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REFERAT

Trotz seiner geringen Haufigkeit als Substituent in natirlichen vorkommenden Biomo-
lekilen ist Fluor auf Grund seines positiven Einflusses auf die pharmakokinetischen
und biologischen Eigenschaften von Wirkstoffen ein auf3erordentlich interessantes E-
lement. Diese Eigenschaften machen die Fluorierung heute zu einem Standard in der
Optimierung pharmakologischer Leitstrukturen. Auch fluorierte Aminosauren wurden in
den vergangenen Jahren in zahlreichen Studien untersucht. Diese Studien zeigen,
dass der Einbau von Fluor durchaus positive Effekte beispielsweise auf die Membran-
permeabilitat, die Strukturstabilitdt sowie die Stabilitdt gegentber Proteasen einiger
biologisch relevanter Peptide hat. Jedoch ist das aktuelle Verstéandnis der Eigenschaf-
ten fluorierter Aminosauren noch begrenzt; das heifdt, dass es bis heute nicht ohne
weiteres madglich ist, den Einfluss der Fluorierung in der Umgebung nativer Proteine
vorauszusagen. Eines der attraktivsten Ziele der biologischen Fluorchemie ist daher
eine komplette Charakterisierung der molekularen Wechselwirkungen fluorierter Ami-
nosauren mit nativen Seitenketten im Kontext von Protein-Protein-Wechselwirkungen.

Im Rahmen dieser Arbeit wurden fluorierte Analoga der Aminosaure (S)-2-
aminobuttersaure hinsichtlich ihrer Hydrophobie mittels HPLC untersucht. Unter Ver-
wendung eines neu entworfenen Proteinmodells auf Basis des o-helikalen Coiled Coil
Faltungsmotivs wurde weiterhin die Heterodimerisierung verschiedener Peptide, die
diese Aminosauren im hydrophoben Kern enthalten, mit einem ausschlieRlich nativen
komplementaren Partnerpeptid charakterisiert. Die Aminosduren wurden an zwei aus-
gewiesenen Stellen (a16 oder d19) eingebaut um ihre Effekte auf die Struktur und Sta-
bilitdt der Coiled Coils mittels CD Spektroskopie zu untersuchen. Mit Unterstitzung
durch theoretische Berechnungen wurde gezeigt, dass sich Unterschiede in Volumen
und Polaritat der fluorierten Seitenketten hinsichtlich ihrer Effekte auf die Stabilitat in
Abhangigkeit von ihrer unmittelbaren Umgebung im hydrophoben Kern unterscheiden.
Wahrend in Position a16 das Volumen der Seitenketten die Stabilitat des Coiled Coils
bestimmt, tGberwiegt in Position d19 auf Grund der unterschiedlichen Orientierung der
Seitenketten der destabilisierende Einfluss fluorinduizerter Polaritat.

Der Einfluss der Fluorierung auf die Kinetik der Faltung des Coiled Coils wurde mit-
tels Surface Plasmon Resonance untersucht. Hier zeigte sich, dass Anderungen im
Fluorierungsgrad hauptsachlich die Assoziation der Monomere beeinflusst, da diese
erheblich von der Hydrophobie abhangt. Wie bereits in friiheren Studien gezeigt,
scheint ein hoher Fluorierungsgrad trotz erhéhter Hydrophobie die Assoziation zu ver-
langsamen. Ob dieser Effekt auf der Ausbildung von ,Fluorclustern® im ungefalteten
Zustand der Monomere beruht, kann zu diesem Zeitpunkt jedoch nicht eindeutig nach-

gewiesen werden.
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ABSTRACT

Despite its low abundance in naturally occurring biomolecules, fluorine’s often favor-
able impact on their pharmacokinetic and biological properties makes it an outstanding
element. In fact, fluorination has become a standard tool in pharmaceutical lead optimi-
zation. Peptides and proteins carrying fluorine as an amino acid side chain substituent
have also been the topic of numerous studies in recent years. These investigations
have revealed interesting results concerning the membrane permeability, structural
stability, and stability towards proteolysis of some biologically relevant peptides. How-
ever, our current understanding of how these building blocks affect structure formation
and thus the biological activity of peptides and proteins is limited. Therefore, it remains
difficult to predict the effects of side chain fluorination within natural protein environ-
ments. Thus, a complete characterization of the molecular interactions of fluorinated
amino acids with their native counterparts in the context of protein-protein interactions
is necessary.

In line with the present thesis the hydrophobicity of different analogues of (S)-2-
aminobutyric acid with increasing fluorine content and side chain volume was investi-
gated by applying an HPLC assay. Furthermore, a newly designed peptide model
based on the a-helical coiled coil was used to characterize the heterodimerization of
different monomers that present these amino acids within the hydrophobic core with an
exclusively native complement. The amino acids were incorporated at two specified
positions (either a16 or d19) within the hydrophobic core. With support from theory, the
effects on coiled-coil structure and stability were studied by applying CD spectroscopy.
It was shown that the impact of size and polarity of the fluorinated building blocks
highly depends on the immediate environment of the substitution within the hydropho-
bic core. At position a16, stability is mainly determined by side chain volume. At posi-
tion d19, however, the destabilizing impact of fluorine-induced polarity, due to the dis-
tinctly different orientation of the side chains at this position, prevails.

The impact of fluorination on coiled-coil folding kinetics was studied by applying a
surface plasmon resonance-based biosensor. These investigations revealed that varia-
tions in fluorine content mainly affect the association of the monomers, since it highly
depends on their hydrophobicity. As has been recognized before, the kinetic data indi-
cate that high fluorine content, despite increasing hydrophobicity, apparently retards
association. Whether this effect is based on the formation of ‘fluorous clusters’ that

stabilize the unfolded state of the monomers cannot be concluded at present.

XV



ABBREVIATIONS

AMP
app.
BIA
CAT
cAMP
CD
CPP
DBU
DIEA
DNA
DPP IV
E. coli
EDC
EDTA
ELE
EPL
eq.
ESI
Fmoc
FRET
FSPE
GdnHCI
GFP
HOAt
HOBt
HPLC
MD
MM-PBSA
MRI
mRNA
n.d.
NHS
NMR
PDB
PDEA
PET
PPlases
PTFE
RMSD
RP
sec
SPPS
SPR
TBTU
tert
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antimicrobial peptides

apparent

biospecific interaction analysis
chloramphenicol acetyltransferase
cyclic adenosine monophosphate
cirular dichroism

cell penetrating peptides
1,8-diazabicyclo[5.4.0]lundec-7-ene
N,N,-diisopropyl ethylamine
desoxyribonucleic acid

dipeptidyl peptidase IV
Escherichia coli
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ethylenediaminetetraacetic acid
electrostatic energy

expressed protein ligation
equivalent

electrospray ionization
9-fluorenylmethyloxycarbonyl
Forster resonance energy transfer
fluorous solid phase extraction
guanidine hydrochloride

green fluorescent protein
1-hydroxy-7-azabenzotriazole
1-hydroxybenzotriazole

high performance liquid chromatography
molecular dynamics

Molecular Mechanics Poisson-Boltzmann Surface Area
magnetic resonance imaging
messenger ribonucleic acid

not determined
N-hydroxysuccinimide

nuclear magnetic resonance
Protein Data Bank
2-(2-pyridinyldithio)ethane amine
positron emission tomography
peptidyl-prolyl isomerases
polytetrafluoroethylene

root mean square deviation
reversed phase

secondary

solid-phase peptide synthesis
surface plasmon resonance

O-(benzotriazol-1-yl)-N,N,N',N-tetramethyluronium tetrafluoroborate

tertiary



TFA
TIS
TOF
uv
vdw
Vis

trifluoroacetic acid
triisopropylsilane
time of flight
ultraviolet

van der Waals
visible

Abbreviations of the 20 canonical amino acids are consistent with the biochemical no-
menclature proposed by the IUPAC-IUB commission (Eur. J. Biochem. 1984, 138, 9-

37).

Abbreviations of non-coded amino acids relevant to the present thesis are given below.

Except for alanine, valine, and proline analogues as well as aminobutyric acid, the

amino acids are regarded as either alkyl- or arylsubstituted glycines. If not stated oth-

erwise, the abbreviations correspond to the L-amino acids.

Abz
3,4CF;-MePro
3-Tfl
4,5CF3;-MePro
4CF;-Phg
4F-Phg

5-Tfl

Abu
CF3;-Bpg

DfeGly
DfpGly
Fs;Ala
HfL
HfV
MfeGly
TfeGly
TfmAla
TfV

YNO,

ortho-aminobenzoic acid
(2S)-6-(trifluoromethyl)-3-azabicyclo[3.1.0]hexane-2-carboxylic acid
3,3’ 3’-trifluoroisoleucine
(3S)-6-(trifluoromethyl)-2-azabicyclo[3.1.0]hexane-3-carboxylic acid
4-(trifluoromethyl)phenylglycine

4-fluorophenylglycine

5,5,5-trifluoroisoleucine; (S)-2-amino-5,5,5-trilfuoropentanoic acid
aminobutyric acid; (S)-2-aminobutyric acid
3-(trifluoromethyl)bicyclopent[1.1.1]-1-yl glycine;
(S)-2-amino-2-(3-(trifluoromethyl)bicyclo[1.1.1]pentan-1-yl)acetic acid
difluoroethylglycine; (S)-2-amino-4,4-difluorobutanoic acid
difluoropropylgylcine; (S)-2-amino-4,4-difluoropentanoic acid
3,3,3-trifluoroalanine

5,5,5,5',5',5'-hexafluoroleucine

4.4.44' 4 4'-hexafluorovaline

monofluoroethylglycine; (S)-2-amino-4-fluorobutanoic acid
trifluoroethylglycine; (S)-2-amino-4,4,4-trifluorobutanoic acid
trifluoromethylalanine, 2-amino-2-(trifluoromethyl)propanoic acid
4.4 4-trifluorovaline; (S)-2-amino-3-(trifluoromethyl)butanoic acid
3-nitrotyrosine
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Without speculation there is no good
and original observation.

CHARLES DARWIN
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1 Introduction

Life is based upon a precisely scheduled cooperation of biochemical and biophysical
processes, most if not all of which depend on the reactions as well as specific interac-
tions, i.e. ‘molecular recognition’ of biomolecules."? Nature has selected one class of
molecules - peptides and proteins - to play a key role in controlling the fundamental
processes that life depends on. As scaffold molecules they participate in giving differ-
ent organisms their specific physical appearance. As biocatalysts they perform and
host all biotransformations including their own synthesis. They control DNA replication
and transcription, as well as the translation of mMRNA. Combined with a variety of other,
non-peptidic biomolecules they perform and control signal transduction. Their functions
include the regulation of food uptake, respiration, reproduction, and for some of the
living organisms the modulation of their psychological condition, to name only a few.
Peptides and proteins owe their diverse functions to their tremendous structural ver-
satility. However, although more than 300 naturally occurring amino acids are known,
only 20 of them, the canonical o-L-amino acids, have been selected by evolution to be
encoded by DNA.? The primary structure of a peptide or protein, i.e. the sequence with
which the amino acids are aligned, predefines its physical and chemical properties.
Based on these properties it folds into an individual three-dimensional structure and
adopts a specific biological activity. The hypothetical attempt to assemble a tripeptide
applying a free choice of genetically encoded amino acids yields 8000 possible pep-
tides. These 8000 hypothetical peptides could in theory each have a specific biological
activity. Most naturally occurring peptides and proteins, however, are composed of
many more than three amino acids, which may in part explain the vast biological diver-
sity on earth. Each organism is not only characterized by an individual genome but also
by a specific set of peptides and proteins, the proteome,* that it codes for. An intact
and complete proteome is crucial for an organism to survive. Many diseases arise from
protein malfunction due to misfolding® or defective synthesis provoked by mutations at
the DNA level.® Also, insufficient secretion of a certain peptide, e.g. insulin, due to or-
gan failure or interactions of external peptides and proteins brought into the body in the
course of bacterial and viral infections may be highly pathogenic. It is for these reasons
that peptides and proteins are one of the most auspicious molecular entities for devel-
oping highly active drugs. Currently, there are 67 therapeutical peptides on the market’
including various analogues of human insulin for treatment of type-1 diabetes, which
was the first peptide ever to be used as a therapeutical agent. Approximately 150 pep-
tides are in the clinical phase and more than 400 are currently being tested in ad-
vanced pre-clinical trials.” One of the most recent highlights is the approval of enfuvir-

tide (T20), a 36-residue peptide that interferes with membrane fusion mediated by gly-
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coproteins on the surface of HIV-1.2 Further important targets for peptide based drugs,
amongst others, are osteoporosis, cancer, multiple sclerosis as well as cardiovascular
diseases.’

Peptides as pharmaceuticals stand out due to their very high activity and stringent
selectivity; in addition, they accumulate less in tissues and thus exhibit lower toxicity.
Furthermore, their metabolic degradation yields non-toxic residues and their tendency
to provoke severe immune responses is comparatively low. Unfortunately, there are
some major disadvantageous properties of peptides that limit a broad applicability as
drugs and are therefore important issues in current pharmaceutical research. Most
peptides cannot be administered orally because they are quickly hydrolyzed by the
proteases of the gastrointestinal system. Furthermore, their often relatively high polarity
impedes delivery through cell membranes, which is especially important for transport
through the intestinal membrane as well as the blood brain barrier. These are the main
factors that account for peptides’ very low bioavailability. To address these issues, re-
search is focused on establishing efficient delivery systems such as liposomes.'® Fur-
thermore, modifications of their chemical structure are used to stabilize their active con-
formation and to reduce their susceptibility towards proteolytic degradation.”” To this
end, many successful strategies have been established. One of them is the isosteric
replacement of the peptide bond by an alkene moiety that mimics its planar character.'
Another way to prevent hydrolysis is methylation of the amidic nitrogen."® Both chemi-
cal modifications may, however, affect hydrogen bond formation at the site of substitu-
tion and thus affect folding as well as binding to the target. Proteolytic stability without
modification of the peptide bond can likewise be achieved by replacement of native

415 p-amino acids,'® or o,a-dialkylated

amino acid residues by B- and y-amino acids,
residues." In many cases, proteases do not recognize these residues and thus cannot
perform cleavage of the adjacent peptide bond. Nevertheless, these modifications have
to be carefully placed within a sequence so as to not affect the active conformation of
the peptide. One approach that maintains the L-configuration at the a-carbon as well as
the native structure of the peptide bond is substitution of amino acids by residues that
carry chemically modified side chains that are not found in nature. Ideally, the thereby
modified peptide maintains its native conformation as well as its activity and selectivity,
whereas binding to the active site of proteases is prevented. In this respect, the substi-
tution of one or more hydrogen atoms by fluorine seems auspicious since fluorination
of organic molecules has previously proven useful in the development of therapeuti-
cally active molecules as well as in materials science and crop protection. Often, the
unique properties of the fluorine atom impart advantageous properties such as in-

creased bioavailability as well as higher biological activity. The great success of fluori-
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nation as a strategy in drug development is shown by the fact that to date approxi-
mately 20 % of all drugs on the market contain at least one fluorine atom.'®

Fluorination through substitution of native amino acids by fluorine containing ana-
logues has already shown promise in peptide and protein engineering.'?° However,
the effects of fluorination on the interactions of peptides with natural protein environ-
ments such as receptors are not yet fully investigated. Many reports highlight the often
increased hydrophobicity of organofluorine compounds, whereas fluorine-induced po-
larity and the resulting possibilities to engage in polar interactions within protein envi-
ronments are less well understood. In this respect, the question of whether carbon-
bound fluorine is capable of accepting hydrogen bonds, particularly from protein func-
tional groups, is a matter of scientific controversy. Moreover, there is still no consistent
opinion about the so-called ‘fluorous effect’, a phenomenon that is widely believed to
bring about specific self-recognition of fluorinated organic compounds. A complete
characterization of the molecular interactions of fluorine as a side chain modification is
therefore of great importance. Such studies would enable a directed application of
fluorinated amino acids in the de novo design of peptides and proteins with new spe-
cific functions and selectivity. To this end, systematic investigations based on model
systems that mimic natural peptide-protein recognition domains are rather informative.
Their characterization provides profound knowledge about the physical and chemical
consequences of minor as well as global structural modifications of peptides and pro-
teins by fluorine. Ideally, the observed effects can be generalized and applied to bio-
logically relevant interaction motifs, which then provides the basis for employing fluori-

nation as a new tool in the design of peptide based therapeutical agents.
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2 Properties of “Organic Fluorine” and its Relevance in Biological
Chemistry

Making up 0.06% of the earth’s crust, fluorine (lat. fluere, meaning “to flow”) is three
times more abundant than carbon and thus one of the most abundant of all elements.?’
Despite its high abundance fluorine rarely occurs as a substituent in biomolecules of
natural origin,?? which may in part be explained by the extremely low aqueous solubility
of fluorine-containing minerals such as fluorite (CaF;) and cryolite (Nas;AlFg). Conse-
quently, sea water contains only 1.3 ppm of fluoride resulting in a very low biological
availability.?? Furthermore, since its nucleophilicity in water is very low, biotransforma-
tions involving the fluoride ion are rare. In a laboratory setting, the unique properties of
fluorine and its effects as a substituent in biologically relevant molecules, on the other
hand, make it an attractive tool in biological chemistry. Besides its application as an
analytical label, fluorine is broadly used as a substituent in biomolecules where the
goal is to improve biochemical properties such as metabolic stability, hydrophobicity,
and conformation. In many cases chemical modification by fluorine or fluorinated alkyl
groups brings about a considerable improvement in biological activity as well as phar-
macokinetic properties. These effects are due to fluorine’s unique physicochemical
properties: very high electronegativity and electron affinity combined with very low po-
larizability and high stability in carbon-fluorine bonds (Table 2.1). The most relevant
consequences of fluorination in a biological context and especially those that are im-

portant for peptide and protein interactions are summarized in the following sections.

Table 2.1 Key physical data of the fluorine atom and the C—F bond compared to other
halogens and biologically relevant elements.

lonization Electron Polariza- C-X bond VdWw- Electro-
X potential affinity bility strength Radius negativity
[kcal/mol]®  [kcal/mol]? A’ [kcal/mol]® AP el
H 313.6 17.7 0.667 98.8 1.20 2.20
F 401.8 79.5 0.557 105.4 1.47 3.98
Cl 299.0 83.3 2.18 78.5 1.75 3.16
Br 272.4 72.6 3.05 65.9 1.85 2.96
I 241.2 70.6 4.7 57.4 1.98 2.66
0] 314.0 33.8 0.82 84.0 1.52 3,44
N 335.1 -6.2 1.10 69.7 1.55 3.40
C 240.5 29.0 1.76 83.1 1.70 2.55

@ Ref. 23 : " Ref. 24
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21 Fluorine as an analytical and diagnostic probe

2.1.1  "F Nuclear magnetic resonance

Fluorine exists primarily as the '°F isotope, which is NMR-active and has a broad fre-
quency range over roughly 100 ppm in organic molecules.? Its sensitivity is only mar-
ginally lower than that of hydrogen (83% relative to 'H) and, importantly, a single sub-
stitution of fluorine for hydrogen in most cases does not severely alter the conformation
or biological activity of the molecule. In addition, the virtual absence of naturally occur-
ring fluorinated biomolecules prevents undesired background signals thus facilitating
data evaluation. These properties make '°F an excellent NMR label with numerous and
ever emerging applications in medicinal diagnostics as well as protein structure analy-
SiS.26'27

The great potential of '°F NMR as a non-invasive diagnostic tool and imaging tech-
nique has been shown, for example, by Brix et al. They investigated the pharmacoki-
netics and metabolism of the highly potent anti-cancer agent 5-fluorouracil (Figure 2.1)
in an animal model by combining '®F positron emission tomography ('®F PET, see next
section) and "F NMR.?® While PET detects '®F with high spatial and temporal resolu-
tion, it cannot resolve signals emitted by different metabolites. Due to the broad chemi-
cal shift range of '°F and its sensitivity towards even marginal environmental and struc-
tural changes, '°F magnetic resonance imaging ('°F MRI) was successfully applied
here to monitor the metabolism of 5-fluorouracil. However, the usually low in vivo con-
centration of the analytes involves a very low signal-to-noise ratio. Therefore, clinical in
vivo studies are either very time consuming or require strong magnetic fields that are
expensive in energy and also imply a certain safety risk.? In contrast to magnetic reso-
nance based on 'H, '°F MRl is, therefore, less commonly used in clinical applications.
Nevertheless, "°F NMR is a useful technique to study metabolism?” outside the patient

and is, thus, a powerful tool in drug development.

