solution was added to
the pre-swollen resin, and the reaction mixture s@sstantly agitated for 6 h. After

the resin was washed with DMF ¢65 mL), free amino groups were acetylated
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(capping) by treating with 10 mL of a solution o0%62,6-lutidine and 5% acetic
anhydride in DMF for 30 min. Finally, the resin waashed with DMF (5¢ 5 mL)
and then loaded onto the column of the peptidenegiter.

The other steps of the synthesis of the NAPamid® wlene as described for the
oligohistidines 2 —9) on the peptide synthesizer, with the additiorzgdping step after
each coupling cycle during the automated synthédier step 5 (see Table 10) the
resin was flushed with 15 mL/min of capping solati(6% 2,6-lutidine, 5% acetic
anhydride in DMF) during 15 s. After a reaction ¢irof 300 s, the resin was washed
again (DMF, 30 mL/min, 40 s) to start the next eydhfter synthesis, the resin was
weighed and divided into small aliquots of 35 mgr{esponding to 5.8 mg peptide).

One aliquot (0.00549 mmol) was used for cleavagkdaprotection as described
for the oligohistidines 4 — 9). After precipitation withtert-butyl methyl ether, the
crude peptide was purified by LC-MS using a grad@hacetonitrile in water (both
containing 0.1% HCOOH) from 5 to 95%. The resultto purification is shown in
Table 15. Fractions containing the desired prodwete collected, pooled and

lyophilized to afford pure NAPamide.

Table 15: Analytical Data of NAPamide25).

. Calculated Found
Retention . . . .
Compound No. | .. . monoisotopic monoisotopic
time tg [min]
mass mass
NAPamide 25 5.78 1056.6 1056.4

The rest of the 35 mg aliquots were further usedessribed in section 4.6.1 for

the attachment of the phenanthroline tag.

4.2.6.Synthesis of Hig-amide (26)

Rink Amide Novagel (238 mg, 0.63 mmol/g, 1 eq) wase-swollen in DMF
(5 mL) for 30 min. Fmoc-His(Trt)-OH (465 mg, 0.7%@mol, 5 eq), HOBt (101 mg,
0.750 mmol, 5 eq), and DIPCDI (114., 0.750 mmol, 5 eq) pre-activated DMF
(4 mL) for 10 min. Finally, the pre-activated amiacid was added to the resin and the
mixture was constantly agitated for 6 h. Afterwatigis resin was washed 5 times with

DMF and loaded onto the column of the peptide ssiter. The remaining 5
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histidines were coupled as described for the olgjmlnes @ — 9). After the last
coupling step, the last Fmoc-group was cleaved, #rm resin washed with
isopropanol (5¢ 5 mL) and transferred into a new flask.

To verify the success of the synthesis, 0.0119 nwhoésin (theoretical yield of
10 mg pure25) were taken for cleavage and deprotection. 5 mla GiFA solution
containing 1 % triisopropyl silane and 4% water evadded to the resin for 2 h.
Afterwards, the resin was washed with another 5 ahlthe TFA solution. After
concentrationin vacuo and precipitation with diethyl ether, the crudeptiode was
purified on the Agilent 1100 system using a Vydd@@olumn. A gradient (5 — 80%)
of acetonitrile in water, both containing 0.1% THR#as run to afford 3.4 mg (34%) of
the pure peptide (Table 16).

Table 16: Analytical Data of Hig-amide 26).

. Calculated Found
Retention . . . .
Compound No. | .. . monoisotopic monoisotopic
time tg [min]
mass mass
Hisg-amide e6) 3.10 839.4 839.6

The remaining resin was further used for the attemit of the photolinker as
described in section 4.7.1.
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4.3. Determination of the Salt Content of Peptides

Synthesis and purification of peptides finally Isdd a pure product containing a
certain amount of counter ions firmly bound to pineduct. For an exact determination
of binding affinities of these peptides by meanssofface plasmon resonance, the

fraction of salt bound to the peptide samples bdsetdetermined.

Reagents
4-(4-Dimethylaminophenylazo)benzenesulfonyl  chlerid (DABS-CI)  was

obtained from Fluka (Fluka AG, Buchs, Switzerlaadj recrystallized as previously
described 173. Hydrochloric acid (6 N) and the amino acid stamtwere both
obtained from Sigma (Fluka AG, Buchs, Switzerland).

Equipment
For the gas-phase hydrolysis a Waters vessel (oustade) was used. This vessel

is a flat-bottom glass tube (2.7 cm 6.9 cm), which could take up to 12 small
hydrolysis tubes (4 mm i.ck 50 mm). A heat-resistant plastic screw cap, eqdpp
with a Teflon valve, is used to firmly close thessel after vacuumization. HPLC was
performed on an Agilent 1100 purification systengi{ént AG, Basel, Switzerland)

containing a quaternary pump, a cooled well-platesampler, a column thermostat, a
DAD detector, and a cooled analytical fraction ecibr. The column for the analysis
was a Waters Symmetry® C18 (2x1 150 mm, 5um; Waters AG, Rupperswil,

Switzerland).

4.3.1.General Procedures

Derivatization of the peptide to determine the salicentration was performed as
previously described1[74. Briefly, samples of approximately g of peptide,
dissolved either in water or eluent buffer (10 mNERES, 150 mM NaCl, 5aM
EDTA, pH 7.4), were placed in hydrolysis tubes aig¢d in a vacuum centrifuge.
Afterwards, 400uL of 6 N HCI were added into each hydrolysis tued the tubes
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were placed into the Waters hydrolysis vessel. Gagphase hydrolysis was carried
out at <0.1 mbar for 14 h at 110°C. An amino at¢ahdard was processed under the
same conditions in parallel with the samples. Stashédnd samples were measured in
duplicates. After the hydrolysis, samples and stashdvere dissolved in 20L of

50 mM sodium bicarbonateH 8.1. 40uL of a freshly prepared DABS-CI solution
(4 nmoljiL in acetonitrile) was added to each sample td #tarderivatization. Sealed
with silicon-rubber caps, the tubes were heateda€ for 10 min. After dabsylation
the samples were diluted with 50 mM sodium phospl@t 7.0 / ethanol, 1:1, v/v) to
suitable volumes for HPLC analysis. The volume wea®sen according to the
expected amount of peptide: For about @g5of peptide (or 500 pmol of standard) a
volume of 1 mL was added. 2@ of this solution were injected into the HPLC syst
using a gradient of 25 mM sodium acetpt# 6.5, containing 4% DMF as solvent A
and pure acetonitrile as solvent B (15% to 40% 0nn#in, 40% to 70% from 20 to
32 min, kept at 70% from 32 to 34 min, and back586 from 34 to 36 min).
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4.4. Protection of Hydroxyethyl Photolinker (PL)

The following reactions were performed to protéwt free hydroxyl group on the

photolinker (PL) by formation of &ert-butyldimethylsilyl ether.

Reagents
Hydroxyethyl photolinker was purchased from Novatbiem (VWR

International AG, Lucerne, Switzerland) and was aglsv protected from prolonged
light exposure. Thionyl chloride (SO{lwas purchased from Fluka (Fluka AG,
Buchs, Switzerland), an@rt-butyldimethylsilyl chloride was purchased from Atch
(Fluka AG, Buchs, Switzerland).

Equipment
All vials containing the light-sensitive PL were apped in aluminum foil if

possible.

4.4.1 Formation of PL-ester: Methyl 4-[4-(1-hydroxyethyl)-2-methoxy-
5-nitrophenoxy]butanoate (27)

OH NO,

PL (500 mg, 1.67 mmol, 1 eq) was dissolved in dsthanol (5 mL) and dry
DMF (1.8 mL). SO (280uL, 3.68 mmol, 2.2 eq) was added dropwise at 0°théo
dissolved PL. Then, the reaction mixture was stirower night at rt. To stop the
reaction, saturated NaHG@vas added to the mixture unpiH 9 was reached. The
mixture was transferred into a separation funnel awas extracted with ethyl acetate

(3 x 15 mL). The combined organic layers were driedroMe,SO,, filtered and
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concentratedh vacuo After drying in high vacuum, the pure prod@gtwas achieved
as a yellow solid (517 mg, quant.).

ESMS: m/z calcd for GH:gNO; 336.11 [M + Nal; found, 336.12 [M + N&] 'H
NMR (CDCl, 500 MHz): 7.55 (s, 1H, H-10), 7.24 (s, 1H, H-3)55 (g, 1H, J = 6.3
Hz, H-11), 4.09 (m, 2H, H-4), 3.95 (s, 3H, Me e)h&.68 (s, 3H, Me ester), 2.55 (i,
2H, J = 7.2 Hz, H-2), 2.17 (it, 2H, J = 6.9 Hz, H-B54 (d, 3H, J = 6.3 Hz, H-12)C
NMR (CDCL): 173.57 (C-1), 154.28 (C-6), 147.03 (C-5), 139(649), 137.22 (C-8),
109.21 (C-7), 108.87 (C-10), 68.39 (C-2), 65.891(0; 56.50 (Me ether), 51.91 (Me
ester), 30.55 (C-4), 24.48, 24.43 (C-3, C-12).

4.4.2 Silylation of Photocleavable Linker: Methyl 4-[4-(1-(tert-
butyldimethylsilyloxy)ethyl)-2-methoxy-5-
nitrophenoxy]butanoate (28)

TBDM SO NO,
11 9

27 (517 mg, 1.65 mmol, 1 eqg)ert-butyldimethylsilyl chloride (622 mg, 4.13,
2.5 eq) and imidazole (315 mg, 4.62 mmol, 2.8 egyewdissolved in dry DMF
(8 mL). The reaction was stirred at rt over nighd. quench the reaction, the mixture
was diluted with ethyl acetate (40 mL) and washéth waturated aqueous NaHgO
saturated aqueous NEI, and brine (each 8 40 mL). The organic layer was dried
over NaSQ,, filtered and evaporated. The crude product wasfipd by column
chromatography (petroleum ether/ethyl acetate,t8:6:1) to afford silyl ethe28
(692 mg, 98%) as a dark-red oil.

ESMS: m/z calcd for §H33NO,Si 450.2 [M + Naj; found, 450.2 [M + N&] *H
NMR (CDCk, 500 MHz): 7.56 (s, 1H, H-10), 7.35 (s, 1H, H-3)58 (g, 1H, J = 6.1,
H-11), 4.08 (t, 2H, J = 6.2 Hz, H-4), 3.92 (s, 3HEO), 3.67 (s, 3H, Me ester), 2.54 (i,
2H, J = 7.2 Hz, H-2), 2.16 (m, 2H, H-3), 1.41 (4,3 = 6.1 Hz, H-12), 0.85 (s, 9H,
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SiC(CH5)3), 0.05 (s, 3H, Si(H5)), -0.07 (s, 3H, Si(H)). *°C NMR (CDCE): 173.57
(C-1), 154.17 (C-6), 146.71 (C-5), 139.00 (C-9)8Ha (C-8), 109.32 (C-7), 108.87
(C-10), 68.30 (C-2), 66.80 (C-11), 56.36 (MeO),%&L(Me ester), 30.60 (C-4), 26.53
(C-12), 25.98 (SiGTHa)s), 24.48 (C-3), 18.33 (S8{CHs)s), -4.76 (SiCHa)), -4.81
(Si(CHa)).

4.4.3 Hydrolysis of Ester: Sodium 4-[4-(1-{ert-butyldimethylsilyloxy)-
ethyl)-2-methoxy-5-nitrophenoxy]butanoate (29)

TBDMSO NO2
11 9

Ester28 (175 mg, 0.409 mmol, 1 eq) was dissolved in meth@hmL) and 1 M
NaOH solution was added (738, 0.227 mmol, 1.8 eq). The reaction was stirred at
over night, followed by evaporation of methanol amdter. Produc29 (185 mg,
guant.) contained a surplus of 0.8 eq sodium, whiah taken into account for further
experiments and calculations.

ESMS: m/z calcd for GHzoNNaO;Si 436.2 [M + HJ:; found, 436.1 [M + HI. 'H
NMR (CD;OD, 500 MHz): 7.57 (s, 1H, H-10), 7.36 (s, 1H, H-8)6 (g, 1H, J = 6.1,
H-11), 4.07 (t, 2H, J = 6.5, H-4), 3.91 (s, 3H, Ne@.54 (t, 2H, J = 7.5, H-2), 2.16
(m, 2H, H-3), 1.43 (d, 3H, J = 6.1 Hz, H-12), 089 9H, SiC(®3)3), 0.05 (s, 3H,
Si(CH3)), -0.07 (s, 3H, Si(83)). *C NMR (CD,OD): 181.84 (C-1), 155.43 (C-6),
148.61 (C-5), 140.21 (C-9), 138.61 (C-8), 110.237§C109.74 (C-10), 70.31 (C-2),
67.80 (C-11), 56.62 (MeO), 35.20 (C-4), 27.19 (G;126.64 (C-3), 25.09
(SIC(CH3)3), 18.99 (SC(CHy)3), -4.94 (SiCH3),).
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4.5. Attachment of Spacers to Phenanthroline

To provide an anchor point for a linkage betweeanamthroline and a peptide, or
an introduction of a (photo)chemical or an enzymatieavage, two different
derivatizations of the phenanthroline were perfatmeither an attachment of an

amino group or an introduction of a carboxylic aiwidhe phenanthroline.

Reagents

5-Chloro-1,10-phenanthroline, Pd(OAc)Pd(dba), 2-dicyclohexylphosphino-
2',6’-dimethoxy-biphenyl (S-Phos), 2-dicyclohexylpgphino-2’,4",6'-triisopropyl-
biphenyl (X-Phos), and 4-methoxycarbonylphenylbaraacid were purchased from
Aldrich (Fluka AG, Buchs, Switzerland). 5-Nitro-D:phenanthroline was purchased
from Sigma (Fluka AG, Buchs, Switzerland). Pd/C1E N/W, 10%) was purchased
from Degussa (Evonik Degussa GmbH, Hanau, Germahkgoc-Gly-OH was
purchased from NovaBiochem (VWR International AGiceérne, Switzerland), and

HATU was obtained from PerSeptive Biosystems.

4.5.1.Introduction of an Amino Group I: 5-Amino-1,10-

phenanthroline (30)

5-Nitro-1,10-phenanthroline (400 mg, 1.78 mmol) &a/C (E 101 N/W, 10%)
were suspended in dry methanol (16 mL) under anrasgmosphere. After 24 h of
hydrogenation under atmospheric pressure at rtrixéure was filtered over celite
and the celite washed with methanol (20 mL). Findhe filtrate was concentratéal

vacuoto afford30 as a yellow solid (323 mg, 93%).
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ESMS: m/z calcd for GHgN5 196.1 [M + HJ; found, 195.7 [M + HJ. *H NMR
(DMSO, 500 MHz): 9.05 (m, 1H, H-4), 8.68 (m, 2H,24H-9), 8.04 (m, 1H, H-7),
7.74 (m, 1H, H-3), 7.51 (m, 1H, H-8), 6.86 (s, HHB), 6.16 (s, 2H, H-15)°C NMR
(DMSO): 149.36 (C-4), 146.19 (C-11), 144.83 (C-BJ2.69 (C-13), 140.51 (C-14),
132.72 (C-7), 130.82 (C-1), 130.58 (C-5), 123.228JC122.08 (C-3), 121.82 (C-12),
101.74 (C-6).

4.5.2 Introduction of an Amino Group II: (9 H-Fluoren-9-yl)methyl 2-
(1,10-phenanthrolin-5-ylamino)-2-oxoethylcarbamatg31)

5-Amino-1,10-phenanthroline3Q, 102 mg, 0.522 mmol, 1 eq), Fmoc-Gly-OH
(777 mg, 2.61 mmol, 5 eq), and HATU (978 mg, 2.5%ah 4.9 eq) were dissolved in
DMF (5 mL). After addition of DIPEA (89@.L, 5.22 mmol, 10 eq), the reaction was
stirred at rt over night. Finally, the crude protwas concentrateid vacuq dissolved
in water/acetonitrile (30:70), and purified by LCSMusing a gradient of acetonitrile in
water (both containing 0.1% HCOOH) from 30 to 958oaffford product3l (tr =
6.07 min, 114 mg, 46%) as a yellow solid.

ESMS: m/z calcd for §H,,N,O; 475.2 [M + H[; found, 475.1 [M + H].

4.5.3.Introduction of an Amino Group Ill: 2-Amino- N-(1,10-
phenanthrolin-5-yl)acetamide (32)

HoN
Pa

0]
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Compound31 (20 mg, 0.421 mmol) was dissolved in 20% pipeedin DMF
(5 mL) and stirred at rt for 2 h. After concentoatiand evaporatiom vacuq crude
product32 was analyzed by mass spectrometry. The productdivastly used for
fusion reactions witl29 without further purification (section 4.6.2).

ESMS: m/z calcd for GH;,N,O 253.1 [M + HJ; found, 252.9 [M + H].

4.5.4 Introduction of Carboxylic Acid I: ( E)-tert-Butyl 3-(1,10-
phenanthrolin-5-yl)acrylate (33)

Pd(OAc) (3.1 mg, 0.0138 mmol, 0.15 eq) and 2-dicyclohelghlphino-2',4’,6'-
triisopropylbiphenyl (X-Phos, 3.1 mg, 0.0279 mm@l,3 eq) were placed in a
microwave tube, which was flushed with argon andcerated several times. DMF
(1.3 mL), which was flushed with argon for 10 mmop to the experiment, was added
and the catalyst was stirred at rt under argonerABO0 min, CsC@ (75 mg,
0.230 mmol, 2.5 eq), 5-chloro-1,10-phenanthroli2@ (g, 0.0932 mmol, 1 eq), and
tert-butyl acrylate (2L, 0.186 mmol, 2 eq) were added. The tube was @dsdgain
with argon and firmly closed. The reaction was adainder microwave irradiation at
80°C for 3 h. Finally, the mixture was concentraged purified by LC-MS using a
gradient of acetonitrile in water (both containitd.% HCOOH) from 5 to 95%. For
an increased purity an additional purification warformed on the Agilent 1100
system using the same reagents and a PhenomenemiGeb8 column (4.6x
250 mm, 5Sum; Brechbuhler AG, Schlieren, Switzerland) to affggure produc3
(19.7 mg, 69%) as a red solid.
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HR-MS: m/z calcd for @H:gN,O, 329.1260 [M + N4] found, 329.1261
[M + Na]". *H NMR (CD;0D, 500 MHz): 9.11 (m, 1H, H-2), 9.07 (m, 1H, H-8)70
(m, 1H, H-4), 8.48 (m, 1H, H-7), 8.36 (d, 1H, J5.2, H-15), 8.24 (s, 1H, H-6), 7.83
(m, 1H, H-3), 7.77 (m, 1H, H-8), 6.68 (d, 1H, J 5.2, H-16), 1.58 (s, 9H, tBuj’C
NMR (CD;OD): 167.48 (C-17), 151.80 (C-2), 151.20 (C-9), .D¥7(C-11), 146.72
(C-13), 140.23 (C-15), 138.53 (C-7), 134.01 (C-#32.60 (C-14), 129.70 (C-12),
128.58 (C-5), 126.84 (C-6). 126.15 (C-16), 125.Z7-8], 125.00 (C-3), 82.46
(C(CHgz)s), 28.59 (CCH3)s).

4.5.5.Introduction of Carboxylic Acid Il: ( E)-3-(1,10-Phenanthrolin-5-
ylacrylic acid (34)

tert-Butyl ester33 (46 mg, 0.151 mmol) was dissolved in 5 mL of TRAlatirred
at rt over night. After concentration and evapamatn vacuq the red oil was verified
by mass spectrometry as prod@dt It was further used for the fusion reaction with
NAPamide (section 4.6.1) after a purity check oa #hgilent 1100 system using
acetonitrile in water from 5 to 90% on a Phenome@emini C18 (4.6x 250 mm,
5 um; Brechbuhler AG, Schlieren, Switzerland).

