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REFERAT

Aufgrund seiner einzigartigen Eigenschaften