18F
0
H OH COOH
F H
HN Ho -0
| NH,
HO H HO
O N 18F
H H OH OH
5F-U ['8F]FDG ['8F]6-Fluoro-L-DOPA

Figure 2.1 From left to réght: Structure of 5-fluorouracil, the first pyrimidine analogue to be used
as an antitumor agent;” trade names Fluoroplex, Carac, and Efudex;®" and structures of
[®FJFDG and ['°F]6-Fluoro-L-DOPA.

Besides being used to probe metabolism, 'F NMR has shown outstanding potential
in studying the structure and interactions of biological macromolecules such as proteins

and DNA. In the context of peptides and proteins, the "°F nucleus is easily incorporated
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into primary structures in the form of fluorinated amino acids. As the properties and
applications of fluorinated amino acids are discussed in a separate chapter (chapter 3)
some recent highlights of ®F NMR application in peptide and protein analysis are

summarized there.

2.1.2 '8F Positron emission tomography

Positron emission tomography is a powerful method in medicinal diagnostics that al-
lows for real-time imaging of drug distribution in vivo. It provides spatial and temporal
information on metabolic pathways at high resolution and has thus found broad appli-
cation in neurology, cardiology, and oncology. '®F is the most commonly used radio
label in PET because of its low positron energy (0.64 MeV) that accounts for its com-
paratively low risk to the patient.*? In addition, its half-life of 110 min is sufficient for
detailed real-time imaging of drug pathways without needlessly incriminating the pa-
tient. Equally important, it suffices to synthesize the tracer molecules. The most suc-
cessful commercial PET agent is 2-["®F]-fluoro-deoxy-D-glucose (['®FIFDG) (Figure
2.1); it is used for monitoring glucose metabolism.** Another prominent example is the
amino acid analogue 6-['®F]-fluoro-3,4-dihydroxyphenylalanine (['®F]6-fluoro-L.-DOPA)
that is used for imaging cerebral dopamine pathways* as well as different tumors.*?
However, there are many more PET tracers in use today, e.g. nucleosides, phospholip-
ids, and sex hormones.*

The paramount biological importance of peptides drives the development of peptide-
based radiotracers containing the '®F-label. The production of radiotracers requires so-
called “hot” fluorination methods, where the active isotope is incorporated shortly prior
to use. However, since peptides and proteins carry a large number of functional groups
such as amines, carboxylic, guanidine and thiol groups that are crucial for their activity,
direct nucleophilic fluorination, which is most commonly used,* may result in inactiva-
tion.*® Therefore, radiolabeling of peptides is usually accomplished by means of biocon-
jugation with different prosthetic groups (Table 2.2) that are, due to the limited half-life
of "®F, incorporated only late in synthesis prior or subsequent to deprotection, depend-
ing on the chemistry applied.

The outstanding properties of peptides, such as high specificity in molecular recog-
nition as well as low toxicity, make them an attractive candidate for radiotracer devel-
opment. However, despite of all progress that has been made in labeling strategies, the
synthesis of peptides and their purification are still rather time consuming, which repre-

sents a certain drawback for routine clinical applications.
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Table 2.2 Some examples of prosthetic groups used for radiolabeling of peptides.

Prosthetic group Labeling agent Method Peptide

NO,
0
2-["®F]-fluoropropionyl \HLOO N-Acylation  (D)Phe’-Octreotide®

18F
O O
4-["®F]-fluorobenzoyl O_N;; N-Acylation o-MSH™ *
(0]
0}

18F
['®F]-FBAM® @v“‘\o/\/\/\j:} S-alkylation®  Glutathione/ LDL* **®
(6}

@ a-melanocyte releasing hormone, b N-[6-(4-[1SF]-quorobenzyIidene)aminooxyhexyl]maleimide, ¢ via addi-
tion to the maleimide double bond, ° low-density lipoprotein

In this respect, the application of “click” chemistry to the radiolabeling of peptides*
holds great promise as a clinically applicable labeling strategy (Figure 2.2) because it
can be carried out in aqueous media under physiological conditions. Furthermore,
“click” chemistry yields stable products and tolerates virtually all of the functional
groups present in a peptide. The reactive groups (either an azide or an alkyne) are
easily incorporated into peptides and product isolation and purification are relatively

simple and fast.*'

@) 0]

; )I\/\ ; )K/\ N

(CHz)n\/ Peptide N3 Peptide N™ < N

s > \QQ\ 18F
/

(CHZ)n

18F
n=1-3

Figure 2.2 Labeling of an N-(3-azidopropionyl)peptide applying “click” chemistry according to
Marik et al. 2006.%

Direct nucleophilic fluorination of some model peptides has been achieved only very
recently.*? This new approach takes advantage of N-terminally capping peptides with
benzoyl moieties that carry electron-withdrawing substituents (cyanide) adjacent to a
good leaving group such as trimethylammonium substituents. These modifications al-
low for quick and efficient labeling of peptides under mild conditions by means of nu-

cleophilic fluorination at the aromatic ring.

2.1.3 C-F Raman spectroscopy

Although the body of literature dealing with C—F Raman spectroscopy in pharmaceuti-

cal chemistry and medical diagnostics is still rather small, this newly developing meth-
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odology shows great promise in drug development. Since C—F exhibits unique emis-
sion bands in the range of 500 to 800 cm™, this method also profits from the virtual ab-
sence of naturally fluorinated biomolecules.** Trifluoromethyl groups, aromatic C—F
bonds, and difluoromethylene groups are easily distinguishable based on their specific
vibrational emission bands.** Furthermore, the method is highly sensitive enabling
qualitative and quantitative analysis of, for example, fluorinated drugs in pure samples
as well as mixtures. Therefore, C—F Raman spectroscopy represents one more tool to

investigate the metabolic fate and pathway of drugs.*’

2.2 Stereoelectronic consequences of fluorine substitution

The steric properties of a molecule or substituent, i.e. its size and conformation, to a
great extent determine specificity in molecular recognition. One aspect of the optimiza-
tion of pharmaceutical lead compounds is variation of substituents in an attempt to
mimic a natural substrate. The goal is to endow the newly developed molecule with
substituents that are isosteric to those of the natural analogue while imparting higher
(metabolic) stability, activity, or ideally both. The concept ‘bicisosterism’, thus, com-
prises not only the steric properties of a molecule but also its biological activity.*®*
Substituents or molecules are termed ‘bioisosteric’ when they are chemically and
physically similar and, most importantly, exhibit equal or improved biological properties

compared to the original lead compound or natural analogue.

2.2.1 The size and steric effects of fluorine and fluoroalkyl groups

The van der Waals radius of fluorine (1.47 A) lies between that of hydrogen (1.20 A)
and oxygen (1.52 A).?% Single substitutions of fluorine for hydrogen, hydroxyl groups, or
carbonyl oxygen in biologically relevant molecules are, in many cases, conservative in
terms of structure and activity.*® Therefore, especially the substitution of one fluorine
atom for hydrogen is widely considered bioisosteric. While this is true only for single
fluorine substitutions, the size of multiply fluorinated alkyl groups such as trifluoro-
methyl frequently faces scientific controversy. This may in part be attributed to the fact
that results from different studies are often exclusively interpreted in terms of steric size
neglecting electronic contributions, rotation, and shape of the residues considered.
Additionally, the parameters used to evaluate steric properties may be highly specific
for the model under observation.*® Thus, estimates of the size of CF; in the literature
vary from methyl®® up to sec-butyl and phenyl.”" Comparison of the van der Waals vol-

umes (Table 2.3), however, clearly shows that the actual volume of CF; lies halfway
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between that of methyl and isopropyl. Rotational barriers of substituted 6-aryl-1,1,5-
trimethylindanes studied by NMR®? (Table 2.3) further suggest that the trifluoromethyl
group indeed most closely resembles an isopropyl group, although the latter is bigger
and dissimilar in shape. The fact that both groups nevertheless impart almost identical
rotational barriers to the aryl substituted indane demonstrates that steric interactions
depend on the shape and flexibility of a substituent in addition to its volume. Thus,
comparing steric effects rather than steric size itself may be more meaningful and one
has to keep in mind the participation of electronic effects, especially in the case of the

highly electronegative fluorine.

Table 2.3 Rotational barriers of substituted 6-aryl-
1,1,5-trimethyl indanes.

Viaw A4G™

[,&1] [keal/mol]

21.6 19.3
CF; 39.8 21.9
CH(CHj3), 56.2 222
Phenyl 91.6 17.6

@ free energy of activation at 340 K

A

)0 o) ®) F
N NS G
H H H
~3.7D ~0.97D

Figure 2.3 A) Resonance structures of the peptide bond and B) a fluoroethylene isostere. The
arrows represent dipole orientation.*

The strong inductive effect of fluorine becomes especially important when it is used
as a replacement for oxygen. In peptides, a fluoroethylene unit can replace a peptide
bond both sterically and electronically.>*>” Here, the double bond imitates the peptide
bond’s planar character while being stable to hydrolysis by enzymes. Meanwhile, fluo-
rine mimics the carbonyl oxygen thus maintaining dipole orientation (Figure 2.3). Be-
sides conferring hydrolytic stability to a peptide, the fluoroolefine peptide bond isostere
is fixed in either a cis or trans configuration and accordingly can be used to alter or
stabilize the conformation of a peptide, respectively.®® While native peptide bonds are
usually found in the more stable frans configuration, 10-30% of the acyl-proline bonds
in small peptides are cis-configured, which results from steric hindrance due to N*-
alkylation.*”® Since cis-trans isomerization is crucial for the three-dimensional structure

of proline-containing peptides and proteins but slow compared to folding, peptidyl-prolyl
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isomerases (PPlases) have evolved in nature. Some of these enzymes regulate the
function of proteins related to immunosuppression as well different diseases such as
AIDS, Alzheimer’s, and cancer. Therefore, efforts towards specifically inhibiting these
and other proteins by applying fluoroolefine-based peptide bond isosteres show great
potential in medicinal chemistry.’®*° Recently, alkene and fluoroalkene peptide bond
isosteres have also been used to probe the importance of intrahelical hydrogen bonds
on the activity of anti-HIV fusion peptides.®° It was found that the fluoroalkene is a bet-
ter mimic of the peptide bond, since the modified peptides have a higher activity than

those containing the hydrocarbon alkene.

2.2.1 Conformational effects of C—F hyperconjugation

The C—F and C-O bond are similar in length (~1.4 A) and dipole orientation. In addi-
tion, both have a low energy ¢* antibonding orbital that may undergo hyperconjugation.
One prominent consequence of this is the anomeric effect (Figure 2.4). The methoxy
and fluorine groups prefer the axial position in 2-methoxytetrahydropyran and 2-
fluorotetrahydropyran, respectively.®’ This effect can be explained by hyperconjugation,
i.e. lone pair donation from the pyran oxygen nonbonding orbital (HOMO) into the ¢*c_
olc*c_¢ orbital (LUMO), which would be impossible for the equatorial conformer. Fluori-
nation of sugars has, therefore, gained much recognition in recent years. Many ana-
logues of furanoses and pyranoses are described and hold great potential as enzyme
inhibitors (e.g. glycosidases), nucleoside mimics with antitumor activity, and radio im-

aging agents® (see section 2.3).

Figure 2.4 Anomeric effect of fluorine compared to oxygen in tetrahydropyran.

Another conformational consequence based on hyperconjugation® is the gauche ef-
fect. Other than intuitively expected, 1,2-difluoroethane prefers the gauche over the anti
rotamer despite the steric clash and electronic repulsion of the two fluorine atoms (Fig-
ure 2.5), which is in contrast to equally disubstituted chloro- and bromoethanes. Chlo-
rine and bromine atoms both have a bigger VdW-radius (see tabele 2.1) and, therefore,

unfavorable steric interactions should make larger contributions as compared to fluo-
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rine. Furthermore, due to the high electronegativity of fluorine, the C—F ¢* orbital is a
much better electron acceptor than the respective C—Cl and C-Br ¢* orbitals. In the
case of 1,2-difluoroethane, and accordingly in difluoroethyl subunits of any other alkyl
chain, electron density form the C—H ¢ orbital is donated into the C-F ¢* orbital, which
is only possible in a gauche conformation. Apparently, the hyperconjugative stabiliza-

tion overrides the steric and electronic repulsion of the fluorine atoms.

F F

H H H F F

= o d

H H H H H A ©
F H

Figure 2.5 Gauche effect in 1,2-difluoroethane through hyperconjugation.

It should be added that another explanation for the gauche effect in 1,2-difluoroethane
has been proposed. The bent bond model® reasons that the anti conformer is destabi-
lized by electron density building up on opposite sites of the C—C bond thus reducing
orbital overlap. In the gauche conformer electron density is build up on the same side
of the C-C bond, which results in a slight bending of the bond and enables a better
overlap of the orbitals. However, more recent calculations show that the overlap in-
crease is too small to effectuate the high energetic preference (~1 kcal/mol) of the
gauche over the anti conformer.®®

The gauche effect has also been observed for fluorinated amides,® esters,®® p-
fluoroalcohols, and protonated amines.®” All of these linkages and functional groups
are very common in biologically active molecules and, therefore, the fluorine gauche
effect holds promise as a tool to modulate their activity based on conformation. More-
over, it has strong implications for the conformation of fluorinated amino acids, espe-
cially proline where it affects the cis-trans isomerization of the peptide bond as well as
the conformation of the pyrrolidine ring.®® Thus, a single fluorine atom can be used to

alter the conformation of an entire peptide chain.

2.3 Lipophilicity, hydrophobicity and the ‘fluorous effect’

Lipophilicity is considered key to membrane permeability and thus to a great extent
determines the bioavailability of drugs. Consequently, it is an important issue in phar-
maceutical lead optimization. Many investigations are motivated by the general notion
that fluorination increases lipophilicity and is thus a useful tool to improve receptor-
ligand interactions as well as membrane permeability. There are, however, two prob-

lems with such a generalization. First, some but not all fluorinated compounds are
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more lipophilic than their hydrocarbon congeners. This statement holds true for aro-
matic and olefinic compounds, while a decrease in hydrophobicity is often observed for
partly fluorinated aliphatic hydrocarbons.®® The impact of fluorine furthermore highly
depends on the number of fluorine substitutions and their position relative to certain
functional groups. For example, fluorination reduces the basicity of amines, which ren-
ders them less easy to protonate. Consequently, the molecule more readily penetrates
a membrane.”® Second, the terms ‘hydrophobicity’ and ‘lipophilicity’ are sometimes
confused or considered synonymous. Usually both properties correlate very well but,
as stated above, some fluorinated compounds share the interesting property of being
more hydrophobic and at the same time less lipophilic than hydrocarbons of equal
structure. This arises from fluorine’s high electronegativity and low polarizability. Fluo-
rine strongly withdraws electron density from its surroundings and renders a molecule
reluctant to interactions with water thus making it more hydrophobic. Based thereon,
fluorinated compounds show a greater preference for the organic phase in partitioning
experiments, which is then often interpreted in terms of greater lipophilicity. The parti-
tioning coefficient logP of a compound, however, is a measure of relative solubility and
expresses the reduced solubility in water, i.e. hydrophobicity, rather than lipophilicity.
On the other hand, the lowered polarizability also diminishes favorable dispersion in-
teractions between the fluorinated compounds and other hydrocarbons. This is shown,
for example, by the lower boiling points of perfluorocarbons relative to hydrocarbons.®
Thus, as far as aliphatic hydrocarbons are considered, fluorination also makes the
molecule more lipophobic. This character is especially pronounced for perfluorocar-
bons that tend to form a third, fluorous phase in addition to the aqueous and organic
phase. This phenomenon is often referred to as the ‘fluorous effect’. The ‘fluorous ef-
fect’ has some interesting technical implications as a phase separation and immobiliza-
tion technique.”" For example, it can be utilized for extracting fluorinated products in
synthesis. On the other hand, when perflouroalkyl capping reagents are used in pep-
tide synthesis, undesired byproducts can easily be separated by employing fluorous
solid phase extraction (FSPE).”® Furthermore, fluorous biphase chemistry is used for
the surface immobilization of catalysts,”® construction of microarrays,’* fluorous HPLC
purification of, for example, amino acids,”® and, as will be discussed later, the stabiliza-

tion of protein structure (see chapter 3).

24  The impact of fluorination on polar interactions

The high electronegativity of fluorine results in a considerable ionic character of the C—

F bond and, through induction, affects the polarity of neighboring functional groups.
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Nevertheless, fluorine itself is only weakly polarizable so that direct polar interactions
involving the fluorine atom are usually weak. By far the most controversial discussions
evolved around fluorine’s properties as a hydrogen-bond acceptor. The controversy
even led to reconsideration of the role of hydrogen bonding in base pair recognition
during DNA replication (because fluorinated nucleobases that presumably do not form
strong hydrogen bonds are easily accepted in replication).”® Fluorine’s high partial
negative charge in C—F bonds was furthermore found to mediate other multipolar inter-
actions with functional groups of proteins or the peptide bond itself.”” In this section
some important examples of indirect as well as direct polar interactions involving the

C—F bond are summarized.

2.4.1 Fluorine’s impact on pK,

Due to fluorine’s strong electron withdrawing nature, it increases the acidity of, for ex-
ample, COOH, C-OH , and C—H. Conversely, the basicity of amines is reduced’® (see
Table 2.4). Since hydrogen-bonds and electrostatic interactions involving these func-
tional groups play an important role in molecular recognition, fluorination may strongly
affect receptor-ligand interactions. For example, the cimetidine analogue mifentidine
(Figure 2.6), a histamine H, receptor antagonist that reduces secretion of gastric acid,
exhibits increased potency (~ 20-fold) upon substitution of the terminal methyl group by

a trifluoromethyl group.”

Table 2.4 pK, values of some selected car-
boxylic acids and amines.®

Carboxylic Acid pK, Amine pKa

CH;COOH 4.8 CH;CH;NH, 10.7
CF3;COOH 0.2 CF3;CHy;NH, 5.9
CsHsCOOH 4.2 CgHsNH, 4.6
CsFsCOOH 1.8 CgFsNH, -04
H
Ny N CFs

N

< |

HN

Figure 2.6 Structure of the cimetidine analogue mifentidine.