HR-MS: m/z calcd for GH;oN,O, 251.0815 [M + HJ; found, 251.0818
[M + H]*. '"H NMR (CD;0OD, 500 MHz): 9.16 (m, 1H, H-2), 9.13 (m, 1H, H-8)81
(m, 1H, H-4), 8.58 (m, 1H, H-7), 8.48 (d, 1H, J5.2, H-15), 8.34 (s, 1H, H-6), 7.90
(m, 1H, H-3), 7.85 (m, 1H, H-8), 6.77 (d, 1H, J 5.2, H-16).°C NMR (CD;0D):
169.64 (C-17), 151.44 (C-9), 150.96 (C-2), 146.061(), 145.86 (C-13), 141.00
(C-15), 139.28 (C-7), 134.74 (C-4), 132.89 (C-12429.91 (C-12), 128.79 (C-5),
126.94 (C-6), 125.54 (C-8), 125.30 (C-3), 125.2214}.
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4.5.6 . Alternative for Carboxylic Acid: Methyl 4-(1,10-phenanthrolin-
5-yl)benzoate (35)

4-Methoxyphenylboronic acid (126 mg, 0.699 mmol5 kq), 5-chloro-1,10-
phenanthroline (100 mg, 0.466 mmol, 1 eq), CsF .@iig, 1.39 mmol, 3 eq), S-Phos
(19.2 mg, 41.1 mmol, 88 eq), andRtbay (24.0 mg, 51.8 mmol, 111 eq) were
resuspended under argon in dry dioxane (6 mL).r€aetion was stirred at 80°C for
7 d. The mixture was diluted with ethyl acetate (@0) and washed with saturated
agueous NaHCO(2 x 20 mL) and brine (% 10 mL). The organic phase was dried
over NaSQ, and concentratedn vacuo Recrystallization in methanol afforded
product35 (61.3 mg, 42%) as a slightly yellow powder. Forimgreased purity 10 mg
of the product were further purified by LC-MS, l&aglto 6.8 mg of pure produ8b.

ESMS: m/z calcd for gH1.N,0O, 315.1 [M + HJ; found, 315.0 [M + HJ]. *H
NMR (DMSO, 500 MHz): 9.18 (m, 2H, H-2, H-9), 8.6rh(1H, H-7), 8.30 (m, 1H,
H-4), 8.18 (m, 2H, H-17, H-19), 8.09 (s, 1H, H-8)89 (m, 1H, H-8), 7.82 (m, 1H,
H-3), 7.77 (m, 2H, H-16, H-20).
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4.6. Fusion Reactions of Phenanthroline with NAPamide &)

To prove the concept of a peptide purification tp@hment of a tag binding to
Ni-NTA, phenanthroline was coupled to the test pEptNAPamide 25). A direct
fusion to the N-terminus was performed witf)-3-(1,10-phenanthrolin-5-yl)acrylic
acid 34). In addition, another tag construct was syntlegbizith a covalently attached
photolinker (PL). For this purpose, 2-amiNe(l,10-phenanthrolin-5-yl)-

acetamide32) was used.

Reagents

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydtdoride (EDCeHCI) was
purchased from Pierce (Pierce Biotechnology, Rackih, USA), and HATU was
from PerSeptive Biosystems. Tetrabutyl ammoniunoritle (TBAF) was purchased
from Fluka (Fluka AG, Buchs, Switzerland).

4.6.1 Direct Fusion of Phenanthroline with NAPamide: €)-3-(1,10-
Phenanthrolin-5-yl)acryoyl-NAPamide (36)

Carboxylic acid34 (12 mg, 0.0464 mmol, 8.4 eq) was pre-activatedth WMATU
(18 mg, 0.0464 mmol, 8.4 eq) and DIPEA (16, 0.0947 mmol, 8.4 eq) in DMF
(I mL) at rt for 10 min. The pre-activated mixtuveas added to resin-bound
NAPamide-PAL-PEG-PS35 mg, 0.00549 mmol, 1 eq), which was equal to a
theoretic yield of 5.8 mg peptide. The reaction toni@ was agitated at rt over night
and washed with DMF (% 5 mL) and isopropanol (8 5 mL) to give red-stained
polystyrene beads. Cleavage from the resin andotegion of the construct was
performed in 5 mL TFA mixture (90% TFA, 5% EDT, %3,0, 0.5% thioanisole) at
rt for 45 min. Afterwards, the suspension was imiaedly filtered and the resin was
washed with TFA (3x 5 mL). The crude produ@6 was concentratesh vacuoand
analyzed by mass spectrometry to be further usedtife Ni-NTA purification
(section 4.8.2).

ESMS: m/z calcd for ggHgoN1011 1289.6 [M + HJ, found, 1289.7 [M + H]
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4.6.2 Fusion of Phenanthroline with Photolinker I: N-[2-(1,10-
Phenanthrolin-5-ylamino)-2-oxoethyl]-4-[4-(1-(ert-
butyldimethylsilyloxy)ethyl)-2-methoxy-5-

nitrophenoxy]butanamide (37)

TBDMSO NO

oM

The crude sodium saft9 (25 mg, 0.0548 mmol, 1.3 eq) was dissolved togethe
with crude amine32 (27 mg, 0.0421 mmol, 1 eq), EDCeHCI (17 mg, 0.1dthol,
2.6 eq), HOBt (17 mg, 0.110 mmol, 2.6 eq), and DAREO pL, 0.169 mmol, 4 eq) in
DMF (4 mL). The reaction was stirred at rt overhtigAnalytic LC-MS analysis was
performed using a gradient of acetonitrile in wdbecluding 0.1% HCOOH) from 5%
to 95% to detect produ@7 (tr = 7.35). The crude product was directly used for
desilylation.

ESMS: m/z calcd for §H.:NsO;Si 648.3 [M + HJ; found, 648.2 [M + H].

4.6.3.Fusion of Phenanthroline with Photolinker II: N-[2-(1,10-
phenanthrolin-5-ylamino)-2-oxoethyl]-4-[4-(1-hydroxyethyl)-2-
methoxy-5-nitrophenoxy]butanamide (38)
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Crude product37 (0.042 mmol) was dissolved in THF (1 mL), and TBAF
(126uL, 1 M in THF) was added to the solution. The reacmixture was stirred at rt
over night and then concentrated vacuo For purification, the residue had to be
injected twice into the LC-MS system using a lingeadient of acetonitrile in water
(17 — 20%, both solvents containing 0.2% HCOOHftord pure produc38 (2.4 mg,
11%).

ESMS: m/z calcd for §H,;NsO; 534.2 [M + HJ; found, 534.2 [M + HJ. *H
NMR (CD;OD, 500 MHz): 9.11 (m, 1H, H-2), 9.07 (m, 1H, H-8)62 (m, 1H, H-4),
8.42 (m, 1H, H-7), 8.11 (s, 1H, H-6), 7.81 (m, HH#3), 7.77 (m, 1H, H-8), 7.58 (m,
1H, H-26), 7.33 (m, 1H, H-23), 5.40 (q, 1H, J =,6227), 4.23 (s, 2H, H-16), 4.15 (t,
2H, J = 6.2, H-20), 3.94 (s, 3H, MeO), 2.61 (t, 2K 7.1, H-18), 2.21 (m, 2H, H-19),
1.42 (d, 3H, J = 6.2, H-28).
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4.7. Fusion of His-amide to Photolinker: 2-(2-(2-(4-(4-(1-Tert-
butyldimethylsilyloxy)ethyl)-2-methoxy-5-nitrophenoxy)-
butanoylhexahistidineamide (PL-Hig-amide) (41)

To test the amide formation between the photolirked a potential tag, His
amide @6) was coupled to the sodium salt of the protectbdtginker 9). The
reagents used for this reaction are mentioneddtiose4.6.

4.7.1.General Procedure

Hisg-amide-Rink amide Novagel resi2g 133 mg, 0.0367 mmol, 1 eq), the
sodium salt of the protected photolinkd (20 mg, 0.0441 mmol, 1.2 eq), EDCeHCI
(15 mg, 0.0918 mmol, 2.5 eq), HOBt (14 mg, 0.0918ah 2.5 eq), and DIPEA
(26 uL, 0.147 mmol, 4 eq) were resuspended in DMF (5.nTlhe reaction was run
under constant agitation at rt for 60 h. Then, ib&n was washed with DMF (3 x
5 mL) and isopropanol (8 5 mL), and driedn vacuoto yield the protected PL-Hjs
amide resin 39). For the hydrolysis of the silyl ether, the resmas transferred into
THF (5 mL) and TBAF (1 M solution in THF, 150, 0.147 mmol, 4 eq) was added.
After 2 h of agitation at rt, the resin was washsith isopropanol (5 5 mL) and dried
in vacuoto yield the PL-Hig-amide resin40). Finally, the construct was deprotected
and cleaved from the resin using 10 mL of a TFAigoh (95% TFA, 4% water, 1%
triisopropyl silane) at rt for 2 h. The resin wdgefed and washed with another 10 mL
of TFA solution. The filtrate was concentrated airied in vacuoto afford crude
product4l. For purification, LC-MS was performed using thgil&nt purification
system with a C18 Vydac 218TP54 reversed-phasercolé gradient of acetonitrile
in water (both containing 0.1% TFA) from 5 to 50%asvrun to achieve the pure
product4l (tzr = 2.98 min, 8.8 mg, 65%).

ESMS: m/z calcd for gHgN2gO12 1121.5 [M + HJ; found, 1121.7 [M + H
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4.8. Ni-NTA Purifications

The purification of the test peptide NAPamide usagag and a commercially
available Ni-NTA column was one of the main taskghis work. In a first step, the
purification was established with 1,10-phenantimelalone, later on, the purification

was performed with the NAPamide constrg6ét

Reagents
HBS-N (0.01 M HEPESoH 7.4, 0.15 M NaCl) was purchased from Biacore

(Biacore AB, Uppsala, Sweden). Acetonitrile wasghmaised from Fluka (Fluka AG,
Buchs, Switzerland). 1,10-Phenanthroline monohgdrahs achieved from Riedel-
deHaén (Fluka AG, Buchs, Switzerland).

Equipment
For the purification standard single use syringesewused from ONCE. The

HisTrap HP (1 mL) column was purchased from GE theare (GE Healthcare,
Otelfingen, Switzerland). Injection, equilibratioand washing steps were performed
manually by connecting the syringe directly to tHsTrap column. A Molecular
Devices SpectraMax plus UV absorbance plate readsrused to analyze the elution
and wash fractions photometrically. UV Star 96-wmlcrotiter plates were ordered
from Greiner Bio-One (Greiner Bio-One GmbH, Frickanosen, Germany) to allow

analysis in the UV range.

4 .8.1 Evaluation with 1,10-Phenanthroline

Prior to the experiment, absorbance spectra (19@@onm, 5 nm steps) of a 10-
fold dilution series of 1,10-phenanthroline (2.8/mfg to 0.0028 mg/mL) in elution
buffer (HBS-N/acetonitrile, 1:1, including 500 mivhidazole) were recorded, to be
later compared with wash and elution fractions.oBefoading the phenanthroline, the
HisTrap column was equilibrated with 10 mL loadibgffer (HBS-N/acetonitrile,
1:1). Phenanthroline (4 mg) was dissolved in logdaoffer (400uL) and loaded onto

the column. The column was washed with loadingdauftO0 mL), and wash fractions
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were collected (each 1.5 mL, fractions “wash 17). sthall portion of each wash
fraction (200uL) was photometrically analyzed in the plate readerasuring the
absorbance between 190 and 400 nm (steps of 5Hiotjon was performed using
10 mL of elution buffer and fractions were collett¢each 1.5 mL, fractions
“elution I). Again, 200uL samples of the collected elution fractions wamnalgzed in
the plate reader. Wash fractions still containingjOiphenanthroline were reloaded
onto the column after equilibration with loadingffen (10 mL) and collected as well
(each 1.5 mL, fraction “intermediate”). After wasgiwith loading buffer (wash II),
elution was performed again with elution bufferiunb absorbance of phenanthroline
was detectable any more (elution Il). All fraction®re pooled according to their
origin (wash 1, elution I, intermediate, wash Ihdaelution 1) and concentratad
vacua For quantification, a 1,10-phenanthroline staddasas prepared (2pg/mL to
0.781ug/mL in loading buffer), and absorbance was measate260 nm. Samples
were diluted with loading buffer (1:100) and measuimn triplicates. Three samples
(200 pl) of loading buffer were used as blanks. For loegn storage the HisTrap

column was washed with methanol (10 mL) and staréde same solvent at -20°C.

4.8.2 Purification of (E)-3-(1,10-phenanthrolin-5-yl)acryoyl-
NAPamide (36)

Product36 was purified as described for 1,10-phenanthrolisection 4.8.1) with
minor variations: The whole amount &6, synthesized before (0.00549 mmol,
theoretical yield of 5.8 mg pure peptide), was algsd in 2 mL loading buffer. After
equilibration of the column with loading buffer (BL), half of the freshly prepared
solution (1 mL) was loaded onto the column with $igenge and stored at -20°C over
night. The next morning, the procedure was continas described above. The
fractions from the first elution round (el) wereofel and stored separately from the
pooled elution fractions of the second elution (€29th fractions el and e2 were
concentrated vacuoand dissolved in 1 mL of water/acetonitrile (lirigluding 0.2%
HCOOH) for HPLC analysis. HPLC analysis was perfedmfor a qualitative
investigation using the Agilent 1100 HPLC systenthwva Phenomenex Gemini C18
(4.6 x 250 mm, 5um; Brechbuhler AG, Schlieren, Switzerland) coluntfor
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quantification fractions el and e2 were separateanfimidazole by HPLC
purification using the same system mentioned ab&uegle peak at 9.64 min was
collected and analyzed by hydrolysis and dabsylae®described in section 4.3.
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4.9. SPR Experiments

Interaction analyses between Ni-NTA surfaces andioua ligands were
performed to determine the binding affinities andekics of different potential tags
and tag constructs. These qualitative and quantaxperiments were carried out on

a Biacore system using surface plasmon resonaiii®) (S

Reagents
Degassed and ready-to-use running buffers HBS-R1(0M HEPESpH 7.4,

0.15 M NaCl) and HBS-EP (0.01 M HEPES pH 7.4, OM3NaCl, 3 mM EDTA,
0.005% v/v surfactant P20) were purchased from @&¢GE Healthcare, Freiburg,
Germany). Sensor chips with covalently attached NBRAdesorb 1 (0.5% SDS),
BlAdesorb 2 (50 mM glycingoH 9.5), and BIlAdisinfectant (sodium hypochlorite)
solutions were ordered from Biacore, too. Nt6H,O, DMSO, EDTA, and 5-nitro-
1,10-phenanthroline were purchased from Sigma @KW, Buchs, Switzerland). 2-
Aminopyridine and picolinic acid were purchasednird-luka (Fluka AG, Buchs,
Switzerland). Methyl picolinate, 3-aminopyrazine&&doxylic acid, neocuproine, and
4,7-dimethoxy-1,10-phenanthroline were ordered frAfdrich (Fluka AG, Buchs,
Switzerland). 1,10-Phenanthroline was achieved friemadel-deHaén (Fluka AG,
Buchs, Switzerland), 4-aminopyridine-2-carboxylicica was ordered from Apollo
Scientific  Ltd  (Stockport, UK). 2-Amino-1,10-pherthroline and 6-
(acetylamino)pyridine-2-carboxylic acid were pursbd from Specs (Specs, Delft,
Netherlands), 6-amino-2-(2-pyridyl)pyrimidin-4-ol as ordered from Maybridge
(Tintagel, UK).

Equipment
All SPR analyses were performed on a Biacore 30@8@em (GE Healthcare,

Freiburg, Germany). In addition, a Thermo Haake /€10 water bath system
(Digitana AG, Horgen, Switzerland) was used for penature control of the

Biacore 3000 autosampler. All vials and caps warehmased from GE Healthcare.
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For degassing of buffers, a Branson 2510 ultrasemaiter bath (Merck Schweiz AG,
Dietikon, Switzerland) was used.

Data processing and determination of binding aféei(K,, Kp) and kinetics (k.
ko) was performed with the software Scrubber 1.0g2@a (BioLogic Software
Pty Ltd., Campbell, Australia).

4.9.1.General Procedures

To achieve reproducible data of high quality, difet cleaning and maintenance
procedures were performed. Desorb procedures uBidglesorb solutions were
carried out on a weekly basis, and sanitize roatineere performed with
BlAdisinfectant solution to inhibit bacterial grawat least every month. All running
buffers were degassed every day in the ultrasoamith lunder reduced pressure
(<50 mbar) prior to use. Samples to be injected the system were centrifuged to
remove air bubbles trapped at the bottom of the inaaddition, the flow cell system
was always kept under constant flow even betweppraxents.

Two different buffers were used in parallel for leaexperiment. HBS-N with
additional 50uM of EDTA, to scavenge contaminating ions, was uasdeluent
buffer, HBS-EP was applied as dispensor buffer. &lient buffer was connected to
the left pump of the Biacore 3000, which is resjgaesto maintain a constant flow
and to carry out sample injections. Dispensor lsuffas connected to the right pump
used for the sample preparation and wash steps. stdraard flow rate for all
experiments was 2Ql/min. The temperature within the Biacore systemswa
maintained at 25°C.

NTA sensor chips were stored in eluent buffer 8°€2 Before reusing, the chip
surface was extensively washed with water and Ilfindtied under nitrogen flow
before insertion into the Biacore 3000 system.

To compare the binding affinities or kinetics offeiient ligands the sensorgrams
of the SPR experiments were processed with thevaodt Scrubber 1.0g or 2.0a. Only
the latter allowed determination of kineticg{k.s). A single value of k, and kg was
calculated for each triplicate injection, to deterenthe mean value of,kand k¢ as

well as the standard deviations from all triplicatgctions. To eliminate bulk effects
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or systemic artifacts double referencing was appiteall measurement4 75, which
was included in the software, too. For the calcoiet, all concentrations were
corrected with the deviation determined by the gibi®Nn experiment (see

section 4.3).

4.9.2 Oligohistidine Binding Assay

Tenfold dilution series of oligohistidined ¢ 9) were freshly prepared in eluent
buffer before each experiment. Loading of Nan the NTA chip was performed with
a NiCl, solution (500uM in eluent buffer) and regeneration with imidaz®0 mM
in water), followed by regeneration solution (10 ttMEPES, 150 mM NacCl, 0.005%
polysorbate 20, 350 mM EDTpH 7.4), and finally 0.5% SDS.

The experiment was started with a 1 min injectiorNeCI, solution to load the
NTA chip. Then, each oligohistidine sample wasdatgd for 5 min followed by 5 min
of undisturbed dissociation time. The regeneratmocedure consisted of two
subsequent 1-min injections of imidazole and reg®imn solution. Finally, the
surface was washed with 0.5% SDS in water for 1 atia flow rate of 10@l/min.
Regeneration and washing was performed twice farh eeycle. Oligohistidine
solutions were injected in five different concetitlas at different concentration

ranges depending on the binding affinity (Table 17)

Table 17: Concentration Range of Oligohis £ 9).

Compound No. | Concentration range
His2 @ 5 mM - 500 nM
His3 ()] 500uM - 50 nM
His4 (<)) 50uM -5 nM
Hisb5 @ 5uM - 500 pM
His6 ®6) 5uM - 500 pM
His7 ©®) 5uM - 500 pM
His8 " 5uM - 500 pM
His9 ®) 5uM - 500 pM
His10 (¢)) 5uM - 500 pM
PL-Hiss-amide | 41) 200pM — 3 nM
L-histidine® - 20 mM — 610 nM

& L-histidine was included for comparison reasons with
the other peptides in this series
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Each concentration was measured in triplicates imaradomized order. The
temperature of the autosampler rack was kept a&.1&°NTA flow cell without Nf*
was used as reference cell. Three buffer blanksréebne between the sample series,
and one at the end of the experiment were usedidable referencing during data
processing.

The binding assay af-histidine was slightly modified: 2@l of His as 2-fold
dilution series was injected during the associatibase. Undisturbed dissociation was
performed during 60 s to reach baseline level agaAirsingle injection of 20ul

regeneration solution was sufficient to regenetiaesurface.

4.9.3 His,Ala, Binding Assay

The binding assay for the HMa, series was developed by Dr. Daniel Ricklin
(Institute of Molecular Pharmacy, University of Bfs The same experimental setup
was used as described for the oligohistidines ig®et.9.2). Stock solutions (25 mM
in eluent buffer) of peptide$0 — 14 were freshly prepared before the experiment.
Peptide samples of fivefold linear dilutions rarmgifrom 0.32 — 500QuM were
injected. The autosampler rack was kept at 17°@rAdreparation of the surface with
Ni,Cl solution, the samples were injected with a 1 rpuise followed by a
dissociation time of 20 s. Regeneration of theategfwas performed with a single 1
min pulse of regeneration solution. Again, 3 blameye included at the beginning,
one in between the triplicates, and one at thedadrtle experiment. All blanks were

included into the double referencing (see sectidrilJ.

4.9.4 His,Ala, Binding Assay

Analysis of the HigAla, series {5 — 19) was performed as mentioned for the
oligohistidines (section 4.9.2). Before each expent the chip surface was washed
with 20 ul NaOH solution (100 mM) at a flow rate of 20/min for an increased
stability of the binding curves. Stock solutionstioé peptides (5 mM in eluent buffer)

and 5-fold dilutions were freshly prepared befdre ¢xperiment. In case of His2)(
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the dilution factor was 10. The concentration rangé the different peptides are

shown in Table 18.

Table 18:Concentration Range of HA&la, (15-19).

Compound | No. Concentration range

His,Ala,1? (10) 5 mM — 320 nM
His,Ala,1 (15) 200uM — 12.8 nM
His,Ala,2 (16) 200uM — 12.8 nM

His,Ala,3 @7 5 mM - 320 nM
HisAla,4 18 5 mM - 320 nM
His,Ala,5 29 5 mM — 320 nM
His2? @ 5 mM — 500 nM

& His,Ala,1 and His2 were included in this series to
ensure same conditions (chip, solvents) for all
peptides to be compared within this series

The temperature of the autosampler rack was magdaat 19°C. After a 1 min
injection of NiChb, 20 ul of the peptide sample was injected and followsd ab
dissociation phase of 30 s. To finish the cycle, shrface was washed with gDof
regeneration solution followed by two pre-programdmeash routines “wash needle”
and “wash IFC”. Double referencing was again usetliding blanks as described in

section 4.9.2.

4.9.5.HXH Binding Assay

The same experimental setup was used as descrdoethd oligohistidines
(section 4.9.2). Stock solutions were freshly predaprior to the experiment (1 mM
for 20, 21, and22; 5 mM for 23 and24; all in eluent buffer). After injection of Ni¢l
solution, 20ul of sample (5-fold dilutions in eluent buffer) wigected, followed by a

dissociation phase of 30 s. Concentration rangestaown in Table 19.
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Table 19: Concentration Range of HXI2Q — 24).

Compound | No. Concentration range
HGH (20 1 mM - 64 nM
HAH (21 1 mM - 64 nM
HSarH 2 1 mM-64nM
HAibH (23 5 mM - 320 nM
HPH @4 5 mM - 320 nM

To wash the surface 20 of regeneration solution was injected and adddity
the two routines “wash needle” and “wash IFC” wpesformed for a better signal

quality. The temperature of the autosampler rack kegpt at 19°C.

4.9.6 Phenanthroline Binding Assay

The phenanthroline binding assay was performed ascribed for the
oligohistidines in section 4.9.2 using the same hivas procedures with imidazole,
regeneration solution and SDS. The number of biajgkctions at the beginning of the
experiment was increased to five injections. Thaperature was kept constant at
19°C. After Nf* loading, 60ul of sample was injected followed by a dissociation
phase of 180 s. The different phenanthrolines dmhanthroline derivatives, which

were measured in the phenanthroline assay, arensimoWable 20.

Table 20: Concentration Range of Phenanthroline-like Structures

Compound No. Contr:::;reamon Dilutions
2,2’-Bipyridyl (30) 1 mM-64nM 10-fold
1,10-Phenanthroline (42 | 10pM — 100 pM 10-fold
Neocuproine (43) | 250uM - 16 nM 5-fold
4,7-Dimethoxy-1,10-phenanthroline 44 2.5uM — 20 nM 2-fold
2-Amino-1,10-phenanthroline 46) 10uM - 39 nM 2-fold
5-Amino-1,10-phenanthroline 47 2uM -7.8 nM 2-fold
5-Nitro-1,10-phenanthroline 48) | 250uM - 16 nM 5-fold
3-(1,10-phenanthrolin-5-yl)prop-2-enoic acid 34 10uM -4 nM 5-fold
hyroxyethyh 2 methoty-S-nitophanowy outanamide. | (39 | 200WM-13nM | sfol
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All samples had to be prepared in DMSO for bett#ulsility. For this purpose,
stock solutions 20-fold above the highest concéiotrao be injected (Table 20) were
prepared in 100% DMSO. Finally, to achieve a DMSihaentration of 5% eluent
buffer was added, which resulted in the correct@amoncentration. The remaining
dilutions were prepared using eluent buffer comgb% DMSO.

Because of the influence of DMSO on the bindingnalg a calibration was
necessaryl7€. Different mixtures of two solutions (A = 1 mLmaing buffer + 5Qul
eluent buffer, B = 1 mL running buffer +il DMSO; running buffer = 5% DMSO in
eluent buffer) according to Table 21 had to be gregh and were injected between 5

blank injections at the very beginning of the expent and the first sample.

Table 21: DMSO Calibration Solutions.

Calibration A [pl] B [pl]
1 400 0
2 300 100
3 200 200
4 100 300
5 0 400

Signal corrections based on the calibration sahstiovere directly performed

during binding evaluation in the software Scrubbé@a.

4.9.7 Picolinic acid Binding Assay

The picolinic acid binding assay was performed asscdbed for the
oligohistidines in section 4.9.2. Stock solutiorisah samples were prepared freshly
before the experiment in eluent buffer. Associatibrihe samples to the Nisurface
was performed by 6@l injections using different concentration rangesl alilution
factors (Table 22), followed by a dissociation ghat180 s.
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Table 22: Concentration Range of Picolinic acid Structures.

Compound No. | Concentration range | Dilutions
2-Aminopyridine b1 80 mM - 625uM 2-fold
Picolinic acid 62 500uM — 6.4 nM 5-fold
3-Aminopyrazine-2-carboxylic acid 58 1 mM-64nM 5-fold
Methyl picolinate 54) 20 mM - 39uM 2-fold
4-Aminopyridine-2-carboxylic acid 56) 5mM - 1.6uM 5-fold
6-(Acetylamino)pyridine-2-carboxylic acid 56) 2mM - 26 nM 5-fold
6-Amino-2-(2-pyridyl)pyrimdin-4-ol 57) 100puM — 195 nM 2-fold
5-Methoxypyrimidine-2-carbohydrazide 58 100puM - 195 nM 5-fold

The autosampler temperature was kept at 19°C duhagexperiment. Surface
regeneration was performed by a @0injection of imidazole solution (500 mM in
water) and 2Qul of regeneration solution. 5 blanks at the begigrand one between

the triplicate measurements were included for tfeuation in Scrubber 2.0a.
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5. RESULTS AND DISCUSSION

5.1. Qualitative and Quantitative Analysis of the His-Tay

IMAC has become the most common method for thefipation of proteins
carrying either a C- or N-terminal histidine (Hig)g. However, only little is known on
the binding properties of the His-tag to NIi-NTA. &itative and quantitative
investigations, such as the determination of dguilm association constants K
equilibrium dissociation constants K association rate constants,Jk and
dissociation rate constantg{kwould add to a better understanding of this axdgon.
Surface plasmon resonance (SPR)-based biosersprBjacore, are suitable systems
for the determination of these constants. BiacG# Healthcare, Freiburg, Germany)
provides commercially available sensor chips witkiatently attached NTA chelates,
which can be used as a model setup for a Ni-NTAfipation system. It was planned
to design and synthesize different peptide tagsaamadlyze them with the SPR system.
As tags attached to “model” proteins could suffenf the drawbacks as mentioned in

section 3.2.5, only uncoupled tags were includéal time first part of the study.

5.1.1.The Oligohistidine Series

In general, five or six consecutive histidine regs are attached to a protein as
earlier described by Hochut al for the purification on a Ni-NTA columrbf]. The
length of six residues turned out to be the optitealgth for the purification as
demonstrated by Hochuét al The oligohistidine seriesl(— 9) should therefore

deliver explanations, whether this is also truetlier binding affinity.

Synthesis and Purification

The synthesis on the solid-phase using a trityetdmker was performed without
any particular problems, with good vyields of atske40% for all peptides synthesized
in this series. This means a coupling efficiencynadre than 90% for each step.
Histidine is one of the most critical amino acidspeptide synthesis, as it is prone to

enantiomerization during the coupling step due hte teactivity of the imidazole
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nucleus. The most effective way to suppress enaetization is blocking either the
n-nitrogen or thea—nitrogen 77, 178.

The purification of the peptides was much moreiclitf, especially for the short
peptide His3%). As expected, the retention timeg) @f the HPLC correlates with the
length of the tag (Figure 18). Because HBBwas purified under different conditions,

it does not fit into this correlation.
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Figure 18: Retention timeg of HPLC analysis in correlation to peptide lengthhe different oligohistidines). His2)
was purified on a different column using a diffarboffer system, which explains the high t

The difference between two peptides with n and Inisfidine residues was rather
small for n = 4 and 5, as well as for n = 8, 9, &8dDuring the synthesis of His8)(
His4 (3) will appear as a byproduct, which has to be sdpdrfrom the desired
product. The difference of 0.2 min between prodd¢tand byproduct3) was at the
lower limit for a baseline separation. The diffases in § between peptides with
n=>5, 6, 7, and 8 histidines were larger and floeeepurification did not reveal any
problems.

Purification of His3 2) was problematic due to the low retention on #neersed-
phase C18 columns. Both running buffers contain&#o0r FA lowering theoH below
thepl of histidine (7.6). Therefore, His2)(is at least partially protonated. This led to

highly hydrophilic peptides with poor retention mversed-phase columns. Therefore,
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the buffer system for the purification of His3) (was changed from 0.1% TFA to
ammonium acetate buffer pH 8.8 to decrease the average charge on the molecule
This prolonged the retention of His3) (from initially 2.5 min (injection peak) with
the water/acetonitrile/TFA system up to 7.9 min hwitthe ammonium
acetate/acetonitrile system.

After HPLC the lyophilized peptides contain a certamount of salt. Therefore,
the peptides were hydrolyzed and than derivatizedith w 4-(4-
dimethylaminophenylazo)benzenesulfonyl chloride BBACI). Comparison with an
amino acid standard treated with the same proceagllowed the determination of the
amino acid amount in the samples. The results ftben dabsylation experiments
demonstrated the necessity of such salt contertrdatations to gain reliable data in
the SPR experiments of synthetic peptides, wheee khowledge of the exact

concentration of the samples is crucial (Table 23).

Table 23: Salt Content of Oligohisl(-9).

Compound No. | Salt Content [%, w/w]
His2 @) 498

His3 @ 23

His4 ®) 62

His5 @ 64

His6 ®) 60

His7 ©®) 59

His8 @ 55

His9 ®) 54

His10 0) 58

& A salt content of 50% was given by the manufacture

The salt content was in most cases more than 50&elore, a K determined by
simply weighing the peptide on the scales wouldewestimate the binding affinity by
a factor of 2. His21) could be used for the validation of the derivatian method.
The value specified by the manufacturer was 50%thacefore similar to the value
obtained by dabsylation (49%). The high amountatif after purification with HPLC
is a result of the buffer conditions. For examjehexabhistidine dissolved in a 0.1%
TFA, probably all imidazole residues and the N-teah amine are protonated.

Therefore, up to 7 TFA counter ions are bound ® pleptide after lyophilization,
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leading to a calculated salt content of 48% (w/Wh)e only molecule containing a
significant lower amount of salt was His2),( which was purified under basic

conditions apH 8.8. At thispH, the histidine residues are mostly uncharged.

Binding Assay

The method used for the binding assay was alreatiighed in a study of Nieba
et al [126 and was available as a recommendation note ofcdsea [L59.
Nevertheless, the eluent buffer was slightly medifand prepared without addition of
polysorbate 20. When the samples were kept in elogifier containing polysorbate,
no binding of His6 %) could be detected even at high concentrationseiWh
polysorbate was omitted in the eluent buffer, thmdimg signal rose with increasing
peptide concentration as expected. A clear explamador this effect was not found.
Complexation effects could be a possible reasorthferinhibition of the binding of
His6 () to the Ni-NTA surface. To avoid carry over efigatspecially after injections
of highly concentrated samples, wash steps with 800 imidazole and 0.1% SDS
had to be introduced in addition to the regenenawdh 350 mM EDTA. To guarantee
high signal intensities and reproducibility of tinglicate measurements, the complete
regeneration of the surface was crucial. Thussthiéace could be freshly loaded with
nickel before each sample injection, and the siglelved from the nickel loading
step could be used as a monitor of the chip quaBgnerally, the amount of nickel
loaded onto the surface varied slightly from flogll ¢o flow cell. After several weeks
of chip usage, a slight decrease of the nickelaigras observed and the chip had to
be exchanged. An overview of the binding signals tfee oligohistidine series is

shown in Figure 19.
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Figure 19: Sensorgrams of the oligohistidine serigs-©@). The samples were measured in triplicate injestidhe
concentration ranges and dilution factors are gineh9.2, Table 17.

The sensorgrams showed highly reproducible triggaup to His7 ). With
increasing peptide length (more than seven amindspdhe triplicates deviated,
especially at concentrations around saturationl.l&asons like carry over effects or
reduced binding activity could be excluded, becawsehanges were detected in case
of altered injection orders or wash procedurestHéumore, the signals were checked
for mass transfer by running the experiment ated#it flow rates from 10 to
100ul/min. And finally, impurities or degradation of p@des were excluded by
HPLC analysis before and after SPR experimentsthAseffects are only visible for
long peptides, time-dependent conformational chengeght be considered as a
possible reason for this phenomenon.

Looking at the steady state phases, another abtirnb@comes visible. All
peptides showed a linear decrease in binding signahg steady state phase. This
decrease is most likely due to the removal of Miom the NTA surface (‘nickel
leaching’) and its full coordination by the peptitesolution. As a consequence, the
binding level dropped below the initial baselinéeafdissociation of the analyte (see
sensorgrams of the His2)(and His3 2) in Figure 19). The same loss was also visible

for other peptide series and will be discussedanendetail in section 5.1.3.
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According to the sensorgrams, the dissociatiorsridetags consisting of four or
more histidines altered with different concentnaticof analyte, indicating multiple
binding events126. Therefore, the dissociation did not follow a mad exponential
decay, and the baseline was not reached withinodeson time. At peptide
concentrations below saturation of the nickel stefahe dissociation rate was found
to be remarkably slow, probably caused by fastngibg to vacant metal ions. At
concentrations near saturation level, an initiasdciation was observed up to a certain
level, where a stable binding signal was reachet.ttds stage, a temporary
equilibrium is reached, at which the amount of freetal ions is high enough to
enable rebinding. Finally, the rebinding and therefthe stability of the binding
between the tag and the metal depends on the peletigith. WWhen comparing the
dissociation phases of oligohistidin@s- 9 normalized by their molecular weights at

same concentrations, the His®) ¢licited the most pronounced rebinding (Figurg 20
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Figure 20: Normalized overlay plots showing the dissociation
phase of a selection of oligohistidines [Hi$} {0 His10 Q)]
at the same concentration.

The response at the beginning of dissociation vetscs 100 and a value of 0
signifies complete dissociation. 90% of HisB) (vas still bound to the chip surface
after 180 s of dissociation, whereas Hi8%{as almost completely dissociated within
the same time span. The higher the binding capati@ymolecule, the more rebinding
occurs.

The strong rebinding effect as well as the driftiniy steady state made a kinetic
evaluation of the binding curves impossible. Theetaeffect and the drop below
baseline after dissociation also aggravated a mi@tation of the binding affinity of

the oligohistidines to Ni-NTA. Nevertheless, fitjiof the data to a simple 1:1 binding
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model (Equation 2) with the response during stesidye R, allowed at least the
determination of apparentK.

Despite these problems, a comparison of the & the oligohistidines was still
possible, because all peptides showed a similaaweh For the calculation of the
Kbs, Rq0n the drifting steady state curve were determasedn average value of a 2 s
time period ten seconds before the end of the tiojec Concentration plots thus
obtained fitted well with a 1:1 binding model (Frgu?2l). Values at higher
concentrations (500 nM andu/) deviated more from the fitted data, which migket
influenced by the more pronounced decrease of mjndignal during steady state at
these concentrations.
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Figure 21: Fit of Langmuir isotherm (single-site-
interaction model of His76§ (5 uM, 500 nM, 50 nM,
5 nM, 500 pM).

The above mentioned method was used to determénedtilibrium dissociation
constant and binding affinities of the oligohistids (L —9) (Table 24).

Table 24: Apparent Igs and Ks of Oligohistidinesi —9).

Compound | No. | App. Kp [uM] App. KA [10° M7
His2 Q) | 627 34 2
His3 ) 223 +0.15 45
His4 3) 0.313 +£0.031 319
Hisb5 @ 0.024 +0.002 4202
His6 ) 0.014 + 0.001 7246
His7 ©) 0.016 + 0.001 6173
His8 @ 0.020 +0.002 4902
His9 ®) 0.047 +0.002 2119
His10 o) 0.070 + 0.007 1437
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His2 (1) showed the highest K(62.7 uM) of all oligohistidines. Addition of
another histidine increased the affinity by a fa@8. Another 7-fold gain in activity
was achieved with His43). This tendency continued up to six histidines,ialth
showed the maximal affinity of the seriesp(i€ 14 nM). Every further addition of
histidines did not improve the binding affinity, ™enstrated by the 7-fold lower
affinity of His10 @) compared to His65). Therefore, six histidines are the optimal
length for such an oligohistidine tag. The initi@provement in binding affinity from
His2 (1) to His6 &) might be explained by an increase in binding aipih (AH) due to
the higher number of possible interactions (FigB&). There are several reports
describing such a cooperative mechanism for thelitgn of proteins to IMAC
adsorbents due to multipoint interactions betweesidues on the protein and the
immobilized metal ions][79-181.
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Figure 22: Binding affinity Ky (1/Kp) of different oligohistidines to Ni-NTA chips in
surface plasmon resonance experiméute to a better illustration the,K instead of
the Kps are presented within this chart.

Furthermore, the increase in rotatable bonds fortgteptides might as well lead

to a more flexible peptide increasing the posgipiif such multiple binding events.
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However, the free Gibbs energ¥Q) also depends on the entropy termA$), which
explains the lower affinity of His1®) compared to Histb) (Equation 6).
AG =AH - TAS [Equation 6]

When the peptide length exceedes to more thanesixiues, the entropy term
outbalances the enthalpic contribution. The losemdfopy by forcing the ligand into
the binding conformation rises with each additioredidue. Above a certain chain
length, this leads to a weaker binding. A peptidagth of six histidine residues
represents therefore an optimal balance betweérlpit and entropic components.

To complete the oligohistidine serieshistidine was included in the series, too.
The difference between the oligohistidine seried iahistidine lies in the valency of
the ligand. While all oligohistidine binding curvesre fitted to a simple 1:1-binding
model, L-histidine had to be fitted to a two-binglisite model, because two ligand

molecules are able to bind simultaneously to Ni-NTAe sensorgram and binding

curve of L-histidine are shown in Figure 23.
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Figure 23: Sensorgram and Langmuir isotherm (single-site &utton model) of L-histidine (20 mM — 610 nM).

The sensorgrams of L-histidine looked similar tosth of His2 {). A pronounced

drop during steady state made the determinati@nbofding affinity again difficult. In

addition, the fit did not show a clear two-bindisige behavior with clearly separated
binding steps. This might indicate that bothskor each step are similar, leading to a
simultaneous binding of two histidine moleculesofrer reason could be that binding
of a second ligand occurs with a much lower affifi{p higher than 20 mMg.g.due

to increased steric hindrance or unfavorable eletdtic interactions. Unfortunately,
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Biacore is not design to measurgskin the medium or even high millimolar range.
Due to the lack of a clear two-binding-site behavitetermination of an appareng K
was performed by fitting the data set to a simplelkinding model. The resultingK
of 430uM was about 7-fold higher than the, Kf His2 (). The best bidentate ligand
consisting of two histidine residues would therefbe a ligand with a Kof 180 nM
(430 uM x 430uM), which is 3-fold lower than the value for His®)(This indicates
most probably an unfavorable arrangement of twonaldistidines for the binding to

Ni-NTA (e.g non-optimal distance).