This finding is explained by the fact that mifentidine preferably acts in its neutral form.
Fluorination reduces the percentage of the protonated amidine (pK,=8.7 for the CHs-

and 6.1 for CFz-analogue) from 93.2% to 5.1% thereby increasing receptor affinity. In
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addition, it may be noted that despite the distance to the trifluoromethyl group the pK,
of the imidazole is also reduced by one pK, unit, which points to the strong impact of
fluorine’s electronegativity. It has furthermore been shown that lowering the basicity of
amines by fluorination may enhance bioavailability by increasing hydrophobicity, lipo-

philicity, and thus membrane permeability.”>®

2.4.2 Hydrogen bonding

Despite the pronounced ionic character of the C-F bond, the resulting partial negative
charge at the fluorine atom, and the three lone pairs that it provides for potential inter-
actions, carbon-bound fluorine is rarely found as a hydrogen-bond acceptor in small
molecule crystals or protein-ligand complexes.®” Conventional X---H-Y hydrogen
bonds, where X and Y are N or O exhibit X---H distances of less than 2.2 A. This dis-
tance, being roughly 0.5 A shorter than the sum of the respective van der Waals radii
(H: 1.20 A, O, 1.52 A, and N: 1.55 A) is therefore considered an important criterion for
strong hydrogen bonding, in addition to an X---H-Y angle larger than 90°. Thus, when
X is carbon-bound F, a hydrogen bond may be present if its distance from H is smaller
than 2.3 A. However, these short distances are rare. A survey of crystal structures by
Dunitz et al. in 1997 showed that merely 0.6% of the crystals considered exhibit such
short C—F---H-X contacts.?' Taking the angle criterion as well as distances of hydrogen
to other, better acceptors into account finally revealed that out of 5947 only two un-
equivocal C-F---H-O and 12 possible C-F---H-N type hydrogen bonds were present.
All the remaining short contacts, apparently, are imposed onto C—F as a result of

stronger ‘classical’ hydrogen bonds in close proximity.

Figure 2.7 Crystal structure of the complex between elastase and its inhibitor Ac-Ala-Pro-Val-
difluoro-N-phenylethylacetimide (PDB code 4EST).%’ The structure shows a very close contact
between F and the imidazole NH of His57 (F--N distance 2.8 A, hydrogen is not shown) indicat-
ing a C—F---H-N hydrogen bond.
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Evidence for hydrogen bonds in protein-ligand co-crystals involving fluorine is even
poorer. Dunitz et al. did not find any unequivocal example and only two structures, in
which weak H:---F hydrogen bonds are possible (see, for example, Figure 2.7).8" A
more recent screening of the PDB in 2004, in contrast, suggests that 10% of the C—F
bonds in protein crystals involve fluorine in hydrogen bonding.?'#® This finding may first
of all be explained by the continuously growing body of high resolution structures pub-
lished in the PDB and second by the slightly less constrained criterions applied by the
authors. As opposed to Dunitz et al. they did also include H---F distances just at or be-
low the sum of van der Waals radii (~2.7 A for H and F) with a 15% tolerance. At this
point it may be noted that the findings of such data base screenings highly depend on
the individual definition of hydrogen bonding, which in turn may be one reason for the
controversy.

In general, hydrogen bonds involving carbon-bound fluorine as an acceptor are
weak, approximately 2-3 kcal/mol as opposed to the 5-10 kcal/mol in conventional hy-
drogen bonds. In addition, a recent theoretical investigation has shown that there is
only marginal electron transfer between hydrogen and fluorine upon interaction.®* This
may again be explained by fluorine’s reluctance to donate electrons because, due to its
low polarizability and high electron affinity, they are strongly bound to the nucleus.
Several authors therefore suggest referring to these interactions as weak dipolar inter-

actions rather than hydrogen bonds.

2.4.3 Other multipolar interactions

As opposed to O—H and N-H or any other equivalent, polarized X—H bond in organic
molecules, the positively polarized carbonyl carbon atoms in protein backbones and
side chain amides (glutamine, asparagine) as well as guanidyl groups (arginine) were
found to provide a ‘fluorophilic’ environment.’®® In contrast to the geometry of hydro-
gen bonds, however, the C—F bond (mainly but not exclusively aromatic) does not line-
arly but orthogonally approach the positively polarized sp? carbon (see, for example,
Figure 2.8). Such interactions may stabilize enzyme inhibitor complexes as has been
shown for tricyclic thrombin inhibitors.®® Fluorination at the para-position of the phenyl
ring (Figure 2.10) results in a roughly five-fold increased binding affinity (44G=1.1
kcal/mol) compared to the non-fluorinated analogue. This finding is explained by a fa-
vorable interaction of fluorine with the backbone amide carbon of Asn98. In addition,

C—F makes very short contacts with the a-carbon.
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Figure 2.8 Crystal structure of (3aS,4R,8aS, 8bR)-4-(2-(4-fluorobenzyl)-1,3-
dioxodecahydropyrrolo[3,4-ajpyrrolizin-4-yl)benzaminidne bound to its target thrombin (PDB
code 10YT).%

The distance to the o-hydrogen has been calculated to be as short as 2.3 A, further
indicating polar, probably hydrogen-bond like interactions. In addition, aromatic fluori-
nation increases hydrophobicity thereby promoting desolvation and adding to binding
affinity.®” Such orthogonal multipolar interactions as described above were shown to be
abundant in protein-ligand complexes’” and apparently play an important role in orient-

ing and binding of fluorinated ligands to their targets.

25 Metabolism and naturally occurring fluorinated organic molecules

2.5.1 Metabolism

In pharmaceutical lead optimization, modulating the metabolism of biologically active
compounds is of equal importance to altering its activity. Slowing down metabolism
through structural modifications on the one hand is desirable since it extends the in
vivo half-life of the drug. On the other hand, it may also prevent the formation of poten-
tially toxic metabolites. Fluorine has proven especially useful in blocking oxidation sites
of aromatic rings that are normally hydroxylated at the ortho and para positions by cy-
tochrome P450.% |t is often stated that the metabolic stability of fluorinated compounds
results from the strength of the C—F bond compared to C-H (see Table 2.1). As for
cytochrome P450 it is also believed that the difficulties in forming an F—O bond (as op-
posed to H-O) during metabolism account for the stabilizing effect.®® Thus, the C-F
bond stability is not the only factor. In addition, the presence of fluorine atoms in a
molecule may result in alternative metabolic pathways that the drug goes through.
Hydrolysis does similarly account for the deactivation of pharmaceutically active
compounds. Fluorine decreases the basicity of adjacent functional groups and thus
tends to destabilize cationic intermediates that usually occur under acidic hydrolysis.

Accordingly, it may be used, for example, to stabilize enol ether bonds as has been
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shown for fluorinated analogues of the platelet aggregation inhibitor prostacyclin (PGI;)

(see, for example, Figure 2.9).%"

Figure 2.9 Structure of the PGlI, analogue 7-fluoroprostacyclin. While exhibiting an identical
inhibitory activity compared to original PGl, its chemical half life at pH 7.4 is increased from 10
minutes to more than a month.”’ The protonation site that is deactivated by fluorine’s electron
withdrawing effect is marked with an asterisk.

The stability of fluorinated pharmaceuticals notwithstanding, it should be noted that
biotransformations involving defluorination reactions are as well very common. Fre-
quently, carbon atoms adjacent to C—F bonds in aliphatic compounds are hydroxylated
and HF elimination will occur in such cases. In addition, the elimination of fluoride has
also been observed during oxidative metabolism of aryl fluorides.®® Thus, man-made
fluorinated biological molecules are readily recognized by metabolic enzymes. While
these versatile catalysts perform diverse chemical reactions and accept a large number
of substrates, enzymes that form C—F bonds are rarely found. However, there are a
few tropical plants that are able to produce fluorinated biomolecules. A brief account of

these rare compounds is given in the next sub-section.

2.5.2 Naturally occurring fluorinated molecules

Considering the notorious toxicity of many tropical and subtropical plants it is maybe
not surprising that the first fluorinated biomolecule, the highly poisonous 2-
fluoroacetate, was isolated from an African plant (Dichapetalum cymosum known as
‘gifblaar’ or ‘poison leaf’) in 1943.?? Since then 12 natural organofluorine compounds
have been isolated, all of which, except for one (nucleocidine), very likely are secon-
dary metabolites of 2-fluoroacetate (Figure 2.10). Some plants that produce fluoroace-
tic acid also accumulate high levels of fluorinated lipids, such as o-fluoromyristic acid,
in their seeds. Their biosynthesis is explained by the condensation of fluoroacetyl-CoA
instead of acetyl-CoA with malonyl acly carrier protein (malonyl-ACP) in the early

stages of fatty acid biosynthesis.? Furthermore, fluoroacetyl-CoA enters the citric acid
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cycle and is converted to (2R,3R)-fluorocitrate, which is the actual toxic metabolite. Its
conversion to (R)-hydroxy-trans-aconitic acid due to defluorination subsequent to hy-
droxylation by aconitase results in inhibition of this enzyme. The shutting down of the
citric acid cycle due to fluoroacetate uptake is the lethal event because the cell is cut
off from its energy supply, which, for example, leads to cardiac arrest in humans and

animals.®
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Figure 2.10 Biosynthesis of fluoroacetate, its metabolites, and the structure of nucleocidine.

The initial step of fluoroacetate biosynthesis, i.e. enzymatic C—F bond formation,
was resolved only recently.*** In Streptomyces cattleya an enzyme termed ‘fluorinase’
catalyses the formation of a C—F bond through promotion of a nucleophilic attack by
(SAM). The

desoxyadenosine then undergoes a myriad of still unidentified reactions to form 2-

fluoride at C-5 of S-adenosyl methionine resulting 5’-fluoro-5'-
fluoroacetaldehyde, which is finally oxidized to give 2-fluoroacetate. Nucleocidine has
been isolated from Streptomyces calvus. The position of the fluorine atom at C-4’, in
contrast to the other fluorinated natural biomolecules shown in Figure 2.10, led to the
conclusion that this highly toxic antibiotic does not stem from fluoroacetate. However,

to the present day, its biosynthesis has not been clarified.



Fluorinated Amino Acids in Protein Design and Engineering 19

3 Fluorinated Amino Acids in Peptide and Protein Engineering

Considering the often large beneficial impact of fluorination on the biological properties
of small molecules, the modification of peptides and proteins with fluorinated analogues
of the canonical amino acids holds great promise in peptide and protein engineering.?
Interestingly, most studies published in recent years deal with fluorinated analogues of
aliphatic or aromatic hydrophobic amino acids as well as fluorinated methionines and
prolines, although syntheses of other fluorinated amino acids have been described as
well.*”8 This may in part be explained by the fact that the consequences of fluorination
on a molecule’s hydrophobicity/lipophilicity are very well understood and thus far less
controversially discussed than its impact on polar interactions. On the other hand, lack-
ing additional functional groups, hydrophobic amino acids are also easier to synthesize
and some of them are commercially available today. With emphasis on aliphatic side
chains, which are relevant to the present study, the following sections will give a brief

survey of the application of fluorinated hydrophobic amino acids to protein engineering.

31 Incorporation of fluorinated amino acids into peptides and proteins

Chemical peptide synthesis practically enables the incorporation of any amino acid into
polypeptide chains, the precondition being that it is stable under the reaction conditions
applied and in particular that it does not racemize. In this regard, special care must be
taken with fluorinated amino acids since the strong negative inductive effect of fluorine
may first reduce nucleophilicity of the amino function and second increase acidity of the
o~proton. To overcome such difficulties, protocols to prevent racemization, especially
during segment condensation, and to enhance coupling efficiency have been estab-
lished and are now standard.®®'® Moreover, the automation of solid-phase peptide
synthesis (SPPS)"! provides fast routine access to most peptides. It is the method of
choice for small peptides because compared to protein expression, its flexibility regard-
ing building blocks remains unmatched. For example, expressing a protein that is com-
pletely made up of D-amino acids is extremely difficult, since the reversed stereochem-
istry at the o-carbon is not tolerated by the enzymes involved.'® The chemical reactiv-
ity of an amino acid is in turn not affected and thus SPPS of “mirror image proteins”, as
shown for HIV-1 protease,’® becomes possible. Nevertheless, linear SPPS is re-
stricted to chain lengths of roughly 50 amino acids.'® Longer sequences may be syn-
thesized via condensation of multiple protected fragments. Moreover, many efforts
have been undertaken to expand the repertoire of methods for chemoselective ligation

104,105

of native peptide fragments so that syntheses of smaller proteins such as erythro-
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poietin analogues (166 amino acids) are feasible today. The thioester-mediated peptide
ligation (native chemical ligation) has undergone a variety of advancements in recent
years.'® One of them is a biochemical approach to protein thioesters that can be con-
densed to chemically synthesized fragments, e.g. those that contain non-coded amino
acids (expressed protein ligation, EPL)."%®

Production of larger proteins containing non-coded amino acids requires some ma-
nipulation of the natural protein expression apparatus.’®”'%® Both aminoacyl-tRNA syn-
thetases and the ribosome are to an extent flexible regarding their recognition of side
chains, i.e. they can accommodate non-natural amino acids and incorporate them into
proteins. Several biosynthetic methods to globally replace an amino acid by a non-
natural analogue are available. One method exploits auxotrophic bacterial strains that
cannot biosynthesize the amino acid that is to be replaced. Overexpression of the pro-
tein of choice by growing these bacteria in media containing an unnatural analogue
instead of the native amino acid yields a mutant, in which the specific residues are
globally replaced. An early application of this method used an E. coli strain auxotrophic
for phenylalanine to synthesize a protein in which the latter was partly replaced by
para-fluorophyenylalanine.’® Degradation of cellular proteins during expression, how-
ever, may release the corresponding natural amino acid thus prohibiting quantitative
replacement in most cases. Another limitation is given by the restriction to amino acids
that are structurally very similar to the one they are supposed to replace. An extension
of this method that in part overcomes this drawback is provided by employing engi-
neered aminoacyl-tRNA synthetases with higher substrate specificity due to mutations
within or close to the binding pocket."'®"'? Using auxotrophic bacterial strains may be
circumvented when biosynthesis of the amino acid that is to be substituted can be in-
hibited. For example, tryptophane biosynthesis is disabled by 3-indoleacrylic acid. Add-
ing this inhibitor during expression was used to incorporate 5-fluorotryptophane into a
protein as an NMR probe.'"

Notwithstanding these outstanding scientific achievements, several applications re-
quire the site-specific incorporation of non-native amino acids. This, in turn, requires
extension of the genetic code to more than 20 amino acids. The basis for the latter was
provided by Noren et al. in 1989.""* They took advantage of the fact that there exist
three nonsense codons (UAA, UAG, and UGA) that normally signal termination of pro-
tein expression. As only one stop codon is required, the other two can be used to rec-
ognize so-called nonsense suppressor-tRNAs. These tRNAs carry the respective anti
codon and thus suppress termination of protein biosynthesis when acylated with an
amino acid. Applying, or rather optimizing the established protocols for acylation of

tRNA">""" as well as mutating the codon for the residue of interest to one of the stop



Fluorinated Amino Acids in Protein Design and Engineering 21

codons, allows incorporation of the residue into a specified position within a protein
using in vitro translation. One major drawback of this method is that the misacylated
suppressor-tRNA is consumed but not regenerated. The next step in expanding the
genetic code was to engineer aminoacyl-tRNA synthetases that specifically acylate
suppressor-tRNAs with the non-natural amino acid in vivo without interfering with other
tRNA/synthetase pairs. Applying this approach more than 30 amino acids have now
been added to the genetic code of, for example, E. coli and the continuing efforts in the
field of genetic code engineering will certainly provide access to a large variety of modi-
fied proteins with improved properties and novel functions in the future.’® More exam-
ples of fluorinated proteins that have been synthesized or expressed using one of the

methods described above will be indicated in the following.

3.2 Fluorinated amino acids as NMR probes

As stated in section 2.1.1 the °F isotope is a formidable NMR label that can be used to
study the structure, interactions, and folding of proteins.?®?’ Interestingly, the majority
of studies deal with fluorinated analogues of aromatic amino acids such as phenyla-
lanine, tyrosine, and tryptophane (Figure 3.1). These residues are often found in the
hydrophobic binding pockets of proteins. Since single fluorine substituents cause mini-
mal steric perturbations of the aryl moieties, they are easily accommodated in protein
expression. Due to the high sensitivity of the '°F nucleus, the binding of substrates
such as peptides, DNA, or small molecules can readily be monitored by NMR using

these modified proteins.

F OH
F NH
N__~ F
H H H
HoN . COOH H,N . COOH HyN - COOH
4F-Phe 3F-Tyr 6F-Trp 4F-His

Figure 3.1 Structures of some frequently applied "°F NMR labels for proteins. From left to right:
4-fluorophenylalanine, 3-fluorotyrosine, 6-fluorotryptophane and 4-fluorohistidine. (Note that the
numbering of the fluorine atoms neglects the amino acid backbone.)

Fluorinated analogues of histidine are also of interest, since the fluorine label, either at
position 2 or 4, strongly lowers the pK, of the side chain. Recently published proce-
dures to biochemically integrate fluorohistidines into large proteins now pave the way

towards exploring general acid/base catalysis in enzymes by applying '°F NMR.""
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Another very interesting application of '°F NMR is the investigation of membrane ac-
tive peptides.'® As these peptides hold promise as antimicrobial agents (antimicrobial
peptides, AMPs)'? as well as transport systems (cell penetrating peptides, CPPs)'?"122
it is of special interest to elucidate how these peptides interact with lipids, i.e. how they
disrupt or translocate through membranes, respectively. One of the most important
preconditions for a fluorinated amino acid to serve as a probe to study the binding and
orientation of a peptide within a membrane is conformational rigidity. This is because
flexibility of the side chain may hamper data analysis due to splitting of the fluorine sig-
nals. The chemical shift anisotropy results form the fluorine reporter not being fixed
within one well-defined position with respect to the peptide backbone, which is the case
for most fluorinated analogues of the canonical amino acids. Thus, specially designed
amino acids are commonly used to study membrane active peptides by '°F NMR (Fig-
ure 3.2). Derivatives of phenylglycine, for example, lack the B-methylene group thus
fixing the orientation of the side chain. Fluorine substitutions para with respect to C,
keep the label (F'>® or CF5'*) in one defined position, since the side chains are then
axially symmetric. The same is true for Fs-Ala as well as TfmAla. However, phenylgly-
cine derivatives are highly prone to razemization,'® Fs-Ala easily eliminates HF under
basic conditions,'® and incorporation of TfmAla into peptides is challenging, which is
due to steric hindrance as well as reduced nucleophilicity of the a-amino group. At this
point it is essential to note that incorporation of TfmAla is difficult but not impossible. In
a recent study alamethicin labeled with either of the two stereoisomers in replacement
for the native aminoisobutyric acid residue provided valuable insight into its membrane-

associated structure.'?’
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Figure 3.2 Structures of some frequently used NMR labels to study membrane active peptides
and polyproline-Il conformation. Upper panel from left to right: 4-fluorophenyiglycine, 4-
(trifluoromethyl)phenylglycine, trifluoroalanine, trifluoromethylalanine, and 3-(trifluoromethyl)-
bicyclopent-[1.1.1]-1-yl glycine. Lower panel: 3,4- and 4,5-metanoproline.

In the search for an ideal and broadly applicable label to study membrane-bound pep-

tides, very interesting and uncommon structures that overcome the drawbacks men-
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tioned above have recently emerged (see for example CF5-Bpg).'® In line with these
studies, structurally unique fluorinated proline analogues to study the polyproline Il con-

formation have been synthesized as well (Figure 3.2).'%

3.3 Fluorinated analogues of leucine, isoleucine, and valine in protein engi-
neering

The most commonly used among the fluorinated analogues of aliphatic amino acids
are those of leucine, isoleucine, and valine (Figure 3.3). Since a full review of their ap-
plications is beyond the scope of this thesis, some important studies that demonstrate

the diversity of fluorine’s effects will be summarized in the following sections.
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Figure 3.3 Structures of fluorinated analogues of native aliphatic amino acids. Upper panel form
left to right: 4,4,4-trifluorovaline and 4,4,4,4’,4’,4-hexafluorovaline. Lower panel 3’,3,3-
trifluoroisoleucine, 5,5, 5-trifluoroisoleucine, 5,5, 5-trifluoroleucine, and  55,55,5°5"-
hexalfluoroleucine. The asterisk indicates stereochemical heterogeneity of the respective amino
acid at this center.