5.1.2.The Preferred Binding Motif: His ,Ala, series
Nickel is coordinated by NTA in a tetradentate mamg3 COO, 1 N). To

complete the requested octahedral coordination, aaditional interactions are
required. Therefore, only two histidines can bingiidtaneously via their imidazole
nitrogens to the metal ion. Therefore, the,Aia, series 10— 14) was synthesized to
evaluate the optimal distances between two coatidpaistidines. The C-terminal
histidine residue was kept constant and the otherésidue was shifted through the
peptide. Ala was chosen as the second amino addirigblock because it is inert,
non-problematic in solid-phase peptide synthesisgd avidely used in similar
experiments €.g. Ala screen). All peptides of the Hida, series {0 — 14) were

analyzed with SPR.

Synthesis and Purification

The synthesis of this peptide series did not resaglrelevant problem except for
precipitation, which was impossible either with ttether or with tert-
butylmethylether. Therefore, the crude peptide wdsectly concentrated after
cleavage and lyophilized from a 10% acetic acidutsmh. Since only lower
concentrated peptide solutions could be injected the HPLC system, extended
purification times resulted. Furthermore, when watetonitrile/TFA was used, all
peptides eluted within the injection peak togethi#h other impurities €.g.reagents,
byproducts). Similar to His32), the purification system had to be changed to

ammonium acetate/acetonitrile resulting in longgemtion times and purer products.
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Finally, the purification yielded peptides with amerage salt content of up to 75%,

which is significantly higher than for the oligotidsnes (L —9).

Binding Assay

The binding assay for Hiala, (10 — 14) peptides was based on the experience
from the oligohistidine assay (section 4.9.2). ©kerall shape of the sensorgrams was
similar for all peptides (Figure 24). However, diftnces regarding signal intensity

and steady state drift were observed.

i

Time Time

Figure 24: Sensorgrams of Hisla, series {0 — 14). Triplicate injections were measured over a catregion range of
0.32 - 5000uM (fivefold dilutions). a: AAAAHH (10); b: AAAHAH (11); c¢: AAHAAH (12); d: AHAAAH (13);
e: HAAAAH (14).

Compared to the oligohistidine series (Figure 189, kinetic rate constants were
much faster than for most of the oligohistidinebeTbinding curves rapidly reached
baseline level after the start of the dissociajdrase. This simplified the washing
procedure to a great extent. After complete disgmn of the analyte, a single
injection of a 350 mM EDTA solution was sufficiefior regenerating the chip surface
and for achieving highly reproducible data as destrated with the triplicate
injections. A steady state drift of the binding \@rwas observed for peptides
AAAHAH (11) and HAAAAH (14). The effect was less pronounced compared to
His2 (1). Nevertheless, the signals allowed the determanabf an apparent Kby
fitting steady state binding signals. The dissaarmatollowed a normal exponential

decay and did not show extensive rebinding effeats observed for the
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oligohistidines { —9). Therefore, the Hj#\la, series was fitted kinetically (Figure 25)
to determine k&, Kos, and Ko.
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Figure 25: a: Steady state fit of AAHAAHI(2) to a simple 1:1 binding model. b: Kinetic fit AAHAAH (12) to a simple
1:1 binding model. Light gray lines represent himgdicurves of calculated single-site binding modéack curves
represent experimental values.

The steady state fit showed a good correlation Wieghexperimental values. The
same was true for the kinetic fit, which showed excellent overlap with the
experimental data. Minor deviations are most likdlye to small rebinding effects,
binding of both or only one histidine residue teMII'A, or the slight decrease during
injection of the analyte. The residual standardiaten (res SD) of the fit was 6.05.
The fits were of similar quality for all Hi8la, peptides 10 — 14) allowing a
comparison of kinetic and affinity data within trsgries. These data are shown in
Table 25.

The binding affinities obtained by steady statéenif or kinetically were in good
agreement. Standard deviations (SD) lay below 3B& Kinetic data showed a much
higher SD of up to 42% for thedkof AHAAAH (13). This might be due to the fact
that the kinetic rate constants are extremely(fBst < 2.2 min) and therefore difficult
to determine. With fast kinetics, a small deviatadrthe fitting curve can lead to huge

differences in the calculated values.
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Table 25: Evaluation of kinetics and binding affinity of Hida, series 10— 14).

i by
Compound | No. | Kp (ss%) [pM] Kon [Ms7] Kot [S7] -I[-;f KD[;EK/IIr]] )
AAAAHH (10 288 +3 1164 £180 0.334 £0.053| 2.1 288 =1
AAAHAH (11 112 +1 5970 %274 0.685 +£0.021| 1.0 111 +1
AAHAAH (12 402 £4 2181 =592 0.877 £0.258| 0.8 401 =9
AHAAAH (13 440 +6 2011 +849 0.889 +£0.372| 0.8 442 +4
HAAAAH (14 70 =1 10194 +1320 0.709 £0.094| 1.0 70 =1

a

steady state fit
® kinetic fit, Kp = kog/Kon

AAAHAH (11) (Kp = 112uM) and HAAAAH (14) (Kp = 70 uM) showed the
lowest Kys of the series. This indicates a favorable arnaege for two histidine
residues separated either by one (binding moti) &¥3by 4 amino acids (binding
motif 1-6) when binding to Ni-NTA. This confirmedhé observations of molecular
simulations from Liuet al with oligohistidines and free nickel ions in sdm, who
found the 1-3 and the 1-6 as the preferred bindnagifs, too [L31]. The higher
flexibility of HAAAAH ( 14) compared to AAAHAH 11) might simplify an optimal
arrangement of the binding imidazole nitrogens axphg the slightly higher affinity
of 14. AAAAHH (10) was a factor 2.6 weaker than AAAHAHL). The two peptides
with the lowest affinity were AAHAAH 12) and AHAAAH (13) with Kps of 402uM
and 440uM, respectively. The 4-fold lower affinity of AAAAH (10) compared to
His2 (1, 5.1.1, Table 24) was explained by entropic ardseffects.

The differences in binding affinity within the HMa, (10 — 14) series were
mainly based on differences in the associationsraReptidesll and 14 showed
significantly higher ks compared td2 and13. The dissociation rates dfl and14
were only slightly slower and did not contributeathmuch to the higher affinity.
AAAAHH (10) elicited a different behavior. The,kwas even lower than for
peptidesl?2 and 13, but the dissociation rate was the slowest amorgsiries. The
proximity of the two histidines id0 explains the low k. When one histidine residue
is dissociating from the Ni-NTA complex, its rotatal freedom and its flexibility in
respect to the other histidine residue, whichiisk@und to Ni-NTA, is rather small.
Therefore, the probability of rebinding to the satoenplex is much higher compared

to a His with an increased flexibility. Thus, thengplex might be more stable leading
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to an increased half-life time. This trend contmukroughout the series, except for
HAAAAH (14). This means the larger the distance betweenwioehistidines, the
faster is the dissociation rate constant. Wihthe ks decreased again, because as a
result of the high flexibility, contacts to neighiry Ni-NTA complexes are becoming
possible leading to increased rebinding.

As already observed for the oligohis series, theAla, (10 — 14) also showed a
steady loss in binding signal during steady stdtasp. This constant loss in steady
state level and the subsequent drop of the basalmal under the initial level before
injection of the analyte was further analyzed. Ctexgtion of Nf* from the surface
by free analyte molecules could explain this desgem binding signal as already
mentioned in section 5.1.1. “Metal ion transfer”snmést observed by Belewt al
although for a slightly different metal complexOf. They reported some tri- and
tetrapeptides consisting of histidine residues,cilid not bind to a Superose-Cu(ll)
column because of their high affinity to the Cufths. This high affinity enables to
strip off the Cu(ll) ions from the solid supporthd same phenomenon was observed
by Anderssoret al. when human serum albumin was run on &-NDA column [182.

A possibility to quantify this effect in the Bia@experiment was provided by the
peptides His2X), His3 @), and HAAAAH (14). For these peptides the fast kinetics
led to a complete dissociation of the analyte, Wianabled to quantify the drop below
baseline level. If this drop is due to a loss of'Niom the chip surface, it could be
correlated with the decreasing signal during steatife using Equation 7. This
equation is generally used to predict the bindigga at saturation level for a certain
analyte-target system:

MWanaIyte

R Calc. = W X Riarget X Valency [Equation 7]

target

Rmax Calc. was compared with the experimental signeteise during steady state
(Rmax €XP). Rarget is the experimental drop in baseline level, MW the molecular
weight of Ni (58.7 g/mol), and M.y the molecular weight of the peptide, which
was analyzed. For better illustration Figure 2@ws the experimental R values for
His2 (L).
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Figure 26: Decrease in steady state signal during sampletiojeof His2 (). A: Full size of sensorgram of His2)(
B: Magnification of drifting signal at 5 mM conceation (red binding curve). C: Drop below initial kése level after
dissociation of 5 mM (red) binding curve.

The calculations were performed with the three idegtmentioned abovd, (2,
and14), which showed the most pronounced signal decre@aseg steady state phase.
This allowed a precise determination of the expental values shown in Figure 26.
The results of the calculations are presented ipleTd6. With most of the peptides
from the oligohistidine seried ¢ 9) this calculation could not be performed due ® th
rebinding effect. For the Hidla, peptideslO, 11, 12, and13, the baseline drop was

too small for detection. This problem could be emvented by an increased injection
time, although analyte consumption would be sigaifitly higher.

Table 26: Quantitative Analysis of ‘Metal lon Drift’.

Compound NO. | Rmax €Xp. [RU] | Riarget [RU] Rmax calc. [RU]

His2 @ 73 15 76
His3 %) 59 8 59
HAAAAH (14) 38 4 40

For all three peptides, the calculations fittedlweth the experimental value. Due
to the loss of Ni" during steady state phase, the binding capacitihefsurface is
decreased. Therefore, less analyte molecules &dabind to the surface leading to
the significant decrease in binding signal. Finadiffer dissociation, the binding curve
drops below the baseline level because of the dsecenumber of Ki bound to the
chip surface.

Further explanations, which might support thé*Niomplexation theory, can be
found in solution-based stability constant83. The affinity of Ni-NTA in solution
(logKp = -11.26) is about 350 times higher than the &gfiaf the Nf*-His interaction

(logKp = -8.69). This value could be decreased if othstidine residues are present
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in the proximity of the Ni-NTA, leading to a stromgmpetition between the peptide

and the nickel ion.

5.1.3 Entropic Effect and Combination of Preferred Binding Maotifs:
The HisAla, Series

As a consequence of the comparison between thehidiidine seriesl(—9) and
His,Ala, series 10 — 14), the impact of entropy on the binding affinity svaloser
investigated. The increase in peptide length of dhigohistidine series led to a
decrease in binding affinity due to the increasetiopy penalty upon binding. The
same is true when comparing His and AAAAHH (10), which contain both a 1-2
binding motif. The HigAla, series {5 — 19) was synthesized to analyze this effect in
more detail by SPR experiments. For this purposeptijes AAAHH (7),
AAHH (18), and AHH (@9) all containing vicinal histidine residues but taining a
variable number of alanine residues at the N-teusiimere synthesized. Together with
the peptides HH 1) and AAAAHH (10) they complete the series biidag 4.
Furthermore, the peptides HAHAAHY) and HAAHAH (16) were added to this
series, which both include the two preferred bigdmotifs 1-3 and 1-6 in one

molecule (see section 5.1.2).

Synthesis and Purification

The synthesis and purification of the &, series {5 — 19) revealed similar
problems as the Hi8la, series (section 5.1.3). Especially for shortertides such as
AAHH (18) and AHH (9), precipitation prior to HPLC purification was npossible.

As a consequence, the products are characterizadigh salt content (Table 27).
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Table 27: Salt Content of Hig\la , (15— 19).

Compound No. | Salt Content [%, w/w]
HH (1) 49
AAAAHH (10 75
HAHAAH (15 36
HAAHAH (16) 35
AAAHH (17) 42
AAHH (18 75
AHH (19 73

The different salt content — peptidgS, 16, and17 contained up to a factor 2.1
less salt after HPLC purification comparedl®and19 — cannot be rationalized. As
both peptides18 and 19, showed a good retentiony (& 5.3 min forl8 and g =
4.5 min for19) on the reversed-phase column, co-elution withrbgpcts could vastly
be excluded. Therefore, no anomalous binding signal to an impure sample was

observed in the SPR analysis.

Binding Assay

The binding assay for the Hida, series {5 —19) was performed with the same
wash routine as already described for theAls, (section 5.1.2). In the experimental
part, no relevant problems occured, apart fromrdilcoous increase in baseline signal
visible during long-term experiments (>8 hours).tWseveral 1-min injections of
100 mM NaOH at a flow rate of 2d/min, the chip surface could be regenerated to
achieve the initial baseline level again. Therefdies procedure was performed
before each experiment. Furthermore, reprodugydlitd life-time of the NTA sensor
chip could be increased, when adding wash procedase‘'wash needle” and “wash
IFC” after each injection cycle. This procedure yided a proper removal of
precipitates or aggregates sticking to the needikeol FC unit.

The binding assay for the KHida, series {5 - 19) was completed with peptides
from previous experiments such as HisR ¢ection 5.1.1) and AAAAHH 10,

section 5.1.2). An overview about the sensorgrasiéwvn in Figure 27.
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nse

Figure 27: Sensorgrams of the Hila, series {, 10, and 15 — 19): a: HH (1); b: AHH (19); c: AAHH (18); d:
AAAHH (17); e: AAAAHH (10); a: HAHAAH (15); a: HAAHAH (16). The samples were measured in triplicate
injections. The concentration ranges and dilutemtdrs are given in 4.9.4, Table 18.

The sensorgrams for HH1) AHH (19, AAHH (18), AAAHH (17), and
AAAAHH (10) were similar in shape to those of the JAila, series (Figure 24).
Rapid association and fast dissociation phasesledcomplete return to the baseline
level of the binding signal within seconds. The ghaf the binding curves for
HAHAAH (15 and HAAHAH (16) looked different compared with the other
sensorgrams of this peptide series. At low conegéintis of 8uM (brown curve),
1.6 uM (orange curve), and 320 nM (blue curve), the tepan to reach steady state
level was significantly increased. In addition, tdéssociation phase is slightly
delayed, a clear sign for rebinding. The effediess pronounced than in the case of
e.g. His9 @) or His1l0 @) (section 5.1.1Figure 19). With a closer look at the
dissociation phases of the two peptid®sand16 (Figure 28), the rebinding phase was
closer analyzed.

The first 2 s of the dissociation phase at theetlimghest sample concentrations of
each peptide were fitted manually with a normalagential decay of a 1:1 interaction
model. The rebinding effect becomes visible du¢hw delayed dissociation of the
experimental dissociation curve compared to thaukited curve around 65 s. Such a

dissociation profile cannot be fitted with a regudaponential dissociation model.
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Figure 28: Close-up of dissociation phases of HAHAAKL and HAAHAH (16). 200 uM (upper curve), 4@M (middle
curve), and &M (lower curve) sample concentrations were compavigd a normal exponential decay (thick orange
lines) with the ki indicated for each peptide.

Due to the observed decrease of the steady statal sind the rebinding, a kinetic
investigation of the Hi&la, series was not possible. Therefore, an appargnvs
determined using steady state signals as alreastyided for the oligohistidine series

(section 5.1.1). The results are shown in Table 28.

Table 28: Evaluation of ks of HisAla, series {, 10, and15-19).

Compound No. Kp (ss?) [uM]
HH Q) 62.7 +3.4
AHH (19 175 +4
AAHH (18) 266 +4
AAAHH (17) 279 4
AAAAHH (10) 288 +3
HAHAAH (15 10.7 0.4
HAAHAH (16) 6.10 £ 0.16

a

steady state fit

As expected, the binding affinity is decrease@ (Kcreased) for each additional
alanine residue, most probably due to increasedomntcosts upon binding.
Furthermore, binding is sterically more hinderee tluthe additional alanine residues.
The difference in binding affinity between HH)(@nd AHH (9) was of a factor 2.4,
This difference became less pronounced for longsptiges as demonstrated for
AAAHH (17) and AAAAHH (10), which differed only by a factor 1.03 in affinity
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Peptidesl5 and 16 with two possible binding motifs exhibited a stgen binding
affinity to Ni-NTA compared to the peptides AAAHAR L, 112uM) and HAAAAH
(14, 70uM), respectively.

5.1.4Impact of Rotational Freedom: The HXH Series

Shorter tags have many advantages compared txigten@ hexahistidine tag as
already described in section 3.2.5. Therefore, taitJjs two histidine residues linked
via different spacer sequences were developed. Aistadine residues separated by
one amino acid are able to adopt a favorable cordtion for binding to Ni-NTA as
demonstrated with AAAHAHL1, Kp = 112uM). However, the affinity ofL1is still a
factor 8000 below the one His6)( Shortening of the peptide to the sequence HAH
increased the binding affinity due to the smalletr@py costs upon binding. With
rotational restrictions between the two histiditesding to a pre-organisation of the
binding conformation should further increase thienay. This hypothesis was tested
with the HXH series30 —24) (Figure 29).

Five tripeptides containing either a glycine, aanaie, a sarcosine (Sar), an
aminoisobutyric acid (Aib), or a proline at positi@ were synthesized. The peptide
HGH (20) with its non-substituted £&atom should have a higher degree of rotational
freedom thare.g.24 containing a cyclic proline residue. As sixth pegtof this series

His3 (2) was included (see also section 5.1.1).
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Figure 29: The HXH @0 — 24) series with different amino acids at positionratked in red):
glycine @0), alanine 21), sarcosine22), aminoisobutyric acid®), and proline 24).
Synthesis and Purification

Syntheses of HGH2(Q), HAH (21), HAiIbH (22), and HPH 23) were performed
on the Pioneer Peptide Synthesizer.

The purification was performed with the ammoniunetate/acetonitrile system,
which provided longer retention and therefore besteparation from reagents and
byproducts present in the crude peptide. This wgmrtant, because precipitation of
these short peptides was not possible.

Synthesis of HSarH2@) was more difficult to perform. With the standard
procedure on the peptide synthesizer, the chrometugy after HPLC purification
showed a heterogeneous profile instead of one rpa@k as usually obtained for short
sequences. The problem might be caused by an idetagoupling of the His to the
secondary amine of Sar. Therefore, HATU insteatHOBt/TBTU was used for the
coupling procedure3f4, 184. Furthermore, the mode was changed from automated
continuous-flow to manual batch synthesis. Finaliging two over night couplings
HSarH @2) was obtained in sufficient amounts for the Bi@cassays.

For all tripeptides, derivatization with DABS-Cl@lked a huge salt contents of
approximately 70% and for HAR2{) even 89%.
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Binding Assay

The binding assays for the HXH seri@$ ¢ 24) were performed using the same
washing procedures as for the oligohistidinés—(9) including the wash routines
“wash needle” and “wash IFC”. Due to the rathet fasetics, short association and
dissociation times of 1 min and 30 s, respectivelyld be used lowering the analyte

consumption significantly (Figure 30).

\\HGH (20 *
“i E 150

——— ‘HAH (1) " = HsarH(22)

HAIbH (23) HPH (24)

200

0 10 20 30 40 50 60 70 80

Figure 30: Sensorgrams of the HXH serie20(— 24). The samples were measured in ftriplicate injestioThe
concentration ranges and dilution factors are gineh9.5, Table 19.

All peptides showed a linear decrease in bindimggadi during the steady state
phase. HSarH2Q) and HPH 24) elicited the highest loss in binding signal. Loak
closer to the sensorgram of HPH, the steady steeepcan be divided into two parts
[see concentrations of 1 mM (red curve) and gBD(blue curve)]. After reaching the
steady state level, the binding signal remains temidor 10 s (intermediate steady
state level) before starting a pronounced linearatese until the dissociation phase
starts. After dissociation the signal drops agaloWw the initial baseline level, which
was true for all peptides of this series. The desgewas analyzed quantitatively as
already done in section 5.1.2 using Equation 7. \iddaes of these calculations are
given in Table 29.
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Table 29: Quantitative Analysis of ‘Metal lon Drift’.

Compound | No. | RpaxeXp. [RU] | Riarget [RU] Rax calc. [RU]
HGH (20 10 2 12
HAH (21 20 3 19
HSarH 2 41 9 55
HAibH (23 27 3 26
HPH 249 120 4 185

The analysis was done with the highest concentrstiof each peptide.
HSarH 2) and HPH 24) showed the highest deviation between the caledland
the experimental value. For the three peptid@s21, and 23, deviations from the
experimental values lay within 20%. The calculatatie for HPH 24) was more than
50% higher than the experimental value. This meéhasthe decrease of the binding
signal during steady state is less pronounced éxgaected. The same overestimation
was found for HSarH22). The two molecules might be regarded as outlinleses to
their strange behavior in the binding assay (bighdissociation).

Despite some deviations from a standard sensorgi@nbinding curves were
analyzed to determine binding affinities and kiogbarameters. For HPH4), a
kinetic fit was not possible, because the decr@asending level during steady state
was too high. Therefore, only a fit of the steathteslevel to a simple 1:1 Langmuir
isotherme was made using steady state levels inatedgliafter reaching steady state.

Calculated data from the steady state and kingsi@afe shown in Table 30.

Table 30: Evaluation of kinetics and binding affinity of HXs&ries 20— 24).

Compound | No. | Kp (ss?) [uM] Kon [M s Kot [S7] T[Sliz Kp (kin °) [uM]
HGH 20| 54 =1 10123 +725| 0.478 +0.022 1.5 47 +2
HAH (2) | 41 %1 11697 +822| 0.535 +0.035 1.8 41 +1
HSarH @2 | 154 =17 3262 +187| 0.389 +0.036 1.9 1237+ 1
HAibH (23| 36 3 13916 +632| 0.406 * 0.052 1.y 36 +3
HPH 4y | 77 2 - - - -

His3 @ 2.23+0.15 -

& steady state fit

® Kinetic fit, Kp = koii/kon
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The quality of the kinetic fits was satisfying wites SDs below 6.0. Only the fit
of HSarH @2) had a res SD of 9.6. The lower quality of thddit22 was also obvious
from the difference between the twg Kalues from the kinetic and the steady state fit.
Furthermore, the SD for both values was signifigahtgher compared to the other
peptides of this series. Despite the differenctheftwo Ky values, the ranking of this
series did not change. Consecutive substitutiath®iC,-atom with one (HAH) or two
(HAibH) methyl groups decreased the.KHGH (0) with a high degree of rotational
freedom due to its unsubstituted-&om had a slightly lower (1.3-fold for the steady
state fit or 1.1-fold for the kinetic fit) bindingffinity than HAH @1). HAiIbH (23)
with two methyl groups at the,ds even more restricted in its rotational freedom,
therefore the entropy costs upon binding is sm#tl@ane.g.for HGH.

However, rotational restriction does only guarangedigh affinity, when the
molecule can adapt a conformation close or sinidathe binding conformation. The
increased J, of HAibH (23) compared to HGH20) and HAH 1) indicates that this
is the case fo23. The other contribution to the slightly higher diimg affinity of 23 is
a consequence of the lowered off-ratgs(k 0.406 &). HSarH @2) contains a
methylated nitrogen in its peptide backbone. Altjtouhe rotational freedom should
be restricted in comparison wi0, 22 showed a significantly higher K(2.9-fold
compared to20). The low affinity was due to the much slower arer (3.1-fold
compared t@®20), most probably because the methyl group on tltregen leads to a
pre-organization in an undesired conformation, agating the association of the
complex. The affinity of HPHZ4) lays between HSarH®) and HGH RQ0). In this
case the decreased flexibility did not elicit aipes effect on the binding affinity.
Again, the binding conformation and the equilibrimenformation in solution might
be different. In addition, X-Pro bonds are knownptpulate both the cis and trans
isomers. However, for binding, one isomer is pref@r The necessary cis-trans-
isomerization lowers the affinity.

The difference in binding affinity between HAIbR23) and His3 2) is huge.
His3 ) shows a 16-fold higher affinity to Ni-NTA than Ha#H (23), the best ligand
from the HXH series20 — 24). Due to the additional histidine residue in H{(&3,
binding either in a 1-3 or a 1-2 binding mode teNNIiA is possible. Therefore, the
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probability for binding to Ni-NTA is increased. EBhcould not be compensated with

the pre-organization of the two ligands in HAIb28).

5.1.5.General Considerations about the His-tag

A Dbetter understanding of the binding mechanism tbé widely used
hexahistidine-tags) has been one goal of our investigations describesction 5.1.
For this purpose, tag fragments of different peptidngth and composition were
compared in respect to thermodynamic and kineticaber. Even though these
peptide tags are usually attached to a much |lgngeein, the idea was to investigate
only the isolated peptide tag in order to avoid dmyding interference with the
protein. Such an approach allows the charactenizadnd selective improvement of
the existing tag independently of the attachedgmmot

Depending on the desired application, affinity tdgsve to fulfill specific
requirements. When they are used for target imnzatbibn in ligand binding assays, a
stable interaction is indispensable. Converselyemwithe tag is used for affinity
purification, only moderate dissociation constdriid4, 10% are required in order to
allow a mild elution from the affinity column.

In case of Ni-NTA affinity chromatography, 78, 104 the stability constants
of four complexes have to be taken into considenat{i) Ni**/6His-tagged protein
(Kp =10° M, [126]), (i) Ni?Yimidazole (K, = 9.8:10" M, ), (iii) Ni*/NTA
(Kp = 1.8:10'* M, [183), and (iv) NF/EDTA complex (k = 3.6-10°%, [183). The
differences between these dissociation constanésagtee that the captured His-
tagged protein can be eluted with imidazole undéd,mon-destructive conditions,
while the nickel ions remain tightly bound. Finallthe affinity chromatography
support can be regenerated by complete removakeoff* ions with EDTA followed

by reloading the NTA chelators with Niions (Figure 31).
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Figure 31: lllustration of all interactions involved during eh
purification with Ni-NTA affinity column.

In this tailored network of dissociation constantee Ky for NiZ*/NTA,
Ni?*/imidazole, and Ni/EDTA complexes form the given constraints, whertees
binding properties of the His-tag can be adaptexraing to the needs of a specific
application by varying the numbers of histidines by modifying the amino acid
sequence. For example, two consecutive 6His-tagsrecommended for a stable
immobilization of proteins on SPR surfaces for therpose of ligand binding
assays]26q. For purification reasons, the affinity has gelgrto be lower, otherwise
the much higher imidazole concentrations needecdefation might lead to protein
denaturation85.

The apparent Kvalue for the best ligand in all of the preseregtide series, the
free His6 b) peptide, is more than 20 times lower than thgored for fusion
proteins with a single hexahis-tag (~700 nM) by bdiest al. [126. Limited
accessibility of the tag, caused by steric hindeafxy the attached protein, or
electrostatic interactions are possible explanation the decrease in binding affinity
of the tagged protein compared to the free tag.SEmee authors also investigated the
interaction of the free His65) with a nickel surface, but did not report any K
values [L24].

The widespread usage of the hexahistidine tag nightehow astonish because
of the moderate binding constant when coupled foraaein. Compared to strong

interactions as measured with complexes of avidid biotin (K, = 10™* M), the

126



Results and Discussion

affinity of the hexahistidine peptide to Ni-NTA imore than a factor 20lower.
Nevertheless, the secret of the success of thentstixtine-tag lies in its low “pseudo”
off-rate. Speaking of a real dissociation rate tamisis not correct due to the rebinding
observed with the oligohistidine seriek € 9). For peptides with eight7)] to ten
histidine Q) residues, stable binding with little dissociatianachieved at analyte
concentration in the range of the.KAlternating dissociation and reassociation phases
lead to a “sliding” of the peptide over the chiprfage (Figure 32) instead of a
complete dissociation. This leads to a stable bopdd the Ni-NTA surface. At higher
concentrations, however, when free coordinatiogssitre in short supply, dissociation

becomes visible.

@ @ O 000
Do ORNCION® OO {:. @
g L
c d e

Figure 32: Overall binding process of hexahistidine to Ni-N@Amoderate concentrations.2Nis immobilized to the
surface of the sensor chip via NTA. One imidazateug of the hexahis-tag (a) makes first contach \WE* (b). After
the monovalent interaction is established, the higlal concentration of his ligand facilitates tinéeraction with a
second imidazole forming a divalent complex wittstigines from the i and i+2 position (c). By consami
dissociation and reassociation (d, e) the molelildes’ over the chip surface, which explains tserved rebinding
effect in the SPR measurements. Finally, the hexdibimciates from the Ni(f, g).

This demonstrates that high binding affinities aw@ mandatory for affinity
purification. Moderate binding affinities can bengeensated by rebinding prolonging
the interaction of the tag with the solid support.

Finally, in the His6 %) an optimal ratio of entropy costs vs. binding regdeads
to the best apparentpKOverall, fifteen different binding motifs are aadble within
one hexahistidine molecule: 5 times the 1-2 mdtifimes the 1-3 motif, 3 times the
1-4 motif, 2 times the 1-5 motif, and once the h&tif.
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5.2. 1,10-Phenanthroline, an Alternative to the His-tag

In section 5.1, the limitations of an affinity tayclusively consisting of amino
acids has been demonstrated. Therefore, non-ansidatags were also studied. The
idea to couple 1,10-phenanthroline (phen) to aemobr a peptide, and purify the
construct on a Ni-NTA column was published by Franlal. from Lonza AG (Basel,
Switzerland) 169. In their patent application, they attached phena peptide,
synthesized via SPPS and purified the constructavieolid-phase bearing various
metal ions M" (n =1 to 3). The phenanthroline, acting as thefipation tag, was
coupled via a chemically cleavable tag to a tegitide enabling the synthesis of
native peptides.

Complexes between Ni(ll) and 1,10-phenanthrolineehbeen known for more
than a century18€], but no reliable kinetic or equilibrium constam®re reported
until 1956 when Margerurat al. [187] published equilibrium constants of the mono-,

di-, and tri-(1,10-phenanthroline)-nickel(ll) coremlin solution (Figure 33).

K
Ni2* + Phen «> NiPhen?* K, =2.5x 10
K,
NiPhen?* + Phen == NiPhen,>* K, =8x10"
K
NiPhen,** + Phen <=2 NiPhen* K, =28x10%

Figure 33: Equilibrium constants of the mono-, di-, and tri-
(1,10-phenanthroline)-nickel(ll) complex. K is etjta Ky of the
described complexation reaction.

1,10-phenanthroline is a bidentate ligand coordugatvith Ni(ll) via its two
aromatic nitrogens. Therefore, three moleculesahte to bind to Ni* in solution. The
existence off all three complexes has been denaisstr by Vosburgh and
Cooper [188. The Ky for the binding of the first phenanthroline is aba factor 10
lower than the value for the third ligand. This dsie to steric hindrance and
unfavorable electrostatic interactions between ph#moline ring systems. For the Ni-
NTA system, conditions are similar. flibound to NTA has only two coordination
sites and thus binds one phenanthroline moleculgeréfore, the K for the
complexation of the third phenanthroline giveseaist an idea about the potential of a
phenanthroline-tag binding to Ni-NTA. The;KK3 in Figure 33) of 30 nM is in the
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range of the value for His6 obtained in SPR expenits (Table 24, 14 nM). A
comparison of these two values is rather delicatetd the different ligands involved
in binding. Up to now, no affinity measurements akiuhetic evaluations of
phenanthroline and derivatives thereof binding teNNIA were reported. To fill this
gap, the phenanthroline serie® ¢ 49) was analyzed with using SPR to obtain more

information about the binding properties of phemNteNTA (Figure 34).

Figure 34: Compounds of the phenanthroline series: 1,10-Pherdime @2), neocuproine (2,9-
dimethyl-1,10-phenanthroline) 48), 4,7-dimethoxy-1,10-phenanthroline 44§, 4,7-dichloro-1,10-
phenanthroline45), 2-amino-1,10-phenanthrolind@), 5-amino-1,10-phenanthrolind?), 5-nitro-1,10-
phenanthroline48), 2,2’-bipyridyl (49).

The set of the different phenanthrolines was coteplewith 2,2’-bipyridyl

(bipy, 49). Bipy has the same scaffold as phen, but a fretatables-bond.

5.2.1.Computational Model for the Prediction of Binding Affinities to
Ni-NTA

In parallel to the Biacore approach, Dr. Martin 8shio, Institute of Molecular
Pharmacy, established a computational method tatthe prediction of binding
affinities of various ligands to Ni-NTA1[71]. The software used for all calculations
was Gaussian 03. All the operations necessaryn®rdevelopment of such a model
are briefly summarized below:

1. Geometry optimization of the complexes was perfarmasingab initio density

functional theory methods at B3LYP level in combioa with the triple-zeta
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basis set with polarization and diffuse function814++G(d,p) in the solvent
phase (water) using the conductor-like polarizabletinuum method.

2. At optimized geometries, the gas-phase part of itheraction energy was
calculated in a single point calculation using faene level of the theory as in
step 1, but without solvent.

3. Similarly to point 2, the solvation effects werealated in a single point
calculation at the optimized geometry using thettdarFock level of theory in
combination with the double zeta basis set wittapsétion functions for heavy
atoms 6-31G(d) employing the conductor-like polaiz continuum method.

4. The final interaction energy was calculated frore fhartial results of step 2
and 3.

One of the major problems during the developmentihefcomputational model
was the lack of a crystal structure of 1,10-phemantine binding to Ni-NTA. For the
geometry optimization such a crystal structure eeded to calibrate thab initio
calculations. Only two complexes of NTA binding antetradentate manner to?Ni
were found, [NI(NTA)(H,0),]” and [NI'(NTA)(adeninium)(HO)] [189. Therefore,
the complex [Ni(NTA)(phen)]was synthesized to obtain the X-ray crystal stmgct
depicted in Figure 35.

Figure 35 (by courtesy of Dr. Martin Smiesko):Crystal structure of the complex as stick and ball
(left) and with a highlighted phenanthroline pldright).

An unexpected property was found. The whole complees not show the

expected symmetry with the phen lying in the sata@e as the one formed by the
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nitrogen, the axial carboxylic acid arm, and thetahéFigure 35). Therefore, two
enantiomeric complexes are possible, which are bmihd in the crystal structure.
The missing symmetry leads to differences in thegtle of the coordination bonds
between nickel and each of the coordinating nitnggéd he equatorial coordination
bond is significantly elongated to a value of 2.843vhereas the axial one measures
only 2.053 A. The asymmetric complex leading tdadi#nt lengths of the two Ni-N
bonds, indicate some unfavorable interactions withe complex. A steric clash of
phen with the two CHgroups of the NTA (Figure 35, left) might be theshprobable
explanation.

The computational model established by Dr. Martmi€sko was finally able to
estimate binding affinities of various phenanthreliderivatives as demonstrated by
the good correlation @R= 0.87) between the experimental and calculatet da
(Figure 36).

y = 1.9002x + 7.5739
R®> = 0.8721

dG calculated [kcal/mol]
(o)}

-10

-9 -8 -7 -6 -5
dG experiment [kcal/mol]

Figure 36: Correlation between experimental and calculai&l for binding to the Ni-NTA system. Substances:
42: 1,10-phenanthrolined4: 4,7-dimethoxy-1,10-phenanthrolindg: 2-amino-1,10-phenanthrolingt7: 5-amino-
1,10-phenanthrolinet8: 5-nitro-1,10-phenanthrolind9: 2,2’-bipyridyl.
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Only two values are not within 1 kcal/mol of the egiction. 1,10-
Phenanthroline4?2) was underestimated by the model and 2-amino-1,10-
phenanthroline46) was overestimated. At least #8 the explanation was quite clear:
The model does not consider a protonation of thacadt ring nitrogen. This issue,
together with the results of the Biacore experimamd the information derived from

the calculations will be discussed later in secidh3.

5.2.2 Biacore experiments with 1,10-Phenanthroline and 2-

Bipyridyl

The Biacore assay with 1,10-phenanthrolidg) (vas rather difficult to establish.
Signals were unstable and the quality was highlpeddent on the injected
concentrations: The higher the applied concentrafithe more unstable the signal
was. On the other hand, the concentrations shqubdoach saturation level for the
exact determination of binding affinities and kiost However, this was not possible
for the whole phenanthroline series due to the Isignal quality at high
concentrations. The unstable curves at high corefans might be associated with
the low solubility in water. However, Senguptd al published a solubility of
3 mg/mL was reportedlpP(, which is actually much higher than the concerire
used in the Biacore experiment (1081, 0.0180 mg/mL). Nevertheless, aggregation
within the IFC could significantly decrease theusility leading to the strange signals
observed. Finally, several wash steps using 0.5%% &ifter each injection of
phenanthroline helped to improve the signal qualih addition, omitting of high
concentrations allowed a further stabilizationtw# signal. This enabled kinetic fitting

of the data to a simple 1:1 binding model as dernatesl in Figure 37.
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Response
Response

Time

Figure 37: a: Sensorgram of 1,10-phenanthroli®?)( over a concentration range of 1M - 1 nM;
b: Sensorgram of 1,10-phenanthrolid®)(over a concentration range of iM - 100 pM including kinetic fit
(orange curve) to simple 1:1 binding model.

With the additional SDS wash, stable triplicateslddoe achieved over the whole
duration of the experiment. However, the life-tiofehe NTA-chips was significantly
shorter compared to the measurements with the deepdigs. After 4 to 5 triplicate
measurements, the binding curves became more arelunstable, which could only
be solved by a change of the flow cells or an emgheof the chip. The res SD of the
kinetic fit lay at 8.0, which was higher than foetHisAla, (section 5.1.2) and HXH
(section 5.1.4) series (around 6.0 for both), iating a slightly lower quality of the
fits.

For 2,2-bipyridyl @9) the situation was even worse: The signals weghlfi
unstable with significantly deviating triplicateéBhe preferred conformation of bipy in
solution was found to be with the two nitrogensirigcinto opposite directions, as
could be demonstrated silico using a conformational search. Hence, before bmdi
a conformational change is needed for a propeniaent of the two pyridine rings. A
kinetic fit was impossible, but a steady statéditn simple 1:1 binding model gave at
least an estimate of the apparertiK comparison to 1,10-phenanthroline. The values
obtained from the analysis of 2,2-bipyridyl and @,phenanthroline are presented in
Table 31.

Table 31:Evaluation of kinetics and binding affinity of 2;Bipyridyl and 1,10-phenanthroline.

Compound No. | kon[M7sY Ko [SY] [;ilr’f] Ko [1M]
1,10-Phen 42) | 3546+181 | 0.00229 +0.00021| 50 | 0.650 0.093
2,2-Bipyridyl (49) - - - ~ 43¢

2 Linetic fit, Ko = Kog/Kon
b steady state fit

¢ mean value of several measurements
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The difference in binding affinity between bipy apigen is about a factor 60. The
weaker binding of bipy to Ni-NTA is most likely due the additional rotatable bond
in the molecule, leading to the entropic costs upording of compound9. The
penalty for a single, freely rotatable bond hasnbestimated from model compounds
to be in the range of 16 — 20 JMiI* [191]. A change of 20 JmdK ™ would be equal
to a change of 5960 Jnibln AG at 25°C.AG is linked with the I§ via the formula
AG = RTInKp. According to this equation, thepkof bipy should be 11-fold higher
than for phen. This value is significantly lowemgoeared to the 60-fold difference of
the experimental values, indicating further unfaode properties of bipy. Indeed, bipy
was shown to prefer aanti conformation (two nitrogens pointing into opposite
directions) in solution as demonstratéd silico with a conformational search.
Therefore, additional energy is needed for thetimtainto the more unstablgyn
conformation.

The kg of 1,10-phenanthroline leading to a,lof 5 min was very low compared
to the peptide tags. Higher half-life times werdyofound with peptides showing
rebinding. The high affinity of the complex is bdsen the slow k, whereas the
association rate is only moderate compagegl with the almost 4-fold faster,k of
HAIibH (25, Table 30).