3.3.1 Modification of membrane-active peptides by fluorinated amino acids

As stated above, membrane active peptides hold great promise as antimicrobial agents
and thus offer a starting point for developing peptide-based antibiotics. Their ability to
interact with or penetrate cell membranes mostly results from their amphiphilic, often
helical structure, in which hydrophobic and hydrophilic residues are spatially sepa-
rated.'® They directly interact with lipid bilayers and do not require a receptor. Thus, it
seems reasonable to assume that replacing native hydrophobic residues such as Leu
and Val by more hydrophobic fluorinated analogues might increase the activity of such
peptides.” The substitution of Leu and lle in pexiganan by HfL, for example, stabilizes
the dimeric structure of this peptide within lipid membranes."" In this example, fluorina-
tion enhances the interaction with bacterial membranes and thus mostly conserves
antimicrobial activity while the peptide remains hemolytically inactive. As opposed to

pexiganan, fluorogainin is not digested trypsin and chymotrypsin when bound to the
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membrane. However, this effect is a result of its increased tendency to self-assemble
within the lipid bilayer rather than an effect of fluorination per se. In the absence of a
membrane, the peptide is as rapidly degraded as its non-fluorinated analogue.™"’

An enhancement in membrane affinity was also shown for the bee venom mellitin, 32
whose toxicity is a result of inducing membrane leakage. In this particular study, up to
four leucine residues were substituted by both diastereomers of TfL. The authors de-
scribe a non-trivial impact of stereochemistry on hydrophobicity of the peptide. How-
ever, one main result of this investigation is that fluorination again enhances self-
association of the peptide in membranes. Although the biological activity of these mel-
litins has not been tested, the study points to the same important conclusion: the in-
creased membrane binding behavior cannot be explained by an increase in hydropho-
bicity alone, but an enhancement in self-association due to hydrocarbon-fluorocarbon
segregation. Thus, the ‘fluorous effect’ (section 2.3) has to be taken into account; while
the lipophobic character of highly fluorinated alkyl side chains enhances self-
association, the direct interaction with lipids, apparently, is less favorable. The signifi-
cance of this finding has been shown for a gramicidin S (GS) variant in which the two

Val residues were replaced by HfV."*®

Although the activity profile of GS is maintained,
the fluorinated analogue exhibits an eight- to sixteen-fold lower activity, which the au-
thors attribute to weaker peptide-membrane interactions due to the lipophobicity of the
highly fluorinated side chain.

Meng et al. have studied the effects of fluorination on the two antimicrobial peptides
buforin-2 and magainin-2, which have very distinct modes of action.™ While buforin-2
translocates through membranes and is believed to kill bacteria by interacting with nu-
cleic acids, magainin-2 causes cell lysis by forming pores in the membrane. Different
variants, in which HfL replaces mainly Leu, lle, and Val (but also Gly and Ala) that also
vary in length in the case of buforin-2 were synthesized. All the fluorinated buforin-2
variants are equally or more active than the native analogue. More importantly, trun-
cated buforin-2 variants that were found inactive regain activity upon fluorination. On
the other hand, magainin-2 does not generally benefit from fluorination. While the
hemolytic activity of buforin-2 remains unchanged, some of the fluorinated magainin-2
variants exhibit increased hemolytic potential. In addition, an analogue in which the
apolar surface was completely fluorinated shows increased self-assembling behavior in
solution that apparently reduces antimicrobial activity. The peptides were furthermore
tested for stability against hydrolysis by trypsin. In contrast to the fluorinated pexigan-
gans described above, the peptides investigated here are proteolytically stable in the

absence of a membrane.
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The above-described fluorination-activity and -stability relationships do not exclu-
sively apply to membrane active peptides. HfL substitutions in glucagon-like peptide-1
revealed comparable effects.’*® Most of the fluorinated variants were active in stimulat-
ing CAMP production, albeit with reduced efficiency due to their lowered affinity towards
their receptor. Again, fluorination confers considerable proteolytic stability (against the
protease dipeptidyl peptidase IV, DPP V) to the peptide, which contrasts the results for
free pexiganan.

In summary these investigations show that the correlation between side chain fluori-
nation and proteolytic stability as well as activity of biologically active peptides is com-
plex. This finding points to the important conclusion that the impact of fluorine highly
depends not only on the immediate environment of the peptide but more importantly on
the environment of the fluorine substitution within the polypeptide sequence. However,
these studies indicate that there are interesting consequences of fluorination on the
phase-segregation behavior of peptides. As will be highlighted in the next section,

these properties have been extensively studied in recent years.

3.3.2 Global fluorination of hydrophobic residues

As indicated above, fluorination makes a distinct contribution to the phase-segregation
of membrane active peptides. This property is especially pronounced for peptides that
form oligomeric helical structures (coiled coils, see chapter 6), in which the fluorinated
residues constitute the helical interface. The formation of coiled coils is driven by the
hydrophobic effect, i.e. segregation of hydrophobic side chains from water to form an
interhelical hydrophobic surface. Thus, it is expected that substitution of native aliphatic
residues by highly fluorinated analogues within the hydrophobic core stabilizes these
structures. An early study was published by the group of David Tirrel, in which the
workers incorporated TfL into the d-positions of the hydrophobic core of a designed
coiled-coil dimer by means of expression using leucine-auxotrophic E. coli grown in
media depleted of native leucine.”® They found that both isomers of TfL, (2S,4S)-TfL
and (2S,4R)-TfL, are activated by leucyl-tRNA synthetase (LeuRS). In contrast, at-
tempts to also incorporate HfL, at that time, failed. Despite the fact that both di-
astereomers of TfL were present in the structure it was shown that fluorination in-
creases thermal stability of the coiled-coil assembly, which was attributed to the in-
creased hydrophobicity of TfL. The peptide with the highest fluorine content exhibited a
by 13 K increased melting point compared to the native variant. A few years later, the
same group published a follow-up study, in which they separately expressed the coiled

coil with either of the two diastereomers.’® Both analogues of the native coiled coil
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exhibited enhanced stability (4T, = 10 K for both), albeit the extent of stabilization was
lower than in the previous example, in which both isomers were mixed. Interestingly,
the stability of the equimolar mixture of both fluorinated peptides was higher and nearly
identical (4T, = 14 K) to the one that contains both diastereomers equally distributed
within the helical interface at the same time. The reasons for the latter finding remain to
be clarified. The authors also accomplished expression of a coiled coil in an engi-
neered bacterial host containing HfL."*” They found that their early attempts failed be-
cause the activation of HfL by LeuRS is 4000-fold slower compared to leucine. It is
important to note at this point that the fidelity of aminoacyl-tRNA synthetases is a cru-
cial factor during the synthesis of fluorinated proteins, as shown for isoleucine-tRNA
synthetase. Though 100-fold less effective, isoleucine-auxotrophic bacterial strains
readily incorporate 5-Tfl into murine dihydrofolate reductase, while 3-Tfl is not at all
accepted.”® Nevertheless, in agreement with their previous findings, increasing the
degree of fluorination and thus hydrophobicity of the hydrophobic core by formally add-
ing a second CF3; group to leucine side chains results in even higher stability of the
coiled coil (AT, = 22 K).

Comparable studies have been carried out using bzip proteins derived from the
GCN4-transcription factor, a native coiled-coil dimer that has DNA binding activity. Re-

d"™® or expressed,' fluorination effectu-

gardless of whether the peptide is synthesize
ates an increase in stability and leaves the DNA-binding affinity unchanged. Further-
more, the general conclusion remains the same, no matter whether substitutions occur
at position a'® or d"° of the coiled coil. However, the position of the CF5 group was
shown to have an impact on the magnitude of stabilization. It was found that the stabi-
lizing effect of TfV is much smaller compared to that of TfL, which is explained by the [3-
trifluoromethyl group in TfV engaging in unfavorable steric interactions with the peptide
backbone. Taking these results together, it was no surprise that complete fluorination
of a GCN4 hydrophobic core (position a with TfV and position d with TfL at the same
time) studied in the group of Krishna Kumar showed equal effects.’*’ However,
Kumar’s group highlighted a very important finding in their follow-up studies. They
compared two helical assemblies, one that carried Leu in all a- and d-positions (peptide
HH) and one that carried its hexafluorinated analogue (peptide FF)."2'** The hetero-
meric disulfide-bridged HF peptide shows only a marginal increase in melting tempera-
ture compared to HH (4T,,=2 K), while the FF coiled coil, due to the increased hydro-
phobicity of HfL, was 48 K more stable. This finding indicated that mixed hydrocarbon-
fluorocarbon cores are disfavored, which points to a strong impact of the ‘fluorous ef-
fect’; the property of highly fluorinated alkyl groups to be hydrophobic and lipophobic at

the same time.
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Figure 3.4 Self-sorting of a highly fluorinated and a native coiled coil. Oxidation of two individual
monomers each carrying a terminal cystein selectively forms a fluorinated (FF) and a non-
fluorinated (HH) assembly (left to right), whereas a mixed hydrocarbon-fluorocarbon heteromer
disproportionates to form HH and FF (according to Bilgicer et al.).”*

In this specific study, the ‘fluorous effect’ is exemplified by the fact that a mixture of
reduced H and F specifically form HH and FF when subjected to oxidation (Figure 3.4).
In turn, an oxidized HF heterooligomer disproportionates to form HH and FF in solution.
Furthermore, the fluorinated peptides were shown to form higher oligomers (tetramers
instead of dimers). The interpretation that the ‘fluorous effect’ drives the self-sorting of
helical peptides that present fluorinated residues on the helical interface gained support
from a study on a designed transmembrane helix. Extensive fluorination of leucine,
here, resulted in an enhancement of oligomerization in the environment of micelles'*
as well as lipid bilayers,'® which points to their tendency to segregate from the lipo-
philic environment. Thus, extensive fluorination of coiled-coil hydrophobic cores leads
to hyperstable assemblies that segregate the fluorous residues form both water and
lipids due to the increased hydrophobicity and the fluorous effect.

As convincing as these results and their interpretations are, they are not undisputed.
The group of Neil Marsh extensively investigated the stability of four-a-helix bundles
containing variable levels of HfL instead of Leu within the hydrophobic core, claiming
that the stabilization they observed is an effect of increased hydrophobicity only rather
than the ‘fluorous effect’, or as the authors call it “specific fluorous interactions”."*® This
interpretation is based on the finding that the partitioning free energies for Leu and HfL
into n-1,1-dihydroperfluoroheptanol are identical. Thus, compared to Leu, there is no
apparent preference for HfL to partition into a perfluorinated environment. On the other
hand, its preference to partition into n-heptanol is 0.4 kcal/mol larger. Furthermore, the
stabilization of the coiled-coil assembly on a per HfL basis is 0.3 kcal/mol, a value that

corresponds well to its increased free energy of partitioning into n-heptanol.
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Figure 3.5 Modeled structures of different antiparallel four-o-helix bundles in which two, four,
and six leucine residues per monomer were substituted by HfL. Fluorinated side chains are
shown in green (reproduced from Lee et al."*” with permission, Copyright © 2009 American
Chemical Society).

Different variants of the antiparallel tetrameric coiled-coil peptide that contained in-
creasing Leu to HfL substitutions at positions a and d were investigated (Figure 3.5)."
Interestingly, the per-HfL stabilization was shown to decrease from 0.3 kcal/mol to 0.12
kcal/mol as the number of HfL residues increased from two to four, and six per mono-
mer, respectively; hence, the author’s conclusion that ‘interactions’ between the fluori-
nated residues do not seem to add stability to the coiled coil. Moreover, adding highly
fluorinated solvents to the buffer, which might have been expected to selectively disrupt
these interactions, were shown to have the same effect on both, the native and the
fluorinated peptide. Comparison of the native peptide and the highest fluorinated vari-
ant showed that both peptides were equally disrupted into helical monomers by high
concentrations of trifluoroethanol (TFE). In contrast, the fluorinated peptide remained a
stable tetramer in ethanol, whereas the native coiled coil was disrupted.”® As the
fluorinated alcohol does not preferentially disrupt the fluorinated oligomer, the authors
conclude that the ‘fluorous effect’ plays a minor role in the stabilization of highly fluori-
nated coiled-coil assemblies. However, this interpretation is disputable, since TFE is
known to induce diverse peptides to adopt a monomeric o-helical conformation.'#%1%°
Thus, the significance of the latter finding requires additional proof. The authors fur-
thermore studied different helical bundles, in which Leu and HfL alternately pack
against each other.”' They found that the per-HfL substitution in these peptides is
greater than in the fully fluorinated variant, which is explained by a more favorable
packing. Indeed, fluorination significantly increases the size of the side chain resulting
in “overpacking” of the hydrophobic core. This effect can be partly attenuated by the
alternate packing pattern as shown by 'F-NMR. This conclusion again highlights the
fact that fluorine is not a conservative substitution in terms of size, especially when
multiple hydrogens are displaced. However, an indication for self-sorting, i.e. the ‘fluor-

ous effect’, was only found for the fully fluorinated peptide.
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In contrast to coiled-coil proteins, in which the fluorinated residues constitute one
distinct interface between several helical peptides, globular proteins, which usually ex-
hibit a broader distribution of hydrophobic residues, are destabilized by side chain fluo-
rination of these amino acids. Although enhancing secondary structure formation at
ambient temperature, the thermal stability of chloramphenicol acetyltransferase (CAT),
for example, decreased along with increasing Leu to TfL substitutions, which was
shown by a drop in activity."®? Similarly, the green fluorescent protein (GFP) lost fluo-
rescence upon global replacement of leucine by TfL due to poor structure formation.'*
In one of the papers, the authors note that one reason for the destabilizing effect,
among others, may be the propensity of fluoroalkyl groups to “...exist near other fluori-
nes”. In other words, the ‘fluorous effect’ may also promote misfolding when fluorinated

residues cluster in non-native folding states of the protein.’?

Ligation

Replicase
Cycle

Unfolding

~CH,
Exemplary
Fluorous Interactions

Figure 3.6 Catalytic cycle of a self-replicating peptide: the ligation between two fragments is
catalyzed through coiled-coil formation with a full-length peptide, which brings the reactive func-
tional groups (a thioester and a cysteine) in close proximity. The ligation of fluorinated peptides
is retarded, presumably b)/ forming fluorous ‘clusters’ that stabilize the unfolded state (repro-
duced from Jéckel et al."® with permission, Copyright © 2009 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim).

Although this interpretation is speculative, it does not stay without support. The same
conclusion was drawn by Jackel et al. before to explain the decreasing rates of product
formation of a self-replicating coiled-coil peptide.’* As the fluorine content in the side
chain is increased from zero to two or three the rate of product formation over time de-
creased. In this example, fluorous ‘clusters’ in the unfolded state of the peptide are
thought to inhibit the formation of the reactive complex between the template and the
two peptide fragments (Figure 3.6). Further studies on both CAT and GFP, however,

revealed that it is possible to evolve fluorinated proteins with distinct function and fold-
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ing."**'®® Combining protein expression in the presence of TfL with directed evolution'®
yielded a CAT variant with improved thermostability. Interestingly, when the fluorinated
protein served as the parent protein for mutagenesis no mutations were found in close
proximity to the fluorinated residues and the binding site. Moreover, none of the leuci-
nes within the protein were removed. In a comparable study, a fluorinated GFP mutant
with recovered and even 650-fold higher fluorescence intensity was generated.'

In summary, stabilization of helical interaction motifs by global fluorination can be
achieved, when the fluorinated residues constitute distinct interaction cores of the pro-
tein. However, while this mostly applies to homotypic interactions, most protein ligand
interactions, which are important for drug development, are heterotypic. Globular pro-
teins usually do not tolerate global fluorination and require reorganization, i.e. evolution
of their primary structure to compensate for the loss in stability and activity. These re-
sults indicate that fluorine exerts its effects in a strongly environment-dependent man-
ner, a fact that is now increasingly being recognized not only for aliphatic fluorinated
amino acids but also for fluorinated aromatic residues.’”'*® The application of phage
display to screen for fluorophilic residues from within the pool of 20 encoded amino
acids revealed that these prefer bulky hydrophobic residues such as leucine and iso-
leucine in a coiled-coil environment.'® However, less is known about the molecular
interactions with these amino acids. The main question that remains to be answered is
as to what extent the polarity and size of fluorinated alkyl side chains affect interactions
with native hydrophobic amino acids. Furthermore, it is important to systematically
study the impact of hydrophobic side chain packing, i.e. the immediate environment.
Such studies provide a basis for a more profound understanding of the rather divergent
effects described above and for a directed application of fluorinated amino acids in
modulating protein-protein interactions, such as those of small peptides (e.g. as drugs)

with receptors.
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4 Aim of the Work

Although there is a large body of literature dealing with peptides and proteins that are
modified with fluorinated amino acids, the specific interactions by which these building
blocks affect their structure and activity are not yet fully understood. Many investiga-
tions have been based on global fluorination and these have revealed interesting re-
sults such as the stabilizing impact of the ‘fluorous effect’ on coiled-coil peptides. Also,
suitably designed amino acids have proven valuable for studying the structure and
function of proteins by '°F-NMR. Fewer studies considering substitutions of single na-
tive residues have been published but these revealed that the effects of fluorination can
be rather diverse, since they appear to be highly dependent on the environment and
thus difficult to predict. Therefore, complete characterization of the properties of fluori-
nated amino acids within a native protein environment is required to enable their di-
rected application in peptide and protein engineering. To this end, model systems de-
veloped in the group of Prof. Dr. Beate Koksch based on the a-helical coiled-coil fold-
ing motif have proven rather informative, since they adopt a very well defined and pre-
dictable three-dimensional structure. The coiled coil's well-established design principles
enable a variety of folding studies that provide a detailed insight into the interactions of
different peptides at the molecular level.

Based on previous findings gained with such a coiled coil, a new model system was
developed in line with the present study to provide for an interaction between a fully
native peptide and a complement containing various single fluoroamino acid substitu-
tions. The goal of the study is to investigate the consequences of altering fluorine con-
tent and, thus, steric effects and hydrophobicity of the side chain on the structure and
thermodynamics of folding applying circular dichroism spectroscopy. Analogous to ear-
lier investigations of coiled-coil self-replication, a surface plasmon resonance based
assay was developed to allow for a detailed investigation of fluorine’s effects on coiled-
coil folding kinetics. With the objective of elucidating how subtle differences in the envi-
ronment of the substitution, such as packing preferences of the side chains, would af-
fect fluorine’s impact, two different positions within the hydrophobic core of the coiled

coil were studied.
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5 Applied Methods

The central objective of the present thesis is the thermodynamic and kinetic investiga-
tion of the effects that varying degrees of fluorination at a single site within a coiled-coll
assembly have on its folding. The two most important methods - circular dichroism
(CD) spectroscopy and surface plasmon resonance (SPR) - applied here are described
in detail below. Brief accounts of additional methods that were used to characterize the

peptides are given in the publications presented in chapter 6.

51 Circular dichroism spectroscopy

CD spectroscopy is one of the most important methods for investigating the global
structure of biological macromolecules such as peptides and proteins as well as
DNA."®%®" Since the common secondary structural motifs of polypeptides exhibit char-
acteristic CD spectra in the UV range (see section 5.1.2), measuring CD allows as-
sessing the proportionate contributions to the overall structure, albeit with low resolu-
tion. Nevertheless, the specific signals can be used to monitor structure formation or
conversely denaturation as well as bimolecular interactions, for example, of peptides
and membranes or nucleic acids, which are often associated with distinctive structural
rearrangements. Thus, CD spectroscopy can be employed for a variety of investiga-
tions ranging form simple structural up to high level thermodynamic and kinetic stud-

ies.'6?