1,10-Phenanthroline proves a high potential duddchigh half-life time and due
to the nanomolar affinity for Ni-NTA. The moderdbending affinity fits excellently

into the Ni-NTA purification setup as already déised in section 5.1.5 (Figure 31).

5.2.3 Analysis of Phenanthroline Derivatives

Further investigations on phenanthroline were peréml due to the promising
results obtained by the Biacore assay. For thigpqse, different commercially
available phenanthroline derivatives were meashye8PR.

Sample preparation was critical for the phenanieochssay. For all compounds,
pure DMSO was used to avoid precipitation during #xperiment. However, 5%
DMSO is the maximal concentration tolerated forddi@ experiments. Therefore,

dilutions had to be prepared with water-based elbeffer to reach the final DMSO
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concentration. 4,7-Dichloro-1,10-phenanthrolidé)(did not dissolve at all and could
therefore not be analyzed by SPR. The sensorgraitie gemaining compounds are
presented in Figure 38. For comparison reasonsdh&f@anthroline4?2) is included

as well.

0 50 100 150 200 250 300 350 400
Time Time Time

f

Figure 38: Biacore assay with phenanthroline derivatives:,20-phenanthroline4@); b: neocuproine (4,7-dimethyl-1,10-
phenanthroline) 43); c: 4,7-dimethoxy-1,10-phenanthroling4); d: 2-amino-1,10-phenanthrolindf); e: 5-amino-1,10-
phenanthroline47); f: 5-nitro-1,10-phenanthrolinet8). The concentration ranges and dilution factoesgiven in 4.9.6,
Table 20.

Compounds 1,10-phenanthroling?), 2-amino-1,10-phenanthrolind@), and 5-
nitro-1,10-phenanthroline4B) gave good triplicates, whereas neocuprou#®, (4,7-
dimethoxy-1,10-phenanthrolinet4), and 5-amino-1,10-phenanthroling7) did not
show a good reproducibility. Only low binding sidmavere detected fod3 at a
concentration of 25QM due to the weak affinity for Ni-NTA. In this casie Ky will
most probably lie in the millimolar range and tHere beyond the limit required for
Biacore measurements. The signals of compoudd<l6, 47, and48 showed slow
dissociation phases similar to ph&®)( The binding affinity had to be determined by
kinetic fits, because steady state was only reatidrduigh concentrations.

Kinetic fitting of the binding curves to a simplellbinding model was delicate,
because of the Ilow reproducibility, especially fod,7-dimethoxy-1,10-
phenanthroline44). The kinetic fit of this compound showed a higis SD of 10 due
to the deviating triplicates. As a consequengg, K, and kg for 44 showed high SDs
of more than 80% (Table 32). The quality of the fiir compoundg2, 46, 47, and48

was significantly higher. Interpretation of the alaibtained by the kinetic fit was
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supported by the computational model. Several patars €.9. partial charges on
binding nitrogens, solvation energies, or gas-phliseling affinity) obtained by

calculation were used to interpret the data qualéby.

Table 32: Evaluation of kinetics and binding affinity of prearthroline series.

Compound No. | Kkon[M™s? Kot [S1] [I’-:—]:ilf/WZ] Kp (kin ?) [pM]
1,10-Phen 42 3546 +181 0.00229 +0.00021 5.0 0.650 £ 0.093
Neocuproine 43) - - - > 1000
4,7-Dimethoxy-1,10-pher] 46) | 1864 +1222 | 0.000512 +0.000360  22/6  0.704664.
2-Amino-1,10-phen 46) 1138 +74 0.00282 +0.00010 4.1 2.39 £0.23
5-Amino-1,10-phen 47) 2662 +429 0.00107 <+ 0.00005 10.8 0.407 £ 0.050
5-Nitro-1,10-phen 48) 922 +11 0.00394 +0.00019 2.9 4.28 +0.25

& kinetic fit, Kp = kon/Kon

5-amino-1,10-phenanthroline4?) showed the highest affinity of the series
(Kp =407 nM). The 1.6-fold higher affinity comparexdl, 10-phenanthrolinel®) was
obtained due to the slowegikresulting in a prolonged half-life time of 10.8miThe
difference between phed2) and47 is the amino group, directed to the solvent when
bound to the Ni-NTA complex. Therefore, the diffece was thought to be due to a
better solvation of the outer face 47. An impact of the amino group on the charge
transfer could be excluded. The calculated pactiarges on the two binding nitrogens
did not show any difference betweér and42. This was different for the dimethoxy
compound 44), where each of the two methoxy groups in paratipasto the binding
nitrogen influence the charge via the +M-effect.isTmight explain the low J¢
resulting in a high half-life time of 22.6 min fdnis compound. However, the lower
on-rate of44 compared to phen leads to a similas. KDue to the higher charge,
solvation of the nitrogens will be increased. Thame impeded desolvation prior to
binding leads to a smaller enthalpic contributionldinding fL92.

The low binding affinity of neocuproine4d) could be explained by the steric
clash already observed in the crystal structuréh vohen (Figure 35). Sterically
demanding methyl groups in ortho position to therdmating nitrogens lead to
unfavorable interactions with the Gigroups of NTA aggravating binding to Ni-NTA.

An amino group at position 2 as present in 2-amifi®-phenanthroline4@) was
thought to increase the binding affinity due toaalditional interaction (H-bond) of the
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ligand to the carboxyl group of NTA. Furthermorég telectron donating group
increases the negative charge on the adjacengerirbom —0.412 to —0.488 obtained
by the computational model. Thgskwas in the same range as for phen, Qytas
more than a factor 3 lower than fd@, leading to a much lower binding affinity
(3.7-fold). Reasons are manifold,g. the loss of symmetry in the molecule upon
addition of an amino group (only one instead of wvientations are possible in the
binding mode), the increased solvation around therdinating nitrogens and the
additional amino group, or the significantly incsed pk, of the nitrogen at position 1
from 4.94 in42 [193 to 6.9 in46 [194]. Due to the latter, the fraction of protonated
nitrogens at pH 7.4 (pH of eluent buffer) will beuch higher than foA2. In its
protonated state, the lone pair of the nitrogendsupied and is not able to interact
with the d-orbital of the metal.

The final compoundt8 with a nitro functionality at position 5 is an enple of
low solubility on the outer face of phenanthrolleading to a low affinity of 4.28M.

As already observed f@f7, the charges on the aromatic nitrogens were filoieimced
by the substituent.

Unfortunately, the dichloro compourd could not be measured by Biacore due
to solubility problems. However, the binding affinican be predicted using the
computational model. The electron donating subsstitsi at position 4 and 7 laed to a
higher binding affinity at least in the gas-phadewever, due to the poorer solvation
of the outer face of the ligand, the overall bigdoonstant dropped to a low binding
affinity in the millimolar range.

Figure 39 summarizes all effects that may improke binding affinity of
phenanthroline for Ni-NTA. The influence of a nalitor positive charge on binding
was not addressed by SPR and is therefore pur@gubgiive. The phen-Ni-NTA
complex is negatively charged and therefore countes must be present equalizing
this charge. The counter ion in the crystal stmecta formed by [Ni(phen}(H,0),]?".

In the Biacore or the purification column, the niagacharge will most probably be
equalized by free sodium ions present in high arteoun the running buffer.
Therefore, a positive charge of the ligand couligh Ine establishing a strong binding to

Ni-NTA. However, the positive charge of Nicould lead to a repulsion of a positively

137



Results and Discussion

charged ligand despite the negative overall chafgeositive charge that can be

distributed over the molecuéeg.by mesomery could be the optimal solution.
Finally, electron donating substituents in ortha- para-position increase the

binding affinity, as could be demonstrated with thmethoxy 44) and the 2-amino

compound 46). However, salvation has to be considered as well.

neutral, positive charg;

moderate solvation

rigidity, pre-orientatic

good solvation

optimal ratio of pK,
and nucleophilicity

additional
contact to NTA
scaffold

moderate to high negative
charge on the binding atoms
improved charge transfer by
substituents in ortho and pare

Figure 39: Summary of positive effects on binding affinitymifenanthroline scaffold to Ni-NTA.
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5.3. Purification Strategy with 1,10-Phenanthroline

IMAC purification with NTA-bound Sepharose is a Wwebtablished technique.
The potential of 1,10-phenanthroline as a tag fehldemonstrated in section 5.2. To
use 1,10-phenanthroline as a tag, a spacer has attdched to the molecule in order
to enable coupling to a peptide or a protein. ®Bpacer should contain a functional
group allowing its application in solid-phase pdptsynthesis. Coupling of the tag to
the peptide, which is still bound to the solid-pdabhis would allow a simple removal
of excessive tag molecules prior to the loading steto the column. Otherwise, the
final product would be contaminated with non-codptags, because both tag and
tagged peptides would be retained on the puribcatolumn.

First of all, a suitable technique with the tesptme NAPamide containing a
directly coupled phenanthroline tag was developedsuitability for a purification
process on Ni-NTA columns and the application cacBre systems was investigated.

The whole strategy is shown in Figure 40.

) 0]
X
).0]

oo
| %
00 '

1 0,0,0(
L XXX
| 000

Figure 40: Synthesis and purification of a synthetic peptidhile). A: Peptide is synthesized on
solid-phase, free amino groups are capped (C). tacAment of tag via spacer to complete
peptides (black-red). C: Cleavage and deprotectiorPWification on Ni-NTA column. E: Tag
binds to Ni-NTA. F: Elution with excess of imidaeqlpentagon).
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A further sensitive point to be mentioned is thppiag. It is absolutely necessary
that only complete peptides with the correct seqaeare substituted with the tag. For
this reason, after each coupling step free amiooigg are capped by acetylation in
order to exclude them from the further couplingpsteThe quality of the final product

(purity) is strongly dependent on this step.

5.3.1 Attachment of Spacers to 1,10-Phenanthroline

In a first step, a 1,10-phenanthroline derivatippleable in solid-phase peptide
synthesis was prepared. Derivatization of phen a#itipn 5 is a straightforward
approach, as many derivatives of phenanthrolinetionalized at this position are
commercially available. Introduction of a carboxyéicid would be beneficial for the
direct attachment to the peptide. Activation of tta@boxylic acid would then allow
the amide formation with the free amino group o tN-terminal amino acid in

analogy to the common solid-phase peptide syntipesiscols.

The Suzuki Coupling (Nadine Hafner, Master student)

From the numerous reactions available for the thiotion of the spacer, a Suzuki
coupling was investigated as shown in Scheme 9itibddof the phenylboronic acid
and subsequent cleavage of the methyl ester shauligh a phenanthroline derivative
suitable for coupling to the N-terminal of a peptid

Compared to preliminary experiments, performed witmethoxyphenylboronic
acid, the Suzuki coupling with 4-methoxycarbonyipyieboronic acid proceeded
extremely slow. This might be due to the fact tekgctron-rich organoboranes are
much more reactivelP5, which is the case for a methoxy group, thateases the
electron density of the benzene ring. Various patans were tested to optimize the
reaction yield,e.g. solvent, catalyst, base, and ligand. Finally, eceptable yield of
42% using S-Phos as the ligand and dioxane asdiwens was obtained. A direct
purification of the product by LC-MS was not pos$sibs product and starting material
coeluted on the C18 reversed-phase column. Reliization prior to chromatography

improved the purity of the final product, althougynall traces of the boronic acid were
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still visible. n-n stacking between the boronic acid and pro@3anight be the reason,

as will be discussed later.

OMe

35

Scheme 9: Synthesis of 4-(1,10-phenanthrolin-5-yl)benzoic daci
a) 4-methoxycarbonylphenylboronic acid, ,@itha), S-Phos, dioxane,
80°C, 96h (42%).

Solubility of product35in aqueous solvents was very poor, aggravatingiPleC
purification significantly. Even solvent mixture®rdaining an increased amount of
methanol or acetonitrile did not solve the probleéknalysis on the Biacore system
was not possible, as only solutions containingeasi 50% DMSO enabled a proper
dissolving of the Suzuki produ@5 at concentrations needed for the experiments.
According to the recommendations of the manufactuhe upper limit of DMSO is
8%. Furthermore, insolubility in water would alsenaplicate the application in IMAC
chromatography, where mainly water based buffeesusmed. Therefore, no further

efforts were put into this approach and final hygss of the ester was skipped.

The Heck Coupling

Due to the poor solubility of the Suzuki produat, aternative spacer was tested.
Attachment of an acrylic acid residue instead omethoxycarbonylphenyl group
would yield a more hydrophilic product. Furthermotige improved solubility on the
outer face of the molecule would improve the bigdiaffinity, as already
demonstrated in the phenanthroline series (seét@:13). The reaction was done with

a palladium-catalyzed Heck coupling (Scheme 10).

141



Results and Discussion

33 34

Scheme 10Synthesis of 3-(1,10-phenanthrolin-5-yl)prop-2-enatid 34). a)tert. butyl acrylate, PdOAc, CsGOX-Phos,
DMF, uW 80°C, 4h (69%); b) TFA, rt, o/n.

The first Heck coupling was tried with fdba), NaOAc, and RBu); as ligand,
which proved to be highly effective for couplingsf aon-activated aryl
chlorides [196]. Incubation for totally 9 h in the microwave &@°€ did not show any
product peak after LC-MS analysis. The temperatuas increased to 100°C which
led to a small product peak. However, a furtheraase to 120°C led to the complete
degradation of the aryl chloride into 1,10-phengsithe. In addition, an exchange of
the catalyst to Pd(OAgpand the ligand to S-Phos did not improve the tebldwever,
an improvement was observed with the highly acié«hos ligand, which was
reported for amination reactions of aryl bromidesl ahlorides 197]. This bulky
ligand forms a stable metal complex. The quantibcaof the UV signal after HPLC
analysis gave a starting material-to-product-ratiol : 0.35. A further effect was
found using CsC@instead of NaOAc, which improved the starting mateo-
product-ratio by a factor of 10, leading to a yieil69% after HPLC purification.
With S-Phos ligand and CsG@he yield was more than 2-fold lower after HPLC
purification (34%). Trials withN,N-dimethylacetamide (DMA) instead of DMF did
not furnish any product.

For all attempts, both the cis and trans prod&were detectable, although the
cis-product could only be detected by MS. The triganser was clearly identified by
'H-NMR due to thel-coupling constant of 15.7 Hz between H-15 and H-16

Upscaling of the Heck coupling was problematic lnseaof the increase in the
concentration of the reagents. As soon as the amoluthe starting material was
increased to 100 or even 400 mg (both in 5 mL DM, efficiency of the coupling

nearly dropped to zero. For comparison, the sam&ion was successful using 20 mg
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starting material in 1.3 mL DMF. A possible reasoould be the formation of
aggregates due ton stacking of starting material with starting madérmr starting
material with product. Increasesr stacking was demonstrated between unsubstituted
benzenes and benzenes with electron withdrawingstisubnts by Sinnokrot

et al [19§. Addition of the acrylate to the phenanthrolinght therefore even further
increaser-n stacking, especially at high concentrations. Tioees the Heck coupling
was performed only with small batches of 20 mg1(id8 mL DMF) and the products
from each synthesis were pooled.

The final deprotection of the carboxylic acid bytlwperformed quantitatively.
The purity of free acid was finally checked by HRU&fore it was further used for
coupling to the test peptide.

The initial idea for the attachment of the carboxyacid spacer to 1,10-
phenanthroline was to hydrogenate the double botitecacrylic acid. But as none of
the numerous attempts to reduce the double borfdRdton charcoal at atmospheric
pressure was successful, the last step was omatestlective hydrogenation of the
acrylate double bond was not possible. A smalltivacof the desired product was
detected by MS after 36 h of reduction at atmospl@essure. After 62 h compl&4
was completely reduced yielding 3-(tetradecahydid®-phenanthrolin-5-yl)propanoic
acid. Hydrogenation before the hydrolysis of teg-butyl ester did also not alter the

result.

5.3.2.Synthesis of the Test Peptide NAPamide

As a test peptide an—MSH analog was chosen, which was well known from a
synthetic point of view. It was developed for tuatargeting, where it demonstrated
great potential for diagnostics and treatment ofam@ma cells . The sequence of this
octapeptide is shown in section 4.2 (Table 9, er#§y containing two non-
proteinogenic amino acids in the sequence at pasili (norleucine) and 3D{
phenylalanine). The crucial capping was performéth wcetic anhydride as a highly
reactive reagent to block free amino groups byydatbn. As base 2,6-lutidine was
used as suggested by the manufacturer manual oPitheeer peptide synthesizer.

After the synthesis, the resin was divided into Ispartions of 35 mg. With one batch
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(theoretical yield of 5.8 mg pure peptide) the camtional process with cleavage,
precipitation and subsequent purification by HPL&swperformed (standard method).
The HPLC purification was also used for the qualitaanalysis of the NAPamide
synthesis. Figure 41 shows the chromatogram ofHR&C analysis of the crude

NAPamide treated via the standard method.
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Figure 41: Chromatogram of crude NAPamid25] recorded at 214 nm. A gradient of acetonitrileniater (both
containing 0.1% HCOOH) from 5-95% for 20 min was nagether with Phenomenex Gemini column (4.6
250 mm, 5uM). Product peak of NAPamide is visible gtt7.847 min.

The peak at 7.487 min corresponds to the NAPan@lg which was verified by
MS analysis. The huge peak at the end could natidrified, which might indicate
that it is a low molecular weight compound and rmeptidic. The rest of the
impurities are formed by incomplete peptides, adehprotecting groups, scavengers,
and coupling reagents, which could not be comptetshoved by precipitation.

With another batch of 35 mg resin, the purificatiasing the “phenanthroline
method” was performed. Before peptide cleavage frdm solid-phase, the
phenanthroline-tag3@) had to be attached to the peptide (Scheme 11).
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HoN— NIe—Asp—His—D—Phe—Arg—Trp—GIy—Lys-CONHO
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Scheme 11:Synthesis of phenanthroline-tagged NAPamide; a) HADIPEA, DMF, rt, o/n;
b) TFA, EDT, thioanisole, water, rt, 45 min.

The coupling was done by standard solid-phase geynthesis methods with
the peptide still bound to the resin. Peptide mdies; which do not react with the tag,
will be lost during purification on the Ni-NTA caton leading to lower yields for the
strategy. Therefore, the potent coupling agent HA¥&$ used to enable the highest
possible yield for this step. In addition, a hugeess of phenanthroline-t83 (8.4 eq)
was used. The reaction was done over night. Afteensive washing with DMF and
isopropanol the resin beads showed a red staingsgyltmg from the tagged
peptide 83).

In the next step, the peptide-tag construct waavele from the solid-phase. To
avoid the addition of the soft nucleophile etharadithiol used as scavenger to the
unsaturated compound, the cleavage time was redocé8l min compared to a total
cleavage time of 1.5 h for the NAPamide without tBige decreased cleavage time did
not elicit a significant effect on the yield as tbbe later shown (see quantification in
section 5.3.4). After concentratiomvacuq the crude peptide still showed a strong red

staining, compared to a transparent/white colottiercrude NAPamide without tag.

5.3.3.Evaluation of Purification System with 1,10-Phenartiroline

Before the purification strategy could be appliedhe tagged peptide, the optimal
conditions were evaluated with the tag itself. THeNTA system is widely used for

the hexahistidine-tag, but not much informationkisown for purifications with
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phenanthroline-tags, except the already mentionedenp application from
Lonza [L69.

First, the optimal buffer system was identifiedr Bas purpose, small samples of
1,10-phenanthroline (4 mg) were dissolved in logdobuffer and loaded onto the
column. After washing, phenanthroline was elutedhwelution buffer containing
500 mM imidazole. For higher sample recovery, tlashvfractions were concentrated
in vacuoand loaded again onto the column.

Imidazole with its maximal absorption around 230 interferes with the maximal
absorption of 1,10-phenanthrolirig.{x = 230 nm), making a quantification impossible
at this wavelength (Figure 42). At 260 nm, 1,10+#mhroline has a second smaller
maximum, which is clearly isolated from the imidbzesignal and could be used for

the quantification.
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Figure 42: a: Spectrum of imidazole (0.36 mg/ml),., = 230 nm; b: Spectrum of 1,10-phenanthroline (8.6%y/mL),
Amad = 230 NMAma2 = 260 nm.