5.1.1 Physical background

CD, also termed ‘Cotton effect’, is a physical phenomenon that occurs when two oppo-
sitely circularly polarized light beams are absorbed by an optically active molecule.
Both light beams interact with the molecule but the extent to which they are absorbed is
different. CD is defined as the difference in absorption between right- and left-circularly

polarized light that can be written according to Lambert-Beer’s law as:

AA=A, —Ag =¢,cl —¢ggcl = Agcl (5.1)

where A is the absorption, £the absorption coefficient, ¢ the molar concentration of the

analyte, and / the path length. The term 4¢is defined as the decadic molar CD.
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A)

Figure 5.1 A) Elliptically polarized light visualized as a combination of two oppositely circularly
polarized light beams of unequal intensity after absorption of plane-polarized light by an opti-
cally active molecule. In case the absorption of right-circularly polarized light is greater than that
of left-circularly polarized light, then the result will be a left-elliptically polarized light beam. B)
Definition of ellipticity 6 as the angle between the minor and major axis of the ellipse whose ratio
is equal to tan®. The angle o is the optical rotation, i.e. the angle between the major axis of the
ellipse and the initial plane of the incident plane-polarized light beam.

Plane-polarized light can be envisioned as a combination of a left- and a right-
circularly polarized light beam of equal intensity. Thus when plane polarized light
passes through an optically active sample the differential absorption of the two compo-
nents results in an elliptically polarized light beam (Figure 5.1 A). The difference of
magnitudes of the two components gives the semiminor axis, whereas their sum gives
the semimajor axis of the ellipse. Other than directly reporting 4cor the very small dif-
ferences in absorption ellipticity #is commonly used to discuss CD data. It is defined as
the angle between the minor and major axis (Figure 5.1 B). Using equation 5.2, CD and

ellipticity are readily interconvertible.'®

6(deg) = 180-|n1o.j—A = 32.982A (5-2)
T

To enable a comparison of spectra of different proteins ellipticity @is usually con-
verted into mean molar residual ellipticity [6], which removes the linear dependence of
the signal on path length, analyte concentration, and chain length. All CD data dis-
cussed in this thesis are reported in terms of [4] that has the dimension [10° deg cm?

dmol™ residue™]. Normalization is based on equation 5.3

)

[61= 10000 c.7n (5.3)

where n is the number of residues, 6 the measured ellipticity in mdeg, ¢ the analyte
concentration in mol/l, and / the path length in cm. Here, c¢ refers to the overall peptide

concentration and n to the average number of residues both based on monomers.
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5.1.2 Protein structure analysis

Being most abundant in polypeptides the amide group is the most important chromo-
phore for CD spectroscopy of these biomolecules. It has three n centers and thus three
© orbitals (m.,m,, and ©*) filled with four electrons. In addition, there are two lone pairs of
electrons sitting in two n orbitals (n and n’) located at the carbonyl oxygen (Figure 5.2
A). The &, " as well as the n’ n* transitions have not yet been identified. The n, ©* tran-
sition occurs at 190 nm and is marginally solvent dependent. The lower energy nm*
transition usually occurs at 220 nm but shifts + 10 nm depending on the solvent and

molecular interactions of the amide group.
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Figure 5.2 A) Electronic structure of the amide group with the two identified transitions in the
UV range (according to ref. 160). B) Characteristic CD spectra of a random coil, an o-helix, and
a typical p-sheet. (The helix and random coil spectra were taken from samples discussed in this
thesis. The [-sheet spectrum has been drawn from data provided by Sara Wagner with her kind
permission’®).
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The characteristic far UV CD spectra of an unstructured peptide, an a-helix, and a
B-sheet are shown in Figure 5.2 B. The o-helix spectrum is characterized by a mini-
mum at 222 nm that has been assigned to the amide nn* transition. The strong mini-
mum at 208 nm as well as the maximum at 190 nm result from excitation splitting of the
nn* transition. B-sheets, in turn, usually show a broad minimum centered around 215
nm (nt* transition), a maximum at approximately 198 nm and a minimum at 175 nm
(not shown) that were assigned to the mnn* transition. The prediction of random coil
spectra is problematic in that it is a combination of different unordered structures that
rapidly interconvert. Thus, the spectra of unordered peptides can be rather different.
While all of them exhibit a negative band just below 200 nm some random coils show a
positive band in the long wavelength region and some do not (see Figure 5.2 B). Nev-

ertheless, the spectra of the two most common secondary structures and random coils

240
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are easily distinguishable. Many programs are available to deconvolute CD spectra of
complex proteins, i.e. to assess the individual contribution of each of the three as well
as other secondary structures such as polyproline Il and B-turns.'® The spectra of the
latter two structural motifs, however, are less easily distinguishable. Polyproline-Il spec-
tra, for example, resemble those of random coils while B-turns exhibit spectra that are
easily confused with a-helix (type 1) and B-sheet (type Il). However, these secondary
structures are not an issue for the present investigations and are thus not discussed
any further.

For the present study a simpler approach using the normalized signal intensity at
222 nm to calculate the helical content of the peptide assemblies was applied. The
basis on which helical content is calculated was provided by Chen et al. who found that

the chain length dependence of the nn* transition intensity fits the following equation:'®®

k
[9]222nm = [9]02022nm (1 _FJ (5.4)

where [fl222nm is the theoretical normalized signal intensity at 222 nm, [6]5,,,,, the sig-
nal intensity at this given wavelength for an infinite helix and r the number of backbone
amides. The values for k as well as [6]5,,,, vary in literature and depend on the
method applied. An investigation by Gans et al. however gave a k value of 4.6, which,
as the authors state, approximately corresponds the four C-terminal carbonyls that
cannot participate in backbone hydrogen bonding,'®® a phenomenon termed “helix end-
fraying”. Using this value for k, the ellipticity of an infinite helix is -40 - 10° deg cm?
dmol™ residue™. Accordingly, the fraction of a given peptide being in an o-helical con-
formation (fieix) Can now be expressed as the ratio of the measured normalized elliptic-

ity and the theoretical value:

f _ [9] 222nm

helix —
-40000.(4-6J (5.5)
r

Equation 5.5 does not consider the contribution of aromatic side chains to the CD sig-
nal at 222 nm. However, it has been shown that, since they are UV active, they may
have a significant impact.’® The magnitude to which they affect CD signals has unfor-
tunately not yet been clearly quantified. Therefore, the contribution of the aromatic (or-
tho-aminobenzoic acid, Abz) label used for the present investigations is neglected. It
has been shown that phenylalanine tends to reduce signal intensity at 222 nm. Taking

the structural resemblance of Phe and Abz in terms of the aromatic ring into account
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the values for f..x reported here should, thus, be considered as relative values that,

possibly, are underestimated.

5.1.3 Thermodynamic analysis of protein folding applying CD spectroscopy

Protein denaturation can be investigated by any kind of spectroscopy since it is usually
associated with distinctive changes in absorption or fluorescence of chromophores that
are buried in the native state. Thus, monitoring the CD signals as a function of tem-
perature or denaturant concentration (urea or guanidinium hydrochloride) provides an
option for monitoring the transition from the native fold to random coil. For o-helical
structures the signal at 222 nm is most distinctive and thus commonly used to monitor
denaturation. Also, more complex protein structures that contain a-helices can be in-
vestigated using this signal, since protein unfolding usually is a cooperative process,
i.e. the transition of the folded to the unfolded state occurs simultaneously at every po-
sition of the protein. Fitting the data to an appropriate model then allows calculating
thermodynamic data. In the following the equations used for data fitting of the peptides
investigated in line with this thesis will be derived.

Although not undisputable in the case of coiled-coil peptides,’® many proteins ex-
hibit unfolding that apparently proceeds via a reversible two-state mechanism. This
means that there is no accumulation of intermediates on the way from the native to the

unfolded state. The equilibrium can be described by the simple relationship:
AG =AG°+RTInK (5.6)

where 4G is the free energy of unfolding at a given temperature and K the equilibrium
constant. AG° is the difference in free energy between the purely native and the purely
unfolded protein under standard conditions (1M, 101325 Pa, 298.15 K). For the unfold-
ing of a dimeric peptide assembly D into two monomers M, as is the case for the
coiled-coil peptides investigated here, the concentrations of D and M at any tempera-
ture can be described in terms of fraction unfolded f,:

[D]; =[D], —1,[Dl, (5.7)

[M]; =2f,[D], (5.8)

where [D]y is the initial concentration of the native protein assembly. Thus, with K at a

given temperature defined as:

[M];*
K, =221 _ 510
" DI, (519
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K can now be described in terms of fraction unfolded and peptide concentration:

4f2[DJ5

= ul™lo 5.11
" [D], -1, [Dly 611

which in turn provides a definition of f, at any temperature in terms of K1

. V16K [D], +K:2 —K;

; (5.12)
8K [Dl,

For data fitting a reference temperature is chosen, at which a definition of £, is avail-
able. The melting point T,, is defined as temperature where half of the protein is un-
folded. Thus, with f, at T,, being 0.5, 4G° can be written combining equations 5.6 and
5.11 as:

AG°=AG; —RTIn2[D], (5.13)

where 4Gr is the free energy of unfolding as a function of temperature that can also be

expressed by the Gibb’s-Helmholtz relationship:

AG; = AH; —TAS; (5.14)

The temperature dependence of the enthalpy of unfolding (4H7) and the entropy of un-

folding (4S7) can be defined using T,, as the reference temperature:

AHy =aH; +4C,(T-T,,) (5.15)

AS; =AS; +4C, In(TLJ

m

(5.16)

where 4C, is the difference in heat capacity between native and unfolded protein that is
assumed to be temperature independent within the transition range. Since at the melt-
ing point 4Gt must be zero the temperature dependence of 4S can be rewritten using
equation 5.14 as:

AH
AST = Tm

T
+AC, In(_,_—j (5.17)

m m

Combining equations 5.14, 5.15, and 5.17 gives:

AGy =aH;. (1-TLJ+Acp(T-Tm —TInTLJ (5.18)

m m
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K+ in equation 5.12 can be expressed using the relationship:

K, - e—% (5.19)
where 4Gt is represented by equation 5.18, which then gives a theoretical description
of f, when combined in equation 5.12.

Fraction unfolded may also be expressed in terms of ellipticity [4] for the two-state
transition. The temperature dependence of [4] can be described as the sum of the tem-
perature dependence of the ellipticities of the pure monomer and dimer that are related

to fraction unfolded as follows:

[0}y =1, (61" (5.20)
[617 =[61° - £,[61° (5.21)

where [d" and [4° are the temperature dependencies of the fully monomeric and

dimeric peptides, respectively.

o
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Figure 5.3 Example of a melting curve showing the linear baselines for the native dimeric state
and the denatured monomeric state, where a and b are the slopes and t the temperature in °C.

Thus, f, can be written as:

__[61-161°

61 -161° (622)

with [d" and [4° represented by the linear baselines of the unfolding profile (Figure
5.3). Since the enthalpy strongly depends on 4C, it is not reasonable to fit both values
simultaneously. Therefore, the change in heat capacity is initially assumed to be zero
for the purpose of fitting. The observed dependence of f, from temperature as de-

scribed by equation 5.22 is then fit to the combined equations 5.18 and 5.19 to yield a,
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b, K7, AHr,, and T,,. These values can then be used to calculate 4G° using equation

5.13 when 4C, is known (see section 7.2).

5.2 Surface plasmon resonance

The equations describing SPR are not trivial. Since a complete understanding of their
derivation, however, is not needed to understand the principle, only a phenomenologi-

cal account of SPR will be given prior to a description of its applications in biophysics.

4.2.1 Physical background

When light passes from a material with a high refractive index (glass) into another with
a low refractive index (water/buffer) some light is reflected. As the angle at which the
light strikes the surface reaches a critical value, almost 100% of the incident light is
reflected (total internal reflection). If, however, the glass surface is coated with a thin
noble metal film such as gold, a further increase of the angle will result in “loss” of light
into the metal. This phenomenon is explained by the light exciting surface plasmons at
the glass metal interface. A surface plasmon can be described as a charge density
wave (collective oscillation of the mobile electrons at the surface of the metal) that
propagates parallel to the metal dielectric interface. When the wave vector of the inci-
dent light matches the wavelength of the surface plasmons, the electrons resonate, i.e.
SPR occurs. This coupling of the incident light to the surface plasmons reduces the
intensity of the reflected light (Figure 5.4). There exists one angle 6, the SPR angle, at
which the intensity of the reflected light reaches a minimum.

The evanescent optical electric field of the surface plasmons decays exponentially
away from the surface (~200 nm)."® Within that range any change in refractive index
and surface thickness will affect the SPR angle. Refractive index and dielectric con-

stant are related as follows:
n=.— (5.23)

where ¢is the dielectric constant of the respective medium and g, that of vacuum. For a

clean metal surface evaporated onto a glass surface 6 can be approximated by equa-
tion 5.24:

5.24

0 =~ arcsin{&—m} (5.24)

(€+em)eq
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where, at the given wavelength, ¢ is the real part of the dielectric function of the metal,
&nthe dielectric constant of the medium above the surface, and g that of glass. Given
these relations, any adsorptive process near the surface that changes n is detected in
terms of a change in @ These changes can be monitored in real time, which allows
assessing the kinetics of the processes at the surface.

There are different experimental setups to measure SPR. One, which measures
46 in terms of resonance units (RU) has been described above. To a rough approxima-
tion one RU corresponds to 1 pg/mm? of material (protein) bound to the surface.'”® Al-
ternatively, it is possible to measure the wavelength dependence of reflectivity (R) in a
fixed angle experiment. Here, the minimum of R is a function of wavelength. In line with
the present thesis the experiments were based on a fixed wavelength experiment (Fig-
ure 5.4) applying the BlAcore® technology.”' Usually, low-power laser light such as
HeNe (632.8 nm) is used for investigation of protein-protein as well as protein-ligand
interactions since polypeptides usually do not absorb light in the visible region. How-

ever, methods based on near-IR irradiation have been developed as well."®*

light
source 0 detector
® ligand
dextrane < analyte
matrix prism
\ ] sensorchip with

gold coating

Figure 5.4 Typical experimental setup: Light of a constant wavelength strikes a surface at an
array of different angles (a prism is used for dispersion) and the angle at which reflectivity is
minimal is detected using a diode array detector.

5.2.2 Application of SPR in biomolecular interaction analysis

One of the major advantages of SPR is that it does not require labeling of the interact-
ing partners since the quantity of surface bound material as well as surface thickness
directly translate into a change in SPR angle. Thus, protein interactions with peptides,
DNA and small molecule ligands can be monitored using the native biomolecules. Bio-
specific interaction analysis (BIA) applying SPR has been commercialized towards the
end of the last century by combining this highly sensitive detection principle with sensor
chip technology.'? In the setup applied in BIAcore® experiments an approximately 50

pMm gold surface is brought onto a glass chip that consists of several flow-channels al-
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lowing parallel analyses of several interactions as well as on-line reference subtraction.
In principle, proteins containing sulfhydryl groups can be directly immobilized on gold.
However, the chips used for BIA today are coated with an extended coupling matrix
composed of carboxymethylated dextrane. Such a hydrogel like matrix has several
advantages over pure gold surfaces.'”® It does not only provide for higher levels of im-
mobilization, it also prevents steric crowding of ligands on the surface thereby enhanc-
ing availability. A good availability of the binding sites is necessary to prevent limitation
of binding by diffusion. Furthermore, the dextrane, being a polysaccharide, provides a
hydrophilic surrounding that presents a favorable environment for most biomolecular
interactions. The carboxyl group itself serves two purposes. First, it is used as a chemi-
cal handle that provides for chemical immobilization of the ligand. Second, given an
appropriate pH, its negative charge can be used to enhance immobilization by drawing

the proteins towards the surface under conditions where they are positively charged.

—_—
HO-N;?

(¢]
NHS

Figure 5.5 Activation of the surface carboxyl groups and ligand thiol capture.

The first critical step in each SPR experiment is immobilization of the ligand. The
carboxyl groups at the surface, as stated above, provide for a variety of immobilization
chemistries. Moreover, BlAcore® offers a variety of modified sensorchips such as those
coated with streptavidine for biotine based immobilization or hydrophobic surfaces for
lipid immobilization."”® However, one needs to ensure that first, immobilization does not
inactivate the ligand and second that all ligands are equally oriented on the surface
since heterogeneous surfaces may seriously hamper data analysis. This is presumably
due to unequal availability or blocking of binding sites. Chemically assembled peptides
and DNA can easily be endowed with biotine that may then be used to capture the
ligand on streptavidine coated sensor chips. Ligands that are modified with sulfhydryl
groups (e.g. cysteine) remote from the binding site are immobilized through disulfide
bridge formation after adequate chemical modification of the surface carboxyl groups.
Moreover, proteins may be directly immobilized via amine coupling subsequent to acti-
vation of the carboxyl moieties (e.g. as succinimidyl esters). However, since peptides

and proteins contain a large number of amino groups, direct immobilization may result
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in heterogeneous surface coating. In the present work an indirect technique has been
applied. Here, the surface is chemically activated prior to introducing a thiol for ligand
thiol capture (Figure 5.5). Since the ligand used for the investigations presented here
contains a single C-terminal cysteine, heterogeneous immobilization is prevented.

Usually a range of analyte concentrations is used in several experiments that are
then globally analyzed to calculate most precise kinetic parameters. Applying high flow
rates (100 pl/min) ensures that the analyte concentration is constant during the asso-
ciation phase, which results in pseudo first order binding kinetics. Subsequently, the
flow of analyte is switched to a flow of pure buffer and dissociation of the complex is
monitored. The final step is appropriate data analysis that can only be performed when
the stoichiometry of the interaction is known. BlAcore® offers a software package con-
taining a variety of interaction models ranging from simple 1:1 Langmuir binding up to
more complex models considering heterogeneity of the ligand or analyte as well as
multistep interactions. Further interaction models can be implemented. It is however
necessary to validate the results by comparing the calculated equilibrium constants to
results gained from other experiments as will be further discussed in sections 6.7 and
6.8.
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6 Results and Discussion

The results presented in this chapter have partly been published in the following peer-

reviewed reports:

S. Samsonov, M. Salwiczek, G. Anders, B. Koksch, M. T. Pisabarro; Fluorine in
Protein Environments: A QM and MD Study; J. Phys. Chem. B 2009, 113,
16400-16408. (Section 6.2)

e M. Salwiczek, S. Samsonov, T. Vagt, E. Nyakatura, E. Fleige, J. Numata, H.
Colfen, M. T. Pisabarro, B. Koksch; Position-Dependent Effects of Fluorinated
Amino Acids on the Hydrophobic Core Formation of a Heterodimeric Coiled
Coil; Chem. Eur. J. 2009, 15, 7628-7636. (Section 6.3)

e M. Salwiczek, P. K. Mikhailiuk, I. V. Komarov, S. Afonin, A. S. Ulrich, B. Koksch;
Compatibility of the Conformationally Rigid CF;-Bpg Side Chain with the Hydro-
phobic Coiled-Coil Interface; Amino Acids, accepted 2010. (Section 6.5)

o M. Salwiczek, B. Koksch; Effects of Fluorination on the Folding Kinetics of a

Heterodimeric Coiled Coil; ChemBioChem 2009, 10, 2867-2870. (Section 6.7)

Results that are not part of these publications as well as further considerations and

interpretations are presented in additional sections.

6.1 The Coiled Coil as a model for a natural polypeptide environment

A model system that is suitable for systematically studying the interactions of a library
of non-native amino acids with native residues in a natural protein environment at the
molecular level must fulfill some key conditions: 1) a predictable, defined, and structur-
ally well characterized fold that determines the interacting residues; 2) substitutions
should be easily accommodated, i.e. the model should be structurally and thermody-
namically stable towards modifications; while 3) being sensitive enough to detect them;
and 4) quick and efficient to synthesize. However, the resolution of the ‘protein-folding
problem’,"” i.e. our limited ability to accurately predict polypeptide and protein folding
based on knowledge of their primary structure, is undoubtedly one of the most ambi-
tious aims in biological chemistry. Statistical analyses of many protein structures lead
to a scale that lists the propensity of the canonical amino acids to be found in a certain
conformation.'”®'® |n addition, thermodynamic scales have been established, at least
for the two most common secondary structural motifs, the a-helix'”” and the B-sheet.178

Based on these progresses supported by computer-aided structure prediction, solving
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the problem seems no longer as big a challenge as it appeared a few decades ago."®
Nevertheless, the de novo design of proteins that adopt a desired fold usually is ex-
pensive in labor and time. The oa-helical coiled-coil folding motif represents a major
exception. Because its structural features are well understood, rules for its design have
been established.'® Therefore, it almost perfectly fulfills the conditions given above
and has already proven valuable for studying the interactions of fluorinated amino acids
with their native counterparts.’'®" The next two sections summarize the basic struc-
tural features and some important biological functions of coiled-coil based proteins.
Furthermore, the design of the VPE-VPK model system employed in this study will be

described.

6.1.1 The coiled-coil folding motif: Structure and function

With the objective to unravel an at that time unusual X-ray diffraction pattern belonging
to a-keratin, the coiled coil was first hypothesized as a folding motif in 1952 by Francis
Crick."® While some of the reflexions could not be explained in terms of a regular,
straight a-helix, taking into account oligomerization of several helices through side-by-
side packing with a 20° left-handed superhelical twist rationalized the findings.'®® Fur-
thermore, it was postulated that a-keratin’s primary structure must follow a repetitive
amino acid sequence comprising seven residues'® of which every third and fourth is
hydrophobic. This pattern is well-known today as the heptad repeat (abcdefg),. The
first complete sequencing of such a repeat pattern was accomplished in 1972 for tro-
pomyosin.'®® Comparison of the sequences of some DNA-binding domains'®® and the
first high-resolution crystal structure of an isolated coiled coil in 1991 (Figure 6.1 A)'"®
eventually revealed the sophistication of the coiled-coil primary structure.

Hydrophobic residues such as leucine, isoleucine, valine, and methionine are clearly

preferred in the a- and d-positions,'®>'®

whereas all the other positions primarily harbor
polar and charged amino acids such as lysine, glutamic acid, glutamine, and aspar-
agine. In contrast to isolated a-helices, in which each complete turn comprises 3.6 resi-
dues, the number is reduced to 3.5 in coiled-coil helices. Thus, one heptad makes up
two turns of the helix. Projection onto an idealized helical wheel shows that the a- and
d-positions are arranged on one side of the helix, spatially separating them from the
polar and charged residues (Figure 6.1 C). This arrangement of polar and non-polar
residues renders the individual helices highly amphiphilic and provides an interface for
recognition as well as the driving force for oligomerization. Through zipper-like ‘knobs-
into-holes’ packing of a- and d- against a’- and d’-positions of the opposite strand (Fig-

ure 6.2 C), a hydrophobic core that provides most of a coiled coil’s stability is formed.
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Interhelical Coulomb interactions between the e-/g- and e’-/g’- positions, respectively,
provide for folding specificity, e.g. parallel vs. antiparallel orientation'® and homo- vs.
heterooligomerization.’®' These Coulomb interactions furthermore contribute to the
overall stability of the assembly.'®*"®* Therefore, depending on whether these interac-
tions are attractive or repulsive, a specific orientation and oligomerization state can be

favored.

Figure 6.1 A) Crystal structure of the GCN4 leucine zipper (PDB code 2ZTA), B) GCN4 back-
bone viewed from the N- to the C-terminus along the superhelical axis, C) helical wheel repre-
sentation of B depicting the heptad repeat pattern.

Oligomerization state and helix orientation are also affected by the hydrophobic core. It
was found that the burial of polar residues such as asparagine within the hydrophobic
core favors dimerization.'® Hydrogen-bonding between two asparagines may further-
more direct helix orientation.”®'®” The B-branched amino acid valine at position a fa-
vors parallel dimers and trimers whereas complete leucine cores favor an antiparallel
helix orientation.’®® In coiled-coil dimers the remaining positions are mainly solvent-
exposed and mediate solubility in water. However, intramolecular interactions between
these residues may account for additional stability of the individual helices.%® "%
Classical coiled coils, i.e. those based on the heptad repeat, are usually composed
of two to five a-helices. Recently, also a synthetic seven-helix coiled coil was re-

199,201

ported.?”® They can be as short as two heptads in synthetic models and as long

as 200 in native proteins. Roughly 10% of all proteins contain coiled-coil domains that,

2

depending on their length and architecture,®? serve a multitude of biological func-

tions.??* Long coiled coils, i.e. domains of several hundred amino acids in length,
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usually have structural and mechanical functions. They build up the cytoskeleton (in-
termediate filament proteins) and function as motor proteins that assemble muscle
filaments (e.g. myosin). Nuclear coiled coils are involved in chromatin organization and
nuclear envelope assembly as well as transcription, mitosis, and apoptosis. Some of
these long coiled coils also exhibit elastic properties that are in part responsible for hair
flexibility (o-keratin) and muscle function (myosin). Many short coiled-coil domains
have been indentified as structural components as well as recognition domains of DNA
binding proteins. Most prominent amongst these are Jun, Fos, and GCN4 which are

important transcription factors. Viral fusion proteins such as gp41,2°>2%®

which is part of
an HIV-1 envelope glycoprotein, are also based on the heptad repeat. The vast struc-
tural changes that are associated with coiled-coil formation are believed to induce
membrane fusion after binding of the virus to its host cells.

The vital functions of coiled coils and their involvement in pathogenic events such as
viral fusion make them attractive candidates for drug development. Due to their inter-
esting physical properties such as elasticity future applications in nanotechnology, e.g.
as molecular springs, may be envisaged. Important for the purpose of the present
study, however, are the coiled coil’'s basic structural features. Its folding is predictable
and the interaction partners within the assembly are precisely defined. A design that
provides for heterotypic oligomerization, therefore, enables a systematic investigation
of the molecular interactions of fluorinated amino acids with native residues in a natural

polypeptide environment.

6.1.2 Design of the model system

The model system VPE-VPK was designed to provide an environment for specific in-
teractions between a fluorinated and a non-fluorinated peptide. The peptide model ful-
fills two important criteria: 1) specificity for one distinct orientation (parallel) of the pep-
tide strands within the assembly and 2) heterodimerization, i.e. the interaction of a fully
native with a complementary fluorinated peptide strand. Figure 6.2 illustrates the de-
sign of the model peptide.

The amino acid composition of the hydrophobic core is inspired by the GCN4 tran-
scription factor, which has already been extensively characterized at high resolution.®’
Here, valine in all of the a- and leucine in all of the d-positions provide for a parallel
orientation of the peptide strands in the coiled-coil dimer. Most important for the pur-
pose of this study, heterodimerization is required to guarantee that the observed effects
trace back to a single fluoroamino acid substitution per dimer. This condition is accom-

plished by introducing e-g’ and g-e’ pairs that engage in favorable electrostatic interac-
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tions in the heterodimer but would repel one another in both possible homodimers. In
addition, the g22-e’27 and e27-g’22 substitution pattern (E instead of K and K instead
of E) supports the parallel orientation. These interactions are favorable for the parallel
alignment, while they would be repulsive for an antiparallel coiled coil.

A) C)

HOOC —> NH,

Es by Eof K Ky Ky

B)
VPK: KVSALKEKVASLKEKVSALKEEVASLEEKVSALK

DA DDA

VPE: EVSALEKEVASLEKEVSALEKKVASLKKEVSALE

Figure 6.2 A) Helical wheel model viewed from the N- to the C-terminus and B) sequence of the
VPE-VPK dimer. The substitution positions are highlighted in green. C) Cutout of the rod model
illustrating the packing of the residues at the substitution sites.

The GCN4 crystal structure shows that, in contrast to antiparallel coiled coils, the pack-
ing characteristics of the a- and d-positions in parallel coiled-coil dimers are different
(Figure 6.3).2” The a-positions pack against a’- whereas d-positions pack against d’-
positions. Due to the parallel alignment of the helices the C,-Cg bond vectors point out
of the hydrophobic core (parallel packing), away from each other at position a while
they point into the core, towards each other at position d (perpendicular packing). This
packing pattern results in two different packing layers within the hydrophobic core. In
the case of antiparallel helix orientation the packing of a against d’ and d against a’ is
very similar (acute packing) resulting in two equally packed layers within the hydropho-
bic core. The differences in packing of a- and d-residues in parallel coiled-coil dimers,
therefore, allow the evaluation of the impact of fluorination within two different hydro-
phobic microenvironments, in which the side chains adopt distinctly different orienta-
tions. Based upon these observations, the VPK strand contains the fluorinated amino

acids either at position a16 or d19. Peptides containing leucine, the largest and most
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hydrophobic of the canonical amino acids, at the respective substitution site serve as a

reference.

A) \ B)
-

F /

Figure 6.3 Schematic demonstration of the packing of a- and d-positions in A) a parallel and B)
an antiparallel coiled coil dimer (according to ref. 207). The C,-Cz bond vectors are represented
by a black arrow.

6.2 Hydrophobicity of the fluorinated amino acids

The hydrophobic effect plays an important role in protein structure formation, since the
large entropy gain upon the liberation of water molecules is a major driving force for
folding.?’® The hydrophobicity of a molecule is usually evaluated on the basis of parti-
tioning coefficients between water and organic solvents, micelles, or vapor. In addition,
many HPLC based methods have been developed.””® However, the numerous scales
and the resulting hydrophobicity rankings of amino acids often poorly correlate.?**2'
Furthermore, it is questionable as to how far an organic solvent, vapor, or an RP-
column relate to protein hydrophobic cores in terms of polarity and structure. Thus, in
rational protein design these scales should be used with caution, especially when at-
tempting to quantitatively relate differences in partitioning free energy to the thermody-
namic stability of proteins. Nevertheless, given the interest in a characterization of
fluorinated organic molecules in this respect (see chapter 2) the goal of the present
investigation was to compare the fluorinated side chains to purely hydrocarbon conge-
ners on the basis of an HPLC assay. The goal was to assess the correlation between
hydrophobicity and steric size as well as the degree of fluorination. To this end, the
retention time of all amino acids relevant to this study (Figure 6.4) on a hydrophobic
C18-column has been determined using their N*-Fmoc protected analogues. The van
der Waals volumes of the side chains were estimated starting from the B-carbon by
summation of atomic increments and bond contributions.?!" This method has proven a

good approximation since the volumes are readily comparable to those derived from
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standard computational methods. However, it cannot distinguish between Leu and lle.
These two amino acids represent a special case because their side chains have an
identical chemical composition while their constitution is different. Their ranking in hy-
drophobicity scales depends on the method applied, e.g. on whether it is shape-
sensitive or not, and a comparison of different scales reveals that there is an almost

even split to which of them is more hydrophobic.?*®

Canonical amino acids
HsC

CHB \g\ %\
H_ H HC_ H Ha c Hem H
> > s

H,N” COOH H,N” COOH COOH H,N” COOH H,N” NCOOH

Gly Ala lle

Non-canonical amino acids

AT T, VT ¢ bx

COOH COOH COOH COOH
Abu MfeGly DfeGly TfeGly DfpGly CF,-Bpg

Figure 6.4 Chemical structures of the relevant natural hydrophobic amino acids (upper panel),
Abu, its fluorinated analogues MfeGly, DfeGly, and TfeGly as well as DfpGly and CF3;-Bpg
(lower panel). Except for Abu the non-canonical amino acids are regarded as alkyl-substituted
glycines.

Amino acids carrying pure hydrocarbon side chains (except Phe) are practically ho-
mologous since they are exclusively based on aliphatic frameworks of carbon and hy-
drogen. Thus, their hydrophobicity can be assumed to be determined by size only, be-
cause no other functional groups that may be, for example, pH sensitive, are present.
Furthermore, it has been shown before that relative hydrophobicity of uncharged side
chains is not affected by their chemical environment.?"?

Indeed, the retention time of native aliphatic amino acids and Abu increases, albeit
not linearly, with increasing side chain volume (Figure 6.5 A). The non-linearity may be
explained by the fact that as the side chain is elongated the polarizing effect of the o-
amide as well as the carboxy group on the alkyl group progressively decreases.?'?
Thus, for example, the contribution of the y-methyl group of leucine to overall hydro-
phobicity is larger than that of the B-methyl group of aminobutyric acid. The present
method is furthermore validated by the observation that the generated hydrophobicity
scale is well comparable to scales based on partitioning of the side chains between
cyclohexane or octanol and water although the latter are usually measured at physio-
logical pH. In contrast, the scale shown here has been generated under acidic condi-
tions (pH 2). The correlation coefficients between retention time and partitioning free

energies are 0.99 for cyclohexane/water and 0.97 for octanol/water, respectively (Fig-
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ure 6.5 B). These excellent correlations validate the present assay. However, Kovacs
et al. pointed out that, in order to determine the intrinsic hydrophobicity of the side
chains that has significance in a polypeptide or protein context, one should apply a
method based on peptide retention times.?'? Accordingly, they employed a de novo
designed decapeptide in an extensive assay to determine hydrophobicity of the ca-

nonical amino acids at various conditions.
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Figure 6.5 A) Retention times of the N*-Fmoc-protected amino acids plotted against the VdW-
volume of the side chains. The solid line represents the fit (rt = 8 exp[0.009 - V,qw], R? = 0.9984);
B) correlation of retention time of the Fmoc-analogues and free energies of partitioning between
water and cyclohexane or octanol, respectively; and C) correlation of retention times of hydro-
phobic Fmoc-amino acids at pH 2 on a Capcell PAK C18 column with retention times of the
peptide Ac-XGAKGAGVGL-NH2, in which X represents the substitution position, determined by
Kovacs et al. at pH 7 on a Zorbax XDB C8 column.?"

Figure 6.5 C shows the correlation of the retention times of the Fmoc-amino acids at
pH 2 with their peptide retention times determined on a C8 column at pH 7. The values
obtained using Fmoc-amino acids at pH 2 on a C18 column perfectly correlate with
their values although they were determined at rather different conditions. Therefore, the
RP-HPLC assay developed here can be regarded as a very quick and reliable method
that generates a hydrophobicity scale that compares well to those published. Further-

more, the present method is rather convenient since it employs Fmoc-amino acids that
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are easily available in every peptide chemist’s laboratory. These advantages notwith-
standing, it is important to note that this assay is applicable to non-ionizable side
chains only. For any other amino acid whose side chain is sensitive towards pH it
would likely produce misleading results if not carried out under conditions (pH) relevant
to the protein studies that may follow.

The retention times of the fluorinated amino acids do not fit into the correlation be-
tween side chain volume and retention time shown for their pure hydrocarbon ana-
logues. Although larger than Abu, both MfeGly and DfeGly are less hydrophobic than
one might expect regarding their size. Also, DfpGly that is close to leucine in size is
even more polar than the much smaller valine. Solely TfeGly is comparable to valine in
both, size and hydrophobicity. Comparison of the three fluorinated analogues of Abu
(MfeGly, DfeGly, and TfeGly) reveals that hydrophobicity increases much more pro-
gressively with fluorine content than it does with size. The results for the Abu ana-
logues and DfpGly are consistent with the general finding that partial aliphatic fluorina-
tion decreases hydrophobicity, while perfluorination generally brings about a pro-
nounced increase in hydrophobicity.®® These results were furthermore supported by a
quantum mechanical investigation that revealed potential hydrogen bonds of the fluori-
nated side chains with water.?"® Based on these data, two effects of side chain fluorina-
tion must be considered: 1) partial fluorination renders the amino acids more polar, but
2) hydrophobicity increases more progressively with fluorine content than with side
chain volume. This observation can be explained by fluorine being a weak hydrogen
bond acceptor®’ and by the impact of fluorination on the overall polarizability of the
molecules. Because fluorine is itself a very weakly polarizable atom and at the same
time very electronegative (see Table 2.1), it also reduces the polarizability of adjacent
C-C and C-H bonds.?'* As a consequence, hydrogen bond, dipole-dipole, as well as
London dispersion interactions of the side chains with water are progressively weak-
ened as the number of fluorine atoms increases. Beyond a certain threshold, which is
reached for three fluorine atoms in the side chain of Abu, fluorinated amino acids be-
come more hydrophobic than size alone would suggest. Consequently, perfluorocar-
bons are what may be called hyperhydrophobic. CF3;-Bpg, the most hydrophobic amino
acid in this series, is, due to its unique structure, not comparable to the other fluori-
nated amino acids and is, therefore, not discussed further here. In order to assess the
impact of fluorine it would need to be compared to an analogue that carries a methyl
group instead of a trifluoromethyl group.

Size and hydrophobicity of side chains play an important role in coiled-coil forma-
tion. Having summarized these general properties of fluorinated amino acids, the next

sections give an insight into the stereoelectronic effects of fluorination on the molecular
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interactions of these building blocks within a native protein environment by applying the
model system VPE-VPK.

6.3 Effects of size and hydrophobicity of fluorinated amino acids at two dif-
ferent positions within the hydrophobic core

The results presented in this section have been originally published as: M. Salwiczek,
S. Samsonov, T. Vagt, E. Nyakatura, E. Fleige, J. Numata, H. Célfen, M. T. Pisabarro,
B. Koksch; Position-Dependent Effects of Fluorinated Amino Acids on the Hydrophobic
Core Formation of a Heterodimeric Coiled Coil; Chemistry — A European Journal 2009,
15, 7628-7636.

The original paper with supporting information is available at:

http://dx.doi.org/10.1002/chem.200802136

Paper summary

The model system VPE-VPK served two different studies in the group of Prof. Koksch
and, therefore, its design was developed in cooperation with Toni Vagt who employed it
in a phage display based screen for preferred interaction partners of fluorinated amino
acids.?”® All experimental investigations (SPPS, CD spectroscopy, thermodynamic
analysis, analytical ultracentrifugation, and FRET) are part of this thesis. MD simula-
tions were conducted by Sergey Samsonov (BIOTEC, TU Dresden). Data evaluation of
sedimentation velocity and sedimentation equilibrium experiments was supported by
Dr. Helmut Célfen. Jorge Numata provided assistance in setting up an Excel table for
fitting the thermal unfolding data. Elisabeth Nyakatura and Emanuel Fleige synthesized
four of the VPK analogues during practical/bachelor internships in the group of Prof.
Koksch that were supervised by the author.

The goal of this study was to establish a new coiled-coil model that fulfills the re-
quirement to tolerate fluoroamino acid substitutions within the hydrophobic core while
allowing for sensitive detection of their effects (see section 6.1). The paper describes
the optimization of the synthesis and the structural characterization of the VPE-VPK
coiled coil applying CD spectroscopy (secondary structure), analytical ultracentrifuga-
tion (oligomerization state), and FRET (strand orientation). As intended by design VPE
and VPK form stable a-helical assemblies with parallel strand orientation. Analytical
ultracentrifugation furthermore indicates the exclusive formation of heterodimers that
undergo cooperative unfolding transitions from o-helix to random coil in the tempera-

ture range form 20 to 100 °C (temperature dependant CD spectroscopy).
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The objective was then to evaluate the effects that substitutions of native residues
within two different hydrophobic core positions (a16 and d19) within VPK have on the
interactions with native amino acids in the corresponding VPE strand. The question
was, whether the different orientation of the side chains at these positions would have
a detectable impact on the effects that the size and hydrophobicity of the fluorinated
amino acids provoke. Two series of peptides that contain Abu, its fluorinated analogues
DfeGly and TfeGly as well as DfpGly at either position a16 or position d19 of VPK were
synthesized. By the time of publication MfeGly was unavailable. Its effects are there-
fore discussed in section 6.4. For the VPK-a16 series and additional variant containing
Leu was synthesized since Leu served as the control substitution in this study. The
structure of the coiled coils was investigated by CD spectroscopy and molecular dy-
namics simulations. The thermodynamic stability of all variants was furthermore evalu-
ated on the basis of temperature induced unfolding monitored by CD spectroscopy as

well as at the theoretical level applying MM-PBSA calculations.
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GRAPHICAL ABSTRACT: Picking up the fluorine trail Example showing the orientation of TfeGly
at A) position a16 and B) position d19 (reproduced form the table of contents of Chem. Eur. J.
2009, 15, issue 31 with permission, Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim).