Three different buffer systems were compared fog thurification process
(Table 33). As a first buffer, the eluent buffeorfr the Biacore experiments was used.
HEPES-based buffer with gH 7.4 was thought to be suitable for the purificatod
peptides or proteins, because its buffer capasitground the physiologicaH. The
second buffer was a 1:1 mixture of eluent buffed aacetonitrile. In Biacore
experiments with NTA chips, a small amount (&®1) of EDTA is added to the
running buffer to scavenge contaminating ions, whigas also thought to be
beneficial for the purification process. The thibdffer system does not contain
EDTA. An overview of the three buffer systems aimk tresults from the test

purifications with 1,10-phenanthroline is givenTiable 33.
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Table 33:Ni-NTA purifications of 1,10-phenanthroline withfféirent buffer systems.

. Amount | Amount with Total recovery” Total
No. | Buffer system with 1% 2" elution [mg] recovery
elution [mg] [mg] Exp. Theor. [%]
| 0.01 M HEPESH 7.4, 0.15 M 0 0 0 4.0 0

NaCl,50 uM EDTA in H,0
0.005 M HEPES pH 7.4,
Il 0.0725 M NaCl25 uM EDTA 0.53 0 0.53 4.0 13
in H,O/CH3CN (1:1)

0.005 M HEPES pH 7.4,
1] 0.0725 M NaCl in 24 1.4 3.8 4.0 95
H,O/CH3CN (1:1)
& composition of the loading buffer, for elution tseme buffer was used with additional 500 mM imalez

b Exp.: Experimentally determined amount of totatoneery; Theor.: Theoretical amount, total amourgcudn this
experiment

Most evident is the fact that without acetonitiftethe loading buffer, the sample
was completely lost, most likely due to insolulyildf phen in water. As nothing of the
sample was detected in any of the wash solutidms, problem is most likely a
precipitation on the column or already in the sgeinduring loading. As soon as
acetonitrile is added, at least 13% of the 1,10aphéhroline can be recovered.
Interestingly, only one elution step was necessamngcover the sample. Reloading of
the wash fractions did not contribute to a higherovery. For the third purification
EDTA was completely omitted from the buffer soluigoand this led to a sudden
increase in sample recovery. From 4 mg of injectgtD-phenanthroline, 3.8 mg
(95%) could be regained. The first elution stepeg#ive highest amount of 1,10-
phenanthroline with 60%. The rest of 35% could éeovered with a second loading
of the £'wash fraction.

With a recovery of 95%, 1,10-phenanthroline wastbio be applicable as a tag
in purifications on Ni-NTA columns. Buffers only $&d on pure water as buffer | are
not recommendable for purifications with 1,10-ph&heoline. The low solubility of
1,10-phenanthroline in water of 3 mg/mL derivedirliterature seems to confirm this
assumption 190. The effect of EDTA in the buffer is not clear. possible
explanation is that EDTA is able to withdraw nickahs from the column matrix and
therefore decreases the binding capacity of thanwol This might explain the low
recovery of the phenanthroline with buffer Il inetlpurification process. Although,
Niebaet al. could demonstrate at least for the Biacore s#tapinclusion of EDTA in

the running buffer has no impact on nickel loadaighe NTA sensor chip up to a
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concentration of 30QM [12€], the situation might look different in case oN&aNTA

column.

5.3.4 Purification of NAPamide using 1,10-PhenanthrolinylTag

Buffer system | and Il from section 5.3.4 (see €aBB) were compared in this
purification of the phenanthroline-tagged NAPam(siee section 5.3.2). The red color
of the phenanthroline-tagged NAPamide enabled alitgtee tracking of the

purification process (Figure 43).

Figure 43: Purification of 1,10-phenanthroline-tagged NAPamaie HisTrap column: a: before sample loading;
b: after sample loading; c: pooled fractions o§tfiwash; d: pooled fractions of first elution; &eafirst elution;

f: reloading of first wash; g: second wash; h: dgrsecond elution I; i.: during second elutionj:Ipooled fraction of
second elution.

On picturea (Figure 43), the blue color of the nickel loadedANcolumn is
shown. Upon loading of the sample, the red coldtlesein the upper half of the

column ). The first wash showed a strong red colorig) (ndicating that the

column might be overloaded, or that the half-lifeng of the complex of
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phenanthroline and Ni-NTA is too short, leading @an immediate release of the
sample. At least part of the phenanthroline-taggeptide is clearly retained on the
column, as demonstrated with the clear red soluachieved after elution with
500 mM imidazole d). Only a small fraction of the product gets stackthe column
and is not eluted, as visible in pictuee(small red band at the very top of the
regenerated column). The remaining sample, prasetite first wash ) was then
reloaded onto the column after concentratiornvacuo This is a common process,
which is also frequently applied to histidine-tadgeoteins. Again, the red staining is
visible after loading the first wash onto the cotuue to its red staining)( The
second wash was colorless indicating that the whadeluct present in the first wash
was retained on the columg)( Again, the last elution with 500 mM imidazoleubd
clearly be followed as the red sample migrates tdw/éhe bottom of the column after
injection of 2 mL i) and 4 mL () elution buffer. The red color from the pooled
elution fractions of the second roung) @emonstrated that the purification was
successful.

A comparison of samples before and after the Ni-Ngwification by HPLC
analysis clearly demonstrated the successful patitin procedure (Figure 44).

The chromatograms showed that out of a heterogsmaouure the desired target
peptide could be purified. By MS analysis it cobkl shown that peaks at 11.119 min
in b and 11.093 min irc correspond with the phenanthroline-tagged NAPar(Bég
The huge absorption in these chromatograms ardo@dnjection peak are mainly
caused from imidazole present in high amounts éneflation buffer. Chromatograan
showed a number of peaks around a retention tim@ ofin, which could not be
assigned to peptidic moieties.g. non-tagged NAPamide or incomplete NAPamide)
as well as the impurity. The impurity cawas of non-peptidic nature as could be later
demonstrated by dabsylation. The non-tagged NAPamtlich eluted at 7.5 min (see
Figure 41), was only visible as a small peak comgaio the product peak at
11.160 min in chromatogram, eliciting a high yield of the final coupling ohe

phenanthroline-tag to the peptide.
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Figure 44: HPLC analysis at 214 nm on a Phenomenex Gemini ¢oldn®x 250 mm, 5uM) of phenanthroline-tagged
NAPamide before Ni-NTA purification (a), aftef' Elution (b), and after elution of reinjectet! wash fraction (c). A
gradient of acetonitrile in water (both containlid% HCOOH) from 5-95% for 20 min was run.

The quantitative analysis was performed to comghee new phenanthroline
method with the standard HPLC purification of NARden The quantification was
done by gas-phase hydrolysis and subsequent dabeytd the free amino-groups of
the amino acids as described in section 4.3.1.tDulke presence of imidazole in the
elution buffer, the sampl&6 had to be separated from imidazole by HPLC after
elution from the Ni-NTA column. Since the large egs of imidazole in the samples
might interfere with the dabsylation reaction, mdiazole can react with DABS-CI as
well, a correct quantification would not be possiblrhe data from the quantification

via dabsyl derivatization is shown in Table 34.
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Table 34: Ni-NTA purification of phenanthroline-tagged NAPatai 36) compared to standard
purification of NAPamide25) with HPLC.

" Quantity ofbpurified Yield of

Sample gugtécrﬁglon product ” [mg] Synthesis

y Exp. Theor. [%0]
Phen-tagged Ni-NTA, buffer
NAPamide 86) system Il 1.2 2.9 41
Phen-tagged Ni-NTA, buffer
NAPamide 86) system Il 1.0 2.3 43
NAPamide 25) HPLC 2.0 5.8 34
& composition of the loading buffer, for elution th@me buffer was used with additional 500 mM

imidazole

b Exp.: Amount of product determined by dabsylatiBheor.: Amount of product estimated from
the amount of resin

The yields of the NAPamide synthesis were in th@eeied range for all
purification strategies. A comparison between th.8 and the Ni-NTA purification
methods showed a satisfying result. Both purifaadi of the tagged peptide (with
system Il and system Ill) showed similar or eveghlr yields compared to the HPLC
purified peptide. In contrary to the purificationitiv phenanthroline alone, no
differences in the purification yield between bus$fevith and without EDTA were
found. The derivatized peptides showed in all thcases the correct ratios of the
amino acids present in NAPamide. Therefore, ondyfthl length peptide is present in

the purified sample demonstrating the successeotdipping strategy.

5.3.5Influence of Spacer and Peptide on Binding Affinityand Kinetics

A fundamental question to be answered when anigffiag is developed is the
required affinity. The much higher binding affinigf His6 6) compared to a His-
tagged protein reported by Nieba al [126 was already discussed in section 5.1.5.
With the phenanthroline system, the same effeeixjgected, as the phenanthroline-
tagged peptide contains a plethora of additiongti@nal bonds. This will truly lead
to an increased entropy penalty upon binding, drbybdue to electrostatic interactions
between peptide and phen, or to steric hindranagh Wpeptide directly coupled to
the phenanthroline tag, the binding behavior oftdgealone and coupled to a peptide

could be studied.
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For this purpose, Biacore experiments were perfdrmigh 1,10-phenanthroline
derivatized with the acrylate spac@&4) and phenanthroline-tagged NAPami®®)(
which could then be compared with 1,10-phenantheofd2). The sensorgrams of the

three compounds are shown in Figure 45.

%%%%%

Figure 45: Biacore analysis of Heck coupling products. A: Semsmm of 3-(1,10-phenanthrolin-5-yl)prop-2-enoic
acid @4), 10uM — 4 nM, 5-fold dilutions; b: kinetic fit 084, 2 uM — 4 nM, 5-fold dilutions; c: Sensorgram of pheged
NAPamide 83), 30uM — 469 nM, 2-fold dilutions.

The acrylate spacer linked to the phenanthrolirtered its binding behavior
significantly. The free carboxylic acid seems taddo rebinding at concentrations in
the low micromolar range as was evident by thellghrdissociation phase of the two
highest concentrations in the sensorgrarBdb(Figure 45a). With the additional ¥
ligand formed by the carboxylic acids, a complassakciation 0f34 from the Ni-NTA
surface was aggravated. When more than one binalioiif is present in a single
molecule, rebinding becomes apparent in the sermogas already observed for the
oligohistidines in section 5.1.1. Due to the relnigd the highest concentration (red
curve) was omitted for fitting to a 1:1 binding nebdFigure 45b). Binding of phen-
tagged NAPamide3g) did not show a sensorgram, which was fittabla ol binding
model, neither kinetically nor by a steady state (kigure 45c). The expected
saturation level R.x according to Equation 7, would have been at aB600 RU. The
experimental binding level observed with a conadmin of 30uM was up to 5-fold
higher, suggesting an overlay of different bindewgnts. At higher concentrations, a
complete loss of binding signal or even negativedinig signals were observed,
indicating a possible influence of the dextran maffhese effects might arise due to
the charges on the Ni-NTA complex and on the peptad well. The negatively
charged NTA-dextran matrix might also explain tihghhbinding signal reached for a
concentration of 3@M. As soon as the Ni-NTA complexes are saturatksttmstatic

interactions between the negatively charged chifase and the positively charged
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peptide (due to the counterions from the HPLC jmatfons) leads to a coating of the
surface and therefore to this huge binding signdievertheless, a stable
immobilization of product36 was possible at a concentration of i¥, where the
binding signal remains stable during dissociationage indicating a specific
interaction between phenanthroline and Ni-NTA. Agher concentrations, some
product was lost at the beginning of the dissommphase, which is comparable with
the wash step of an overloaded Ni-NTA column.

Only the sensorgram &3 allowed a kinetic fit to a simple 1:1 binding made
However, the highest concentration of A0l had to be excluded due to the strong
rebinding, in order to achieve a satisfying fithvé res SD of 7.5. For the phen-tagged
NAPamide 86) a rough estimate of the binding affinity was maé&eding was
detected for concentrations above M3, which corresponds to a binding affinity in
the mid micromolar range as a very rough estimiiting of the 30uM and the
15uM binding curve kinetically to a simple 1:1 bindingodel reveals a binding
affinity of 10 uM and 80uM, respectively.

Table 35: Evaluation of kinetics and binding affinity of ptathroline series.

T
[min]
1,10-Phen 42 3546 +181 0.00229 +0.00021 5.0 0.650 + 0.0938
(E)-3-(1,10-Phenanthrolin-
5-yhacrylic acid
Phen-tagged NAPamide 36) - - - 10 — 100
2 Kinetic fit, Ko = koi/kop
® rough estimate

Compound No. | kon[M™s7] Kot [S1] Kp (kin ?) [aM]

(39 1240 =60 0.00131 =*0.00008 8.8 1.06 +0.11

The binding affinity of phend@2) decreases upon attachment of the acrylate spacer
(1.6-fold) due to the significantly loweg,k Interestingly, the decreasegk; ks leading
to an increase in the half-life time of the compfeom Ty, = 5 min to 8.8 min. The
same effect was already observed within the phénaliie series, where the
increased solubility on the outer face of the molle@lso led to a decreaseg.kKThe
same must be true f@&4, because of the favorable solvation by the carboxacid,
although the }& might be slightly underestimated due to the reipigd

The difference of the ks of phen 42) alone and attached to the target

peptide 86) was >15-fold and therefore in the same rangdraady observed for the
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affinity of the His6 b) and a His-tagged protein reported by Niedtaal [126],
although the attached protein in case of Niebal. and the peptide in our case
significantly differ in size. This observation wakeady confirmed with the results of
the HisAla, series (section 5.1.3). The difference in bindafiinity between HH )
and AHH @9) was much more pronounced than for AAAHHL7Y and

AAAAHH (10), where almost the same affinities were measured.
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5.4. Refinement of the Purification Strategy: Introduction of
Photolinker

With the successful purification of a peptide witle IMAC technique, the project
was guided towards further refinements. Introdurctod a linker between the tag and
the product would allow a site specific cleavaggeofinally the pure product without
tag traces. The use of a photochemically cleavéibler for solid-phase peptide
synthesis has received considerable attention glihi@ last two decades. It is widely
recognized that photolysis offers a mild methodcclelavage 199. Very recently, a
successful application of a photolinké&0( Scheme 12) was reported, which allows
selective cleavage by photoirradiation at 365 AM0. The photolytic cleavage is

supposed to give high yields without side reactions

NO,
OH
HO
\”/\/\O
0 OM
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e
NO,

OH

W * HoN—AR,—AA ) AA10
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N
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0 OMe l
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ZT
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O OMe

photocleavage site

Scheme 12introduction of the tag-photolinker for purificatimf a solid-phase product. After the
final coupling step of the peptide synthesis, #glinker construct is coupled via a carbamate to
the peptide. Cleavage of the product form the sgiidse allows loading of the product onto a
purification column. Upon irradiation, the tag che cleaved from the peptide at the indicated
site.
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The application of the photolinker to our purificet process is outlined in
Scheme 12. 1,10-phenanthroline is coupled via aimgyspacer to the photolabile
linker. After cleavage from the solid-phase, theduct will be loaded onto the Ni-
NTA support for purification as described in sewti6.3. The carbamate linking
photolinker and peptide as well as the amide batdiden photolinker and phen are
stable in 90% TFA during deprotection and cleavafj¢he product from the solid
support L70. After all non-tagged side-products have beerteeluthe peptide-
photolinker-tag construct still immobilized on ta#inity column, is irradiated leading
to the release of the product. Finally, the prodaceluted at neutral pH. The tag-
photolinker construct will remain attached to theNV'A surface.

The synthesis of the tag-photolinker construct iscussed in the following

sections.

5.4.1 Preparation of the Tag-Photolinker Construct

The coupling of the photolinker to the tag was aeld by the attachment of a
glycine spacer to the 1,10-phenanthroline. Theistamaterial was the commercially

available 5-nitro derivative. Preparation of thiglgcyl-phen is shown in Scheme 13.

NHFmoc

30 31

Scheme 13introduction of a glycine spacer to 1,10-phenaritheo a) H, Pd/C, MeOH, atm. pressure, rt, 24h, (quant.);
b) HATU, DIPEA, DMF, rt, o/n (71%).

5-nitro-1,10-phenanthroline was reduced to the fanderivative 80). NMR
analysis of the crude product did not show any bgpcts, therefore no additional
purification step was necessary. Fmoc-Gly-OH wasched as a spacer using
standard conditions of peptide synthesis. Whenrd¢laetion was performed with the
more reactive HATU, full consumption of 5-amino-Q;fhenanthroline was observed,

whereas with HOBt/TBTU some starting material wasl gresent, even after
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prolonged reaction times. With HATU as coupling gesat, the reaction afforded
product31in 71% yield. However, a purity check showed sonmeomimpurities even

after LC-MS analysis.
The next step in the photolinker strategy was tbepting of phen to the

photolabile linker (Scheme 14).
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Scheme 14:Protection of photolinker and subsequent attachnen-glycyl-1,10-phenanthroline32): a) SOC},
MeOH/DMF, rt, o/n (quant.); b) TBDMS-CI, imidazole, MF, rt, o/n (98%); c¢) NaOH, rt, o/n (quant.);
d) 20% piperidine, DMF, rt, 2 h (quant.); e) EEMICI, HOBt, DIPEA, rt, o/n; f) TBAF, THF, rt, o/n (e+11%).

For this purpose, the free hydroxyl group of thekdir had to be protected as

silylether to avoid formation of linker dimmers. & methyl ester was formed using
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thionyl chloride in methanol to afford quantitatiye27 after acid-base extraction.
Protection of the secondary hydroxyl group was quemed by silylation with
TBDMS-CI yielding 28 in 98%. Finally, hydrolysis in sodium hydroxidewvgathe
sodium salt of the photolinke®.

Before coupling to the photolinker, the glycineidative 31 was deprotected with
20% pyridine. The reaction was quantitative, anel pinoduct32 was further used
without chromatographic purification. Thert. amine formed as a byproduct during
Fmoc-cleavage (1-(f®fluoren-9-yl)methyl)piperidine) was thought to be
significantly less reactive than the primary amafiehe glycine, and should therefore
not compete with the coupling of the photolinkenftrtunately, HPLC purification
revealed that only traces 88 had been formed.

In addition to the phen-photolinker constri8&, the Hig-amide-photolinked1

was synthesized (Scheme 15).

NO,
OTBDMS
Nao\n/\/\o
29
NO, OTBDMS
0 OMe
H . a H . H
N—Hisg—NH> > N_H|36_N\”/\/\O
26 9] OMe
39
NO, OH NO, OH
b H H ¢ H
B¢ SR SN ¢ S P
0 OMe o OMe
40 41

Scheme 15:Aattachment of His6-amide@§) to photolinker 29): a) EDGHCI, HOBt, DIPEA, rt, o/n; b) TBAF, THF, rt,
o/n c) TFA, H20, triisopropyl silane, rt, 2 h (a#h-65%).

After synthesis of Hisamide £6) on solid-phase, the amide bond formation was
performed with the EDCHCI to yield produdt After cleavage of the silyl ether with
TBAF (i2), the construct PL-Hisamide @1) was cleaved from the solid support.
Regarding the low excess (only 1.2-fold)2% compared to Hisamide, the yield of
the amide formation was satisfying (65%). After ipcation by HPLC, the His
amide-PL 41) was characterized by MS. As the compound was leged for analysis
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on Biacore (section 5.4.3), quantification with giglation was performed, to avoid
concentration problems as a consequence of théoadlt The salt content of the PL-

Hisg-amide was 58% and in the same range as for tt@(B)ipeptide.

5.4.2 Solubility of Phenanthroline Derivatives

All  phenanthroline derivatives showed a critical hdeior during HPLC
purification. Separation of products and byprodwsisnormal-phase support was not
successful, probably as a consequence of the bigh Values. ALOGPS 2.1 from
Virtual Computational Chemistry Laborator(d was used to predict the logP of
different phenanthroline containing structures Bgsized in this project. The results
are given as the mean value including standardatexs over the various logP. A
second logP calculation was performed with the ated Moriguchi methodZ01],
which is based on 13 descriptors adding either rioirerease or a decrease in

lipophilicity. The results of both logP predictioase summarized in Table 36.