Both, the experimental and theoretical investigations allow for the same conclusion.
The different orientations of the fluorinated side chains imposed by the coiled-coll
backbone at position a16 and d19 (see graphical abstract) have an impact on their ef-
fects on stability folding. While at position a16 mainly size and hydrophobicity of the
fluorinated side chain determine stability, the polarity induced by fluorine, due to the
different orientation of the local dipole at the B-carbon, diminishes the stabilizing impact
of increasing size and overall hydrophobicity at position d19. The main conclusion of
this study, therefore, is that the impact of fluorination on protein stability does to a non-
negligible extent depend on the microenvironment of the substitution, i.e. on whether
the locally induced dipoles are oriented towards interacting hydrophobic residues or

not. While it may be difficult to transfer this knowledge to the design of folding motifs
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other than the coiled call, it helps to understand why the impact of fluorination on pro-
tein folding is hardly ever predictable; since it is hard to predict local side chain orienta-
tions it is also difficult to pre-estimate the impact of fluorine-induced polarity and its

impact on hydrophobic interactions at the substitution site.
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6.4 Evaluation of the interactions of (S)-4-fluoroaminobutyric acid

The preceding section described the position-dependent effects of two aminobutyric
acid analogues (DfeGly and TfeGly) as well as DfpGly on structure formation of the
heterodimeric coiled-coil model. At the time of publication, the monofluorinated ana-
logue MfeGly was not available. Therefore, these results are discussed in this addi-
tional section.

Containing only one fluorine atom, MfeGly (Figure 6.4) completes the series of ami-
nobutyric analogues that carry increasing numbers of fluorine atoms at the y-position.
Compared to DfeGly and TfeGly, however, it represents the only analogue that is actu-
ally more polar than Abu (see section 6.2). Although bulkier and more hydrophobic
than Abu, DfeGly and TfeGly were not able to stabilize the coiled-coil assembly. There-
fore, the initial expectation was that MfeGly would be the most destabilizing substitution
at both positions because it is smaller and more polar than its analogues. Figure 6.6 A
shows the CD-spectra of individual VPE and VPK-MfeGly16. Both spectra indicate that
the individual peptides are predominantly random coil with residual helical structure as
indicated by the low intensity double minimum of which the one at 208 nm is slightly
shifted towards lower wavelengths. The equimolar mixture, in contrast, displays a de-
fined double minimum at 208 and 222 nm indicating a well ordered a-helical structure.
As discussed in the next section, the helical content (88%, see section 7.4) is the high-
est among all the investigated variants and shows that MfeGly is structurally well ac-
commodated by the coiled coil. However, the analysis of thermal unfolding (Figure 6.6
B) reveals that this coiled coil is also the least stable a16-substituted variant. With a
free energy of unfolding of 10.3 £ 0.2 kcal/mol it is 1.2 kcal/mol less stable than the Abu

variant and by even 3.5 kcal/mol less stable than the Leu containing peptide.

A B
) o )
Eml ® 20 uM VPE 109 0 original data < —v===cve
2 o vv O 20 uM VPK-MfeGly16 — fit

3 %1 v v 20 uM 1:1 mixture

3 v 5 %8

- Q
. 407 k=)

[} v o

E | € °°
S a0 3

£ °c v s

o o o4

o 3]

® O o v ©

° 0097 &

) ° v Oy¥ 0,2

o 00 e} v v )

< ° 00000000000~

= 201 8000° v P

(=X v v v PP -

VeyvVVVVvvwvvwY 0,0 fEReaaseRt00Y
-40 T T T T L r : :
190 200 210 220 230 240 20 40 60 80 100
A (nm) T(°C)

Figure 6.6 A) A) CD-spectra of 20 uM solutions of individual VPE, VPK-MfeGly16, and an
equimolar mixture of both at 20°C and B) melting curve of the equimolar mixture. All experi-
ments were carried out at pH 7.4 (100 mM phosphate buffer).
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At position d19, MfeGly imparts a comparable, albeit slightly less pronounced de-
stabilizing effect, which is in accordance with the findings for the other analogues (sec-
tion 7.2). Figure 6.7 shows the CD-spectral analysis and thermal unfolding profile of
VPE-VPK-MfeGly19. The main difference is that the individual VPK-MfeGly19 ana-
logue is completely random coil shown by the single minimum just below 200 nm.
Again the mixture of VPE and VPK-MfeGly19 displays a strong double minimum that
indicates high helical content (76%, see section 6.6). The standard free energy of un-
folding for the coiled coil is 9.6 + 0.1 kcal/mol which represents 0.7 kcal/mol destabiliza-

tion compared to Abu and 2.8 kcal/mol compared to Leu at the same position.
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Figure 6.7 A) CD-spectra of 20 uM solutions of individual VPE, VPK-MfeGly19, and an equimo-
lar mixture of both at 20°C and B) melting curve of the equimolar mixture. All experiments were
carried out at pH 7.4 (100 mM phosphate buffer).

The strong destabilization compared to leucine may largely be attributed to the
markedly smaller side chain of MfeGly (AV*™ = 28.8 A®). The size difference in side-
chain volume between Abu and MfeGly is 5.8 A%, but size arguments may not explain
the destabilization, since MfeGly is the larger of the two amino acids. Instead, the de-
stabilizing effect must be attributed to the high polarity of MfeGly that strongly perturbs
hydrophobic interactions at the substitution site. Furthermore, the driving force to bury
such a polar residue within the core of the coiled coil should be rather low. Therefore,
the initial assumption that MfeGly should destabilize the coiled coil compared to Abu
and would accordingly be the most destabilizing of all substitutions investigated here is

confirmed.
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6.5 Evaluation of the interactions of the newly designed NMR label CF;-Bpg

The results presented in this section have been accepted for publication in Amino Ac-
ids as: M. Salwiczek, P. K. Mikhailiuk, S. Afonin, I. V. Komarov, A. S. Ulrich, and B.
Koksch; Compatibility of the Conformationally Rigid CF;-Bpg Side Chain with the Hy-
drophobic Coiled-Coil Interface. Pavel K. Mikhailiuk synthesized the amino acid under
supervision of Igor V. Komarov. Anne S. Ulrich and Sergii Afonin contributed to inter-
preting the results from the viewpoint of an NMR specialist. The original paper with
supplementary material is available under DOI: 10.1007/s00726-010-0581-8 at:

http://dx.doi.org/10.1007/s00726-010-0581-8

Paper summary

As described in section 2.1, "°F represents a formidable NMR label for a variety of ana-
Iytical applications. However, as a label, fluorinated amino acids should fulfill some vital
conditions such as rigidity, which prevents conformational anisotropy especially when
NMR is used for distance measurements or for assessing the orientations of peptide
segments in the context of larger assemblies such as those of proteins within tertiary
and quaternary structures or in the environment of biological membranes. Since the
orientation of the side chains within the coiled-coil model studied in this thesis is the
fundament on which the interpretation is built up, one such label, CF3;-Bpg (see graphi-
cal abstract), was used to evaluate its suitability as a potential NMR probe in the con-

text of coiled-coil hydrophobic cores.

FsC

H,N" 9 >COOH

GRAPHICAL ABSTRACT: A stubborn partner Structure of the rigid CFs-Bpg demonstrating how
the position of the CF3; group directly translates into the orientation of the C,-Cz vector (grey
arrow).

The objective of this study was to assess the compatibility of the bulky and rigid
CF3-Bpg side chain with the coiled-coil hydrophobic core in terms of structure and sta-
bility. The effects were studied by CD spectroscopy and FRET as described in the pre-

ceding sections. CD spectroscopy revealed that incorporation of the amino acid at posi-
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tion a16 or d19 has only minor structural consequences for the coiled coil as indicated
by the practical identity of the spectra compared to the parental peptide that contains
Val and Leu at these positions, respectively. Although CF3-Bpg is more hydrophobic
than Val and Leu the thermodynamic stability of the coiled coil, however, is markedly
reduced especially when compared to Leu. The conclusion is thus, that its rigid and
bulky side chain, despite its pronounced hydrophobicity, cannot engage in favorable
packing interactions with the native residues of the interacting VPE strand. However,
given the still sufficient stability and the fact that the CD spectra do not show major
structural perturbations one may envisage its application to probe the orientation of the
C«-Cp vector of the side chains at both substitution positions. As shown in the graphical
abstract above, the position of the CF3s-group directly traces back to the orientation of
the C,-Cg bond, which is due to its linkage via the conformationally rigid and axially
symmetrical biyclo[1.1.1]pentyl unit. Therefore, as far as coiled coils are concerned,
CF3-Bpg may not be an appropriate label to study side chain interactions. It may never-
theless prove useful to study local side chain orientations that are imposed by the pep-

tide backbone.
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6.6 Helix propensity and coiled-coil stability

As discussed in section 6.3, it can be assumed that helix propensity plays a less impor-
tant role in the context of coiled-coil stability as it does in isolated helices.?'® The forma-
tion of coiled-coil helices is strongly determined by specific hydrophobic interactions
between the monomers as well as intermolecular electrostatic interactions that are only
possible in the helical state. Since these interactions stabilize the structure, they could
have an impact on the measured helix propensity values. Therefore, helix propensity is
evaluated using isolated helices, in which side-chain interactions are absent by de-
sign.”” This section will give further support for the argument against a strong impact
of helix propensity of the fluorinated amino acids on coiled-coil stability through a more
detailed analysis and discussion of CD-structure data as well as dihedral angles de-
rived from MD simulations.?"’

Helix propensity (w) describes the tendency of an amino acid within a peptide as-
sembly to adopt an a-helical conformation. The conformation of the peptide backbone
can be described in terms dihedral angles o, vy, and o of the amino acid backbone. In
the more common trans-peptide bond, o is constant around 179 * 3°, i.e. the peptide
bond may be considered planer.?"® Therefore, ¢ and y are sufficient to describe the
peptide backbone conformation (Figure 6.8). In typical a-helices, ¢ and y are centered
around -62° and -41°, respectively. Figure 6.9 A shows a Ramachandran plot of the
dihedral angles of all residues in the VPE-VPK heterodimer that have been derived
from molecular dynamics simulations. The plot shows that VPE-VPK adopts an almost
ideal a-helical conformation. Approximately five residues per helix (see section 5.1.2),
mainly those at the helix termini (see insert Figure 6.9 A) however, exhibit non-helical
conformations, a common phenomenon known as helix end fraying due to the absence

of hydrogen-bonding partners for the terminal residues.?"

@ o-carbon
() carbonyl carbon
side chain

W oxygen

@ nitrogen

O hydrogen

Figure 6.8 Cutout of a peptide backbone showing one residue and the two adjacent peptide
bonds.
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Regarding the low helix propensity of fluorinated aliphatic amino acids compared to

native residues (Table 6.1),22%%

one may initially assume that the destabilization of the
VPE-VPK model system due to the fluorination of position a16 or d19 results from un-

favorable side-chain conformations of the fluorinated side chains.

Table 6.1 Helix propensity of fluorinated amino
acids compared to hydrocarbon analogues.

Amino acid w
Chiu Chakrabartty
et al.#202*" etal””

Val n/d 0.23
Leu 1.06 0.96
Abu 1.22 n.d.
TfeGly 0.0513 n.d.
Qfl 0.445 n.d.
Hfl 0.128 n.d.

Theory, however, predicts that Abu, TfeGly, and DfpGly exhibit typical o-helical dihe-
dral angles that are comparable to those of Leu within this coiled-coil environment (Fig-
ure 6.9 B). For DfeGly, v appears distorted, which, however, is not reflected by the
thermodynamic stability of the coiled coil. Nevertheless, a first strong argument that
partially rules out that helix propensity mainly determines coiled-coil stability can be
drawn from comparing Leu and Abu. Despite the higher helix propensity of Abu, its
substitution for Leu destabilizes the VPE-VPK dimer by 2.3 kcal/mol (position a16) and
2.1 kcal/mol (position d19). Thus, the decrease in stability is very likely to be caused by

the reduced van der Waals volume and hydrophobicity of Abu.
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Figure 6.9 A) Ramachandran plot of the theoretically calculated dihedral angles ¢ and w for the
parental VPE-VPK heterodimer and B) ¢ and w for the substituted variants.
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Table 6.2, on the other hand, shows that the fluorinated peptides indeed exhibit lower
helical content than their non-fluorinated counterparts. At a first glance this finding
could be interpreted in such a way to support the argument that the low helix propen-
sity of fluorinated amino acids destabilizes the coiled coil through unfavorable confor-
mations. However, again the comparison between Abu and Leu indicates that the helix
propensity cannot solely account for the structural as well as thermodynamic effects.
While the Abu-substituted a16 variant is more helical than the Leu variant the trend is
reversed for position d19. The same reversal in helicity trend was observed for DfeGly
and TfeGly.

Table 6.2 Helical content of the VPE-VPK variants.

: : [Al220m fi® [6222nm i’

Selees [deg cm® dmol™] [%] | [deg cm? dmol”]  [%]
position a4 position dyg

Val -26.274 76 n.d. n.d.
Leu -22.937 66 -26.274 76
Abu -25.004 72 -21.929 63
MfeGly -30.462 88 -26.288 76
DfeGly -18.119 52 -21.582 62
TfeGly -18.900 54 -20.122 58
DfpGly -23.100 66 -22.449 65
CFs-Bpg -24.375 70 -22.962 66

@ calculated according to eq. 5.5

These results indicate that packing effects as well as side-chain interactions rather than
helix propensity determine the structural and thermodynamic effects of the substitutions
observed here. Since interhelical hydrophobic interactions are weaker for the more
polar fluorinated amino acids the whole coiled-coil assembly loses stability and, thus,
structural integrity. Another finding that may also be used to rebute the helix propensity
argument is that the most helical of the VPE-VPK variants investigated, i.e. those con-
taining MfeGly (a16: 88% and d19: 76% helix, respectively), are at the same time the
least stable.

In summary, it should be noted that the low helix propensity of fluorinated amino ac-
ids is not completely ruled out as an argument to explain the destabilizing effects.
Theoretical investigations show that fluorination may furthermore have diverse effects
in this respect. While MfeGly and TfeGly were found to prefer a-helical conformations,
DfeGly and DfpGly apparently favor B-sheets.?"® Recent experimental data indicate that
some fluorinated amino acids are indeed well-suited to stabilize B-sheets.?”? However,
as B-sheets do usually not exist as individual peptide strands, intrinsic 3-sheet propen-

sities are not easy to measure. Thus, these recent data may be insufficient to draw a
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final conclusion. The present investigation indicates that hydrophobicity and van der
Waals volume play a more important role in the context of coiled coils. Nevertheless, a
more detailed structural and thermodynamic analysis may be necessary to deconvolute

the contribution of all of these factors.

6.7 Effects of fluorine substitution at position d19 on folding kinetics

The results presented in this section have been originally published as: M. Salwiczek,
B. Koksch; Effects of Fluorination on the Folding Kinetics of a Heterodimeric Coiled
Coil; ChemBioChem 2009, 10, 2867-2870.

The original paper including supporting information is available at:

http://dx.doi.org/10.1002/cbic.200900518

Paper summary

As mentioned in section 3.3 earlier investigations on coiled-coil self-replication indi-
cated that increasing the fluorine content may result in retardation of coiled-coil asso-
ciation although the increase in hydrophobicity would be expected to have the opposite

t.154

effec

GRAPHICAL ABSTRACT: The fast and the fluorous Schematic representation of a gold surface
covered with VPE (grey bundles). Coiled-coil formation can be monitored in real time upon
treatment with suitably buffered solutions of different VPK analogues (typical sensograms are
shown in the background). Due to increasing hydrophobicity, fluorination increases the rate of
association (green peptide compared to blue peptide on the left). The figure has been repro-
duced from the table of contents of ChemBioChem 2009, 10, issue 18 with permission (Copy-
right © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim).

However, since these investigations could not provide kinetic data the interpretation
heretofore needed additional proof. The paper describes the application of SPR to

probe the effects of Abu side chain fluorination on coiled-coil folding kinetics. To this
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end, the interactions of surface bound VPE with VPK analogues containing Abu, Dfe-
Gly, TfeGly, and DfpGly at position d19 were investigated. At the time of the SPR in-
vestigations neither MfeGly nor CF3;-Bpg were available and, thus, were not part of this
study.

Other than the thermal unfolding data, the kinetic data observed using SPR can only
be analyzed assuming a three-state rather than a two-state folding mechanism, i.e.
folding requires two steps and an intermediate accumulates along the folding pathway.
However, the second folding step does contribute merely 10% to the overall free en-
ergy of folding and is very slow compared to the first step. Furthermore, it is hardly af-
fected by substitutions. The thermodynamic data calculated form the kinetics of the first
folding step are in excellent agreement with the data derived from analysis of equilib-
rium unfolding and the effects of fluorine substitutions are readily detected. Comparison
of the data for association of the DfeGly and TfeGly substituted VPK variant with VPE
confirm that increasing fluorine content of the side chain slightly retards coiled-coil as-
sociation. Thus, the association does, indeed, not always correlate with size and hy-
drophobicity in the case of fluorinated amino acids. In contrast, the dissociation rates
decrease with increasing size and hydrophobicity; the more hydrophobic the side
chain, the less readily it is withdrawn from the hydrophobic environment. However, the
fact that increasing fluorine content from DfeGly to TfeGly decreases the association
rate could be an indication for the formation of fluorous ‘clusters’ between several un-
folded peptide strands because fluorine tends to segregate from both, aqueous and
hydrophobic environments.

In conclusion, SPR is able to detect kinetic effects of fluorination and readily repro-
duces the thermodynamic consequences. The results are consistent with earlier inves-
tigations, in which a different model system and a different method were applied. How-
ever, it is impossible to detect the postulated fluorous clusters with the methods applied
here and thus, proving their existence remains an issue of future investigations using

methods with high structural resolution such as NMR.
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6.8 Effects of fluorine substitution at position a16 on folding kinetics

In analogy to the thermodynamic investigations presented in sections 6.2 through 6.7,
the aim was to furthermore investigate the position-dependence of fluorine substitu-
tions on coiled-coil folding kinetics. Again, aiming to evaluate the impact of a rather
small structural change by introducing two or three fluorine atoms, or a methyl group,
respectively, Abu was to be compared to its analogues DfeGly, TfeGly, and DfpGly at
position a16.

While the results for position d19 are in excellent qualitative and reasonable quanti-
tative agreement with the data derived from equilibrium unfolding (section 6.7),°% the
kinetic investigation of position a16 substitutions posed major problems. Figure 6.10
shows the sensograms for the interaction of VPK-Abu16 with VPE analyzed by apply-
ing two different models.
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Figure 6.10 Upper panel: Global analysis of the VPK-Abu16 interaction with VPE at 25°C (pH
7.4, 100 mM phosphate buffer, 3.4 mM EDTA, 0.05 % Tween 20). Eight concentrations were
injected over approximately 50 RUs of immobilized VPE (cypk.avru1s = 5, 10, 15, 20, 40, 50, 75,
and 100 nM). Lower panel: residuals from the fit to A) a simple association dissociation model
including a second conformational rearrangement step (° = 0.2) and B) the same model con-
sidering mass transfer of VPK-Abu16 to the surface. Mass transfer is interpreted as diffusion of
the analyte A, from the bulk solution to the surface (, ;{2 =0.2).

Visual inspection of the sensograms and the corresponding residuals from each fit re-
veals the inadequacy of both models. Several reasons may account for unsuccessful
data analysis in SPR.?** First, in order to adequately analyze SPR sensograms one has
to make sure that the concentrations are determined as accurately as possible. How-
ever, as the experiments were carried out identically to those for position d19, concen-

tration errors may be ruled out. Second, folding specificity, i.e. oligomerization state, of
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these coiled coils could be concentration-dependent, which would cause a global fit
over different concentrations to fail. Analytical ultracentrifugation of the original VPE-
VPK peptides, on the other hand, has shown that folding specificity is identical within a
large concentration range. In addition, the magnitude of fluorescence decrease in
FRET analysis is equal for all coiled-coil assemblies investigated here (see section 6.3)
suggesting that their folding specificity is equal. Although the fit to a simple association-
dissociation equilibrium followed by a conformational change does not describe the
interaction appropriately, the deviance ¥? is rather low (Table 6.3). Thus, this analysis
was performed for all the variants. Comparison of thermodynamic data derived from
the kinetic analysis with those from equilibrium unfolding, interestingly, shows that they
are within the same order of magnitude. However, the standard deviation of the free
energy values is rather large for all the analogues, which makes a quantitative com-
parison impossible (Table 6.4). Accordingly, a detailed discussion of these kinetic and

thermodynamic data is precluded.

Table 6.3 Kinetic parameters of the interaction of VPK-a16 analogues with VPE
derived from the fit to the model shown in Figure 6.10 A.

. . kass kdiss I(r k-r
L A [10°mol's™  [10°s"] [10°s7] [10°s7]
Abu 6.92+002 801+005 228+0.03 1.74+0.03 0.2
DfeGly 5.83+003 9.04+008 273+0.05 1.82+0.04 0.3
TfeGly 517+003 876+ 01 279+0.05 0.96+003 0.3
DfpGly 675+ 003 831+0.09 285+0.06 1.97+005 0.4

Table 6.4 Free energies of unfolding calculated from ki-
netic data compared to those from temperature induced

unfolding.

A . AG1° AGZO AG to
Amino acid [kcal mol"]  [kcal mol'']  [kcal mol]
Abu 10.8+04 11.3£08 11.5£02
DfeGly 106+05 112408 115402
TfeGly 106+04 11410 115402
DfpGly 10.8+0.5 11.3+08 123+02

! free energy of the association-dissociation; free energy of un-
folding including the rearrangement step, " free energy of unfold-

ing from temperature induced unfolding

A third explanation for unsuccessful data fitting may be that the association of the ana-
Ilyte and the ligand on the SPR surface is mass-transport limited. This phenomenon
occurs when the association rate is comparable to or even larger than the diffusion rate

of the analyte to the surface. However, including mass transfer in analyzing the senso-
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grams (Figure 6.10 B) does not improve the fit. Most importantly, the value for the
mass transfer constant k;, derived from this analysis is markedly larger than the asso-
ciation constant and its statistical error is by two orders of magnitude larger than the
actual value, which is shown in a representative case for VPK-Abu16 (Table 6.5). Thus,
this value does not have any interpretable significance. Furthermore, the thermody-
namic data calculated from these kinetic constants strongly deviate from those derived
from equilibrium unfolding (Table 6.6). Therefore, the analysis including mass transport

limitation is not appropriate.

Table 6.5 Kinetic parameters of the interaction of VPK-a16 analogues with VPE derived
from the fit to the model including mass transfer shown in Figure 6.10 B.

f . Kass Kaiss K, K. Km Xz
S [M0°mol' sl [s] ] [10°s"]  [10% mol" s]
Abu 6921002 625+04 178202 136102 005+562 02

Table 6.6 Free energies of unfolding calculated from ki-
netic data compared to those from temperature induced

unfolding.

A . AG1° AGZO AG to
Amino acid [kcal mol"]  [kcal mol'']  [kcal mol"]
Abu 55+04 60+08 115+02

The fourth, and in the case of coiled coils also most plausible reason, may be self-
association of the analytes (VPK) in solution. SPR detects rather small changes in the
refractive index just above the surface of the sensor chip. Any solution equilibrium that
takes place in the supernatant cannot be detected because it does not change the re-
fractive index close to the gold surface. If the isolated VPK variants self-associate then
this additional equilibrium could be a limiting step prior to association with VPE. As-
sessing its contribution by means of rate constants by applying SPR, however, would
be impossible.

Indeed, comparing the CD spectra of the isolated VPK variants in a position-
dependent manner supports that self-association of the analyte may explain why data
analysis failed. The simple visual inspection shows that the a16 substituted VPK ana-
logues are largely helical, which suggests coiled-coil formation. In contrast, all d19 sub-
stituted variants are predominantly random coil. Coiled-coil formation of the individual
a16 analogues is synonymous with self-association. Table 6.7 summarizes the helical
content of the relevant VPK analogues in comparison to their mixtures with VPE. For
position d19 the helical content is rather low with values between 11% and 20% while

all position a16 variants are up to a maximum of 50% helical. The residual helicity of
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the d19 analogues apparently does not affect SPR data analysis. In contrast, it was

impossible to derive reliable data for VPK-a16 analogues.
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Figure 6.11 CD-spectra of 20 uM solutions of the isolated VPK-variants containing Abu and its
analogues at A) position a16 and B) position d19. All spectra were recorded at 20°C at pH 7.4

(100 mM phosphate buffer).

Table 6.7 Helical content of the homomeric VPK variants compared to the hetero-

meric VPE-VPK variants.

. . Homomeric Heteromeric Homomeric Heteromeric
Amino acid a a . a
fu [%] Tm[°Cl fu [%] Tm[°Cl| fu'[%] Twm[°C] fu'[%] Tm [°C]
position a4 position dyg
Abu 42 39.8 72 65.9 11 n.a. 63 53.7
DfeGly 31 40.6 52 66.9 18 n.a.’ 62 56.9
TfeGly 40 44.6 54 69.0 14 n.a. 58 55.3
DfpGly 50 49.3 66 69.3 21 n.a.’ 65 57.5

@ calculated according to eq. 5.5, ® For d19 analogues melting points could not be determined
since these peptides were random coils and the CD signal at 222 nm did not change signifi-
cantly upon heating.

To show that those VPK-a16 variants that exhibit helical CD spectra are not mono-
meric, one representative example, for which sedimentation velocity data were ob-
tained, has been chosen to be discussed here. As shown in Figure 6.12 A, the original
VPK sequence exhibits a CD spectrum that is comparable to all the VPK a16 ana-
logues. SPR analysis of this peptide, accordingly, failed as well. The distribution of mo-
lecular weights (Figure 6.12 B) indicates equilibrium between two species, one at ap-
proximately 4700 g/mol and one at 7500 g/mol. Sedimentation velocity data may only
give approximate values for molecular weight. However, these values roughly corre-
spond to a monomer-dimer equilibrium proving that those VPK analogues that exhibit
significantly helical CD spectra are not exclusively monomeric. On the other hand, the
heteromers are entirely dimeric, since they are thermodynamically favored (see section
6.3).
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Figure 6.12 A) CD spectrum of a 20 uM solution of isolated VPK and B) molecular weight distri-
bution of a 50 uM solution of isolated VPK indicating equilibrium between two species (1: 4700
g/mol and 2: 7500 g/mol). Measurements were performed at pH 7.4 (100 mM phosphate buffer).

For the thermodynamic investigation presented in section 6.3 the situation is different,
since unfolding of the peptide starts from equilibrium when the heterodimers are fully
formed. The condition that allows neglecting homooligomerization in analyzing tem-
perature induced equilibrium unfolding is that the melting points of the heterooligomers
are significantly higher.??®> The markedly larger helix content and melting points of the
heterodimers indicate that VPK homooligomers are strongly disfavored. At the tem-
peratures, at which the heteromers unfold the much less stable homomers do not com-
pete since it can be assumed that their equilibrium concentration at the melting point of
the heterodimer is negligible. This condition is readily fulfilled by all VPE-VPK variants.
The individual a16 analogues have melting points that are by more than 20 K lower
than those of the heteromers. Since SPR, however, is an isothermal method the VPK
analogues substituted at position a16 are stable in the absence of VPE under the con-
ditions applied (25°C, 1 atm) and cannot be ignored. It may be noted at this point that
the fact that the thermodynamic data resulting from the kinetic analysis without mass
transport limitation are within the same order of magnitude as the equilibrium data (Ta-
ble 6.4) indicates that the contribution of VPK self-association is not very pronounced.
This is in agreement with the low melting points of the individual VPK analogues. A
reliable calculation of the kinetics of their formation based on SPR, on the other hand,
is impossible.

With that said, a quantitative analysis of the impact of Abu side chain fluorination on
coiled-coil folding at position a16 is not available at present. This, in turn, points to a
certain shortcoming of the current design. Although the effects were readily detectable
for position d19 the actual position-dependence, therefore, remains an issue of future
research. To this end, the design requires a slight modification such that the individual
VPK peptides are all monomeric. Regarding the findings for position d19, however, this

approach has a great chance of success.
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7 Summary and Outlook

The aim of this study was a thermodynamic and kinetic characterization of the molecu-
lar interactions of fluorinated aliphatic amino acids with native hydrophobic residues. To
this end, the hydrophobic core of a heterodimeric coiled-coil peptide served as a model
for a natural polypeptide environment. The overarching objective was to assess the
impact of altering fluorine content and therewith hydrophobicity and steric size on ther-
modynamic stability as well as kinetics of protein folding. In addition, this study in-
tended to reveal as to how far subtle differences in the environment itself would affect
the impact of fluorination. In this respect these investigations represent a complement
to previous studies in the group of Prof. Koksch, in which a different model system and

different methods have been applied.

The parental coiled coil VPE-VPK has been structurally characterized to proof that it
folds into a parallel heterodimer. Hereupon, thirteen variants of VPK were synthesized
to provide an equal substitution pattern either at position a16 or position d19 through
incorporation of Abu, its fluorinated analogues MfeGly, DfeGly, and TfeGly as well as
DfpGly. This substitution scheme allowed for a systematic investigation of the impact of
increasing fluorine content, and thus size and hydrophobicity of the side chain, on the
stability of the VPE-VPK interaction. Furthermore, the two substitution sites exhibiting
different packing preferences allowed assessing the impact of the microenvironment on
the interactions of these building blocks. For each series of VPK peptides a variant
containing leucine at the respective substitution position served as a reference.

Hydrophobicity of the amino acids was evaluated on the basis of their retention
times on a reversed phase C18-column. While native aliphatic amino acids exhibit the
expected correlation between side chain volume and retention time, increasing volume
by fluorination has a different effect. Most of the fluorinated amino acids are less hy-
drophobic than expected based on size arguments, which is explained by fluorine-
induced polarity. Increasing fluorine content, however, enhances hydrophobicity more
vigorously than size alone, which points to fluorine’s tendency to reduce polarizability
and thus dispersive interactions of alkyl groups with water. Beyond a certain threshold,
which is reached for three fluorine atoms in the series of the Abu analogues, fluorinated
amino acids, thus, become hyperhydrophobic, i.e. more hydrophobic than expected
based on size arguments alone.

Regardless of their position within the hydrophobic core, the amino acids studied
here mostly retain secondary structure, while destabilizing the coiled-coil interaction
compared to the much more bulky and hydrophobic leucine side chain. However, inter-

nal comparison of the fluorinated amino acids reveals distinct differences in their ef-
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fects depending on whether they are present at position a16 or d19. At position a16
increasing the size of the side chain through addition of fluorine atoms (in the series
MfeGly, DfeGly and TfeGly) or a methyl group (DfpGly) increases the stability of the
coiled-coil assembly. Apart form MfeGly, the same substitutions at position d19, in con-
trast, reveal no noticeable impact on stability among them. The observed differences of
position a and d are explained by their distinctly different packing preferences. While
position d exposes the strongly polarized B-methylene group to the interacting [-
methylene groups of the VPE-strand, position a16 exposes the bulk of the side chain
and turns the B-methylene groups away from the hydrophobic core. Thus, fluorine-
induced polarity apparently has a stronger destabilizing effect at position d19 while at
position a16 the size of the side chain is the prevailing factor that determines stability.
These results indicate that although both positions are part of the same hydrophobic
environment, their packing has a strong impact on the effect of side chain fluorination;
hence the conclusion that the microenvironment of fluorinated amino acids itself directs
their impact on molecular interactions.

Abu and MfeGly furthermore represent two hallmarks in the discussion of the impact
of helix propensity on coiled-coil interactions. Although it is not possible to thermody-
namically quantify helix propensity using coiled-coil models, the fact that MfeGly substi-
tutions yield the most helical and at the same time least stable dimers supports the
conclusion that helix propensity is a less important factor to control the thermodynamic
stability of coiled-coil peptides. Conversely, the slightly more helix favoring Abu heavily
destabilizes the coiled coil compared to Leu, since its reduced size and hydrophobicity
effectuate much weaker packing within the hydrophobic core.

The investigation of a recently developed "F-NMR label, the amino acid CF5-Bpg,
which carries a very bulky and conformationally rigid side chain, furthermore revealed
that conformational flexibility of hydrophobic side chains is important to gain efficient
packing within the hydrophobic core. Both, at position a16 and d19, this amino acid
despite its pronounced hydrophobicity, strongly destabilizes the VPE-VPK interaction.
Although it retains secondary structure, these results indicate that packing interactions
of this amino acid with other side chains are strongly disfavored.

Further investigations applying the coiled-coil model may include fluorinated building
blocks that have a completely different substitution pattern. All the multiply fluorinated
amino acids studied in this thesis carry fluorine substituents at the same carbon. How-
ever, vicinal substitution may also have an impact on side chain conformation (see the
gauche effect, section 2.2.1) that may affect side chain packing as well as the prefer-
ence for secondary structures. In addition, the gauche effect may also have an impact

on the conformation of the Abu analogues investigated here. Studying the conforma-
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tional effects of fluorination applying high-resolution methods such as NMR and crystal
structure analysis in the context of protein-protein interactions, however, is essential to
provide a full insight. Furthermore, a quantification of the helix propensities applying the
model proposed by Chiu et al. (see section 6.6) would provide a complete set of data
that fully characterizes the properties of these building blocks in the context of a-helical
protein-protein interactions. The differences in thermodynamic values that describe
helix propensity could be subtracted form the stability differences observed for the
coiled-coil interactions. These adapted values would then exclusively trace back to
intermolecular interactions between the side chains, which would provide an even

deeper insight into the effect of size and polarity of the fluorinated side chains.

The kinetic investigations applying the SPR based biosensor were successful for pep-
tides carrying Abu, DfeGly, TfeGly, and DfpGly at position d19. Since VPK has a ten-
dency to also form homooligomers, the less destabilizing substitutions at position a16
resulted in formation of weakly assembled homotypic coiled coils in the absence of
VPE. While this did not hamper the thermodynamic equilibrium studies by CD, kinetic
data could not be derived from the respective SPR experiments. The VPK variants that
carried substitutions at position d19, however, exhibited predominantly random coil
structures and kinetic data could be computed from their sensograms. The thermody-
namic data calculated from SPR are in good agreement with those from the CD equilib-
rium studies. The kinetic data reveal that difluorination (DfeGly) of Abu accelerates
coiled-coil association due to increasing hydrophobicity of the side chain thus promot-
ing desolvation and burial within the hydrophobic core. On the other hand, addition of a
third fluorine (TfeGly) atom leads to a decrease in association rate. This finding corre-
sponds well to earlier findings with a self-replicating coiled coil that exhibited a de-
crease in product formation rate along with increasing fluorine content. Thus, the same
behavior of coiled-coil peptides has been shown applying a completely different tech-
nique. Accordingly, SPR supports the significance of these earlier results. Although
awaiting direct experimental proof, the conclusion that formation of fluorous ‘clusters’ in
the unfolded state of a protein, i.e. the ‘fluorous effect’, may complicate folding can
therefore be held up.

The dissociation rate shows a good correlation with hydrophobicity. Along with in-
creasing hydrophobicity the amino acids are less readily withdrawn from the hydropho-
bic core. Thus, the dissociation rate decreases in the order Abu, DfeGly and TfeGly.
DfpGly does not follow this trend, which may be explained by its structural dissimilarity
to the Abu analogues. Since MfeGly and CF3-Bpg were not available at the time these
investigations were carried out, assessing their kinetic effects remains an issue of fu-

ture work. The detection of the postulated fluorous ‘clusters’ may be approached by
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NMR (by measurement of '°F NOE). However, regarding the large association rates of
the coiled coils studied here, it may not be possible to detect these clusters since they
are kinetically unstable on the NMR time scale. Thus, these studies require the design
of a short random coil peptide that shows unspecific aggregation due to the fluorous
effect. If it were possible to proof that this aggregation is due to the fluorous effect this
would indirectly prove that the formation of fluorous clusters may stabilize the unfolded

state of polypeptides.

The future SPR studies using the coiled-coil model should furthermore consider an
improvement of the model design so as to prevent the formation of even weakly as-
sembled homooligomers, since these unfortunately hamper the kinetic analysis (posi-
tion a16 variants). Incorporation of two Asn residues placed at opposite sites of the
hydrophobic core is known to have a strong impact on folding specificity through forma-
tion of intermolecular hydrogen bonds (see section 6.1.1). At the same time its polarity
destabilizes the homooligomeric assemblies. This effect, however, will also be present
in the heterodimers. Therefore, the coiled coil may need some additional structural al-
terations since the reduced stability could render the model too sensitive for substitu-
tions. Moreover, the polar Asn should not interact with the fluorinated residues, since
this may give rise to polar interactions such as hydrogen bonds that, albeit of utmost
interest, were not present in the former design. It would, therefore, be advisable to
elongate the monomers by one heptad. The Asn should then be placed in one of the
outer heptads while the central core positions could be used for fluorine modifications.
Provided that the adapted design retains the parallel heterodimeric folding specificity,
the effects of fluorine substitutions will be identical to those presented here. In an addi-
tional study the coiled coil may be used to study the polar interactions named above.
Placing polar residues opposite to he fluorinated residues could be used to probe such

interactions, for example, by NMR.

Having a picture of the effects of side chain fluorination within the hydrophobic core,
one of the most important next steps would be the characterization of fluorine’s impact
within the charged interaction domain (positions e and g) of the coiled coil, since salt-
bridges are equally important in directing protein-protein interactions. Fluorination of
charged amino acids such as Glu (fluoroGlu) is expected to alter hydrophobicity of their
side chains in line with having a strong impact on pK,. One may prophesy these indi-
vidual contributions, whereas the net effect on the stability and kinetics of coiled-coil
interactions is difficult to predict. The coiled-coil based model system described here
will provide an ideal target for these studies. The position-dependence (e-position vs.

g-position) and different combinations would have to be studied (e.g. fluoroGlu-Lys,
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fluoroGlu-Arg) to find the optimal interaction partners. A rough quantification of the con-
tribution of these fluorinated amino acids to the stability of the coiled coil may be envi-
sioned to provide the basis for fine-tuning of protein-protein interactions. For example,
fluorine is expected to stabilize the anionic state of the Glu side chain and may there-
fore be used to stabilize protein-protein interactions or substrate binding under more
extreme pH conditions, which could, for example, be useful for developing tailor-made
industrial enzymes that are active under relatively harsh conditions.

One may expect that taking all the data available today together with those that will
be generated in the future will certainly add value to our current understanding of fluo-
rine’s effects within a natural protein environment. It may then be possible to establish
rules for the design of fluorinated peptides and proteins with superior properties that

have great potential in analytical, clinical, and industrial applications.
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