Table 36:LogP prediction of phenanthroline derivatives bftware ALOGPS 2.1 and Moriguchi.

SO NE, (Aﬁégég)g I2.1) (Ml\(glrl%%l?:hi)
1,10-Phenanthroline (42 2.18 +0.26 1.90
(BE)-tert-Butyl-3-(1,10-phenanthrolin-5-yl)acrylate 33 3.75 +0.49 3.18
(B)-3-(1,10-Phenanthrolin-5-yl)acrylic acid 39 2.00 +£0.43 1.97
Fmoc-protected glycyl-phen 30 4.38 + 0.56 3.64
TBDMS-protected PL-phen 30 5.32 £ 0.40 3.04
Phen-PL (39 2.11 +0.55 0.85
Hiss-amide-PL 4y -3.90 +1.92 -6.51

Calculations with the ALOGPS software and with Moichi predicted a good
solubility in water for PL-Higamide @1) (8000-fold better solubility in water than in
octanol for ALOGPS). This correlates with the obséions made during RP-HPLC
purifications of41. All the phenanthroline containing compounds shibvae much

higher logP value.
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5.4.3 Biacore Experiments with Photolinker Constructs and
Precursors

The influence of the photolinker on the bindingraff of the tag was analyzed by
SPR. For this purpose, phen-PB8( and Hig-amide-PL 41) were analyzed
(Figure 46).

Time Time Time

Figure 46: Biacore experiments with photolinker constructsSansorgram of phen-PBg from 200uM — 13 n (5-fold
dilutions); b: kinetic fit of phen-PL38) from 40uM — 13 n (5-fold dilutions); c: sensorgram of Hamide-PL 41) from
200uM — 3 n (5-fold dilutions).

The sensorgram a88 showed a concentration dependent slow dissociasn
generally observed for rebinding (Figure 46a). fAghhconcentrations (>200M, red
curve), the compound elicited strong rebinding. réfere, the 20QM concentration
was omitted for the kinetic fitting B8 (Figure 46b), leading to a good fit with a res
SD of 6.5. Rebinding is likely to occur due to theygen of the free hydroxyl group,
which is able to complex Kii.

Rebinding was even more pronounced #dr (Figure 46¢). Similar to some
oligohis (Figure 19), binding curves at high cortcations seem to establish stable
immobilization after an initial dissociation phasEherefore, the photolabile linker
does not strongly interfere with the rebinding itpibf the His-tag.

The kinetic parameters and the binding affinity thfe above mentioned
compounds were compared with the free tags pA&ndnd His6 §), respectively
(Table 37).
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Table 37:Evaluation of kinetics and binding affinity of plotihker constructs.

Compound No.| kon[M™sY Kot [S7] [qulﬁ] Kp [uM]

His6 ) - - - 0.014 +0.001
Hise-amide-PL | 41) - - - 0.128 + 0.002
1,10-Phen 42 3546 +£181 0.00229 +0.00021 5.0 0.650 + 0093
Phen-PL 88) 139 +8 0.00161 =+ 0.00002 8.6 8.36 +0°41

& steady state fit

b kinetic fit, Kp = Ky/Kon

The binding affinity of Hig-amide-PL 41) was 9.1-fold lower compared to
His6 6) as a consequence of the increased entropic egsisa binding of4l
Phen-PL 88) showed a 12.9-fold lower affinity than phen. Attenent of the
photolinker had therefore comparable effects oraffigity of the tag.

The bulky photolinker had a high effect on the ater A 25-fold decrease of the
kon Was observed foB8 compared with phemp). The kg slightly added to a better
binding affinity and was 1.8-fold lower than forguh
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5.5. A New Series of Potential Tags

One goal of this thesis was to screen for new jgatibn tags suitable for SPPS.
Such tags must meet many requirements like highigfto Ni-NTA, good solubility
in aqueous solvents, and high stability towardsrabal conditions. The search was
restricted to commercially available substancestwmrsubstances, which can be
synthesize with minor efforts. According to a séant the CSD, the main group of
ligands binding to Nfi" contains nitrogen. Carbonyls or sulfur could beri as well,
although to some lesser extent. For bidentate digaa combination of two of the
three elements is possible. Octahedral coordinasithe preferred geometry for Ni
In such a complex the angle formed by the ligadnathe nickel ion, and the second
ligand atom is 90°. Potential bidentate ligandssdrewn in Figure 47. The search for
new ligands was supported by the computational modntioned already for the

phenanthroline series in section 5.2.1
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Figure 47: New series of potential tags for purification oRNNTA columns, the picolinic acid series.

Except for57 in Figure 47, the main motif is an aromatic nigagand a carbonyl

oxygen binding in a bidentate manner to the niakel

5.5.1 Biacore Experiments with Picolinic Acid Derivatives

Generally, the picolinic acid series showed a higlselubility than the

phenanthroline series. Therefore, exceptdarno DMSO was used for the Biacore
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experiments. A selection of some sensorgrams ingjud kinetic fit is shown in

Figure 48.

150
Time

Figure 48: Selection of sensorgrams from picolinic acid ser@) Kinetic fit to simple 1:1 binding model ofcpiinic
acid 62); b) sensorgram of methy! picolina®4; c) sensorgram of 6-amino-2-(2-pyridyl)pyrimdire(57).

The sensorgrams &R, 55, and56 was highly reproducible data. The data could
be kinetically fitted to a simple 1:1 binding mo@easl demonstrated &2 (Figure 48a).
The res SD was 2 or even lower for all compoundsthid series. For methyl
picolinate 64), reproducibility was much lower, therefore thdues of k,, k., and
Kp showed much higher SD (see Table 38). Compd&rwhowed again the common
decrease in binding signal during steady stategphaswas already demonstrated for
bipy and phen (Figure 48c). Due to this decreasegtik parameters could not be
determined, but an approximation of the bindingn#if was obtained by a steady
state fit to a simple 1:1 binding model. The resolt the kinetic or steady state fits of

the picolinic acid series are summarized in TalBle 3
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Table 38: Evaluation of kinetics and binding affinity of piaac acid series§1—58).

Compound No. | Kkon[Ms?] Kot [S7] 1['51i2 Kp [pM]
2-Aminopyridine 61) - - - >102
Picolinic acid 62 3412 =389 0.0480 £ 0.0065 14.4 14.0 +0.5
3-Aminopyrazine-2- (53) | 3544 +321 0.139 +0.006 5.0 39.4 +2.3
carboxylic acid

Methy! picolinate B4 | 1590 +690 0.0497 +0.0011] 13 35.3 £%3.2
6-Aminopicolinic acid 65 1663 =9 0.0181 +0.0003 38.3 109 +6.1
6-(Acetylamino)pyridine- | - 5g) | 1574 468 0.168 +0.010 41 132 4
2-carboxylic acid

6-Amino-2-(2-pyridyl)- i ) i

pyrimidin-4-ol (57 83 €
5-Methoxy-pyrimidine-2- | g | 378 4 0213 +0.001 33 563 41
carboxylic acid hydrazide

& steady state fit

b kinetic fit, Ko = kof/Kon

For 2-aminopyridineg1), binding was only detected at concentrationE0>mM.
One reason could be the p&f 6.86 of the aromatic nitroge@Q2, which is close to
the pH of the eluent bufferpH 7.4). Therefore, protonation of the binding nieag
could explain the low binding affinity. Picolinicca (52) showed an affinity in the
low micromolar range. Compared to the affinity bkep @2) with a Ky of 650 nM, the
affinity is about a factor 20 lower. The lower affy is a consequence of the lower
stability of the complex as seen in the half-lifee T,, of 14 s for52 compared to
5 min for phen. Due to the carboxylic acid, the ecole is negatively charged, which
might lead to a repulsion of the negatively charggdNTA complex. For pyrazine
derivative 53, two possible binding modes, either the “picoliracid” or the “2-
aminopyridine mode” are possible. Whereas the did not change compared to
picolinic acid, the off-rate was slightly highergading to the increasedpK
Unsubstituted pyrazines have a smaller negativergehaand therefore less
nucleophilicity on the nitrogens compared to pyreiwhich might explain the lower
binding affinity. In compound4, the carboxylic acid is replaced by a methyl ester
reducing the overall charge of the ligand. Unfostahy, the binding affinity was
reduced by a factor 2.5 comparedbd This effect is due to the low on-rate resulting
from the methyl ester orientation. Whereas picolirdcid is almost correctly
prealigned (only a small rotation of the carboxymd into the phen plane occurs in a

conformational search), ligan84 populates two equally stable conformations in
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solution with the carbonyl oxygen on the same oropposite sides. Compourih
was measured to test the effect of an amino graijgcant to the binding nitrogen,
which could establish a hydrogen bond to one ofcdrdoxylic acid of NTA. Indeed,
the substituent had a positive effect on bindirfgnéy, leading to the lowest binding
affinity in the whole series (10.aM). Although the k, was 2-fold lower than for
picolinic acid, the kg was significantly decreased resulting in a hdé-time of the
complex of 39 s. This might indicate a tighter lnyl as a consequence of the
hydrogen bond. The lower,kcan be explained by the loss of binding symmedsy,
the molecule can bind only in one orientation corag&o two for picolinic acid. The
acetylated compoun®6 was more than a factor 10 weaker in affinity theh
although it was expected to decrease solvatiorher6tamino group, which would be
beneficial for binding. Most probably the orientetiof the acetyl group leads to an
unfavorable interaction with the Ni-NTA complex. &ative 57 was thought to
increase the affinity of bipy because of a symme#@nrangement of the binding
nitrogens in the second benzene ring. Additiondhg, ligand could choose between a
hydroxyl or an amino group to form an H-bond to tterboxylic acid of NTA.
However, most likely due to a tautomery effect hsven in Scheme 15 the binding

affinity was not improved.

H,N HoN
N — N —
0 — 0
g;N \N / i;NH \N 7

HO o]

Scheme 15: Tautomery effect in 6-Amino-2-(2-pyridyl)pyrimidin-
4-ol (58), leading to a protonation of the binding nitrogen

The last compound of this series was a pyrimidiexvdtive £8). Pyrimidines are
supposed to have higher negative charges on tgeniirogens, which would increase
the charge transfer to the nickel. In addition, #ynmetric arrangement of two
nitrogens in para position of the carboxylic acitbwld avoid the problem of pre-
orientation encountered with the methyl picolind#% Unfortunately with a I§ of
378uM, the binding affinity was the weakest of the waekries.
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6. CONCLUSION AND OUTLOOK

The main goal of this thesis was to improve thewdedge about small tags
binding to Ni-NTA and to provide new purificatiomgs for solid-phase peptide
synthesis. In a first part, existing purificatiomgs such as the His-tag were
investigated. With the Biacore 3000 system, a todimulate the binding process of
such ligands was available in house. The His-126] 129, the very recently reported
phenanthroline-taglb9 and derivatives thereof were analyzed with SPReti@rmine
binding affinities and kinetic parameters of thgstand of derivatives thereof. In the
second part, a purification strategy was accomgtidiy using a novel phenanthroline-
containing construct for the purification of a tesfptide. In parallel, a computational
model for the prediction of binding affinities ofamous ligands to Ni-NTA was
developed in collaboration with Dr. M. Smiesko. §lsomputational model was then
used to identify new purification tags suitable 8?PS, before they were analyzed by
SPR.

The Histidine-Tag

Although the His-tag is the most widely used method the purification of
recombinant proteins, only little information isadable on its binding properties.
Therefore, the binding affinities and kinetics dfetent His-containing peptides were
determined using SPR analysis. The hexahistidih&u¢ned out to be the peptide with
the highest affinity to Ni-NTA (I§ = 14 nM). The six histidines represent the optimal
balance between enthalpic and entropic contribstida the binding process.
Furthermore, divalent ligands formed by two histel either in the positions i and i+2
or i and i+5 of the hexapeptide are contributingrentm the overall binding than the
other possible divalent ligands (i+1, i+3, and i+#) addition, when the His-tag is
further elongated,e. from heptahistidine@) to decahistidine9), a slight reduction of
the affinity is observed, probably due to increasettopy costs upon binding. Finally,
rebinding becomes more pronounced with increasiegtige length. This enables
stable immobilization even with moderate dissooratconstants, as shown for the
decahistidine q). Tags with strong rebinding would be appropridte the

immobilization of fusion proteins to solid suppofts binding studies. Rebinding and
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therefore multiple binding events mainly contribtrethe high affinity of the His-tag
to Ni-NTA. Single molecular interaction events asmwnstrated with the Hiala,
(10- 14) and the HXH 20 — 24) series did not lead to high binding affinitiesy(ka
the micromolar range).

The proper orientation is crucial for the high bnglaffinity in tags consisting of
two histidine residues. Thegk can be positively influenced enabling a faster
association of the tag, if rotational restrictiamdixation of the histidines is applied
leading to higher binding affinities to Ni-NTA.

The Phenanthroline-Tag

1,10-phenanthroline (phen) is a promising scafftdd a purification tag. It
showed a binding affinity of 650 nM. The lowpKresults mainly from a slow
dissociation rate leading to a long half-life tiroé the complex (T, = 5.0 min).
Manifold positive and negative influences on thadmg affinity of phen were
observed with the SPR analysis and the computatep@aroach. Solubility played a
key role in this complex system. Ligands that catal@dish on the side facing the
solvent a well-organized solvation shell, showegriowed binding properties for the
Ni?*-surface. Therefore, the affinity 5-amino-1,10-péethroline 47) was improved
by a factor of 1.6 compared to phef2) However, on the ligand side involved in
binding weaker salvation is desired, because tlvthange of well organized solvent
molecules prior to binding is decreasing the gairbinding enthalpy. On the other
hand, modifications on the two pyridine rings irrgar ortho position increasing the
nucleophilicity of the nitrogens. Therefore, a loa@a has to be found between
moderate solvation on the side involved in bindamgl a high nucleophilicity of the
nitrogens.

In addition, the complex [Ni(ll)(nta)(phen)vas crystallized for the development
of a computational model for the prediction of biglaffinities of various ligands to
Ni-NTA. Analysis of the crystal structure revealgoime unexpected facts: Phen was
shifted out of the plane formed by nickel, the ammitrogen of NTA, and a carboxylic
acid arm of the NTA leading to an asymmetric compléhis was due to a steric clash
between the hydrogen in position 2 of the phen ar@H, hydrogen of one of the
carboxylic acid arms in NTA. Therefore, the numbkpossible alignments of phen in
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a complex with Ni-NTA is cut from two to one, iflsstituents are present at position 2
or 9 in the phen scaffold. This effect was clealgmonstrated with the more than 2-
fold decrease of g for 2-amino-phenanthroline4§¢) compared to phen4p).
Furthermore, the amino group at position 2 wasghoto interact with the carboxylic
acid of NTA via an H-bond. However, no effect qj &nd Ky was observed, probably

due to a suboptimal directionality of the H-bond.

Purification of SPPS Products

A new method was presented to link the phenantieelg to a peptide
synthesized via SPPS: For this purpose, an acrgjaeer was introduced to phen.
Tertbutyl acrylate was coupled via a Heck reactiorbichloro-1,10-phenanthroline
with a yield of 69%. After coupling of the tag tbet test peptide NAPamide using
standard SPPS chemistry, the construct was cldavedthe solid-phase. Attachment
of the tag to the peptide could be qualitativeljolwed by the characteristic red color
of the tag-spacer construct. The final purificatwas performed using a commercially
available Ni-NTA column leading to a pure peptidétva yield of 43 % for the total
synthesis. The purification strategy was even sapeompared to the standard HPLC
purification, where only a yield of 34% was achiév&herefore, the newly designed
acrylate spacer attached to phenanthroline istaldeaipurification tag, to be used in
solid-phase peptide synthesis.

The Biacore assay revealed only a small effecthef $pacer on the binding
affinity of the phen-tag. The Kwas slightly increased by a factor of 1.6 to about
1 uM. This is still sufficient to achieve a stable imbilization of the phen-tagged
NAPamide on the NI-NTA surface at a concentratioh 1@ pM. At higher

concentrations, fast dissociation rates at thetafstissociation were observed.

Photolabile linker

Introduction of a photolabile linker (PL) betwedmetpeptide and the phen-tag
would enable to release the peptide from the tdmjewhe tag is still bound to the Ni-
NTA support. This would allow the production of wat peptides or proteins. The
photolinker was coupled via an amide bond to phen.this purpose, 5-nitro-1,10-

phenanthroline was reduced to the 5-amino derigativhe nucleophilicity of the
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aniline nitrogen was supposed to be too low for éimeide formation. Therefore,
Fmoc-Gly-OH was coupled to 5-amino-1,10-phenaniheoio obtain a primary amine
after Fmoc deprotection. Unfortunately, solubiliproblems appeared with the
introduction of the Fmoc-Gly-OH and became evenseoupon attachment of the
photolinker leading to precipitation of the PL-pheonstruct 88) during HPLC

purification.

Picolinic acid

Picolinic acid b2) was demonstrated to bind via one oxygen of thrboalic
acid and the aromatic nitrogen to Ni-NTA with g Kf 14 uM. This value further
improved with 6-aminopicolinic acibb) (Kp = 11 uM). The anilinic amino group at
position 6 B5) is able to interact with one oxygen of the cagdate of NTA leading
to a 2.7-fold lower l¢ compared thb2. Therefore, the half-life time of the complex
was increased from;k = 14 s for52to T, = 38 s for55. However,55 is able to bind
to Ni-NTA in only one orientation instead of twohi§ led to a 2-fold decrease of the

kot compared t®2, and finally only to a small increase in bindirfgraty.

Outlook

This investigation illustrates the suitability of PR experiments for the
development of new tags for solid-phase peptideéhegns allowing both qualitative
and quantitative investigations of the binding @semevertheless, a more detailed
view could be gained with NMR experiments. Satorafi ransfer Difference (STD)
experiments could monitor, which atoms of a tag iam®@lved in binding. This is
especially beneficial for tags with more than omedimg motif and could support the
development of multivalent ligand&.g cyclic structures containing a symmetric
arrangement of two binding motifs would help on d@&d to increase the rebinding
effect but would also add to a higher affinity.

The cleavage of the tag from the target molecubssgential for the production of
native peptides or proteins. Chemically cleavallgkers such as the Fmoc-
linker [203 could be an alternative to photolabile linkersic a lipophilic linker

would require the change from phen-tags to morerdpfulic tags to increase
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solubility in aqueous solvents. The introductionrP&EG or PEGA spacers between the
tag and the cleavable linker could further increasesolubility.

Finally, different combinations of metal ions arftetating groups could influence
the binding affinity either positively or negatiyelWith the commercially available
NTA chip, other transition metals such as'F€d’*, and ZA" could be immobilized

to study the effect on binding affinity and kinetito various tags.
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8. APPENDIX

D H-His-His-OH

(2 H-His-His-His-OH

3 H-His-His-His-His-OH

4) H-His-His-His-His-His-OH

5) H-His-His-His-His-His-His-OH

(6) H-His-His-His-His-His-His-His-OH

(7 H-His-His-His-His-His-His-His-His-OH

(8) H-His-His-His-His-His-His-His-His-His-OH
9 H-His-His-His-His-His-His-His-His-His-His-OH
(10 H-Ala-Ala-Ala-Ala-His-His-OH

(11 H-Ala-Ala-Ala-His-Ala-His-OH

(12 H-Ala-Ala-His-Ala-Ala-His-OH

(13 H-Ala-His-Ala-Ala-Ala-His-OH

(14 H-His-Ala-Ala-Ala-Ala-His-OH

(15 H-His-Ala-His-Ala-Ala-His-OH

(16) H-His-Ala-Ala-His-Ala-His-OH

(17) H-Ala-Ala-Ala-His-His-OH

(18 H-Ala-Ala-His-His-OH

(19 H-Ala-His-His-OH

(20) H-His-Gly-His-OH

(21 H-His-Ala-His-OH

(22 H-His-Sar-His-OH

(23 H-His-Aib-His-OH

(24 H-His-Pro-His-OH

(25 H-Nle-Asp-Hisb-Phe-Arg-Trp-Gly-Lys-NH
(26) H-His-His-His-His-His-His-NH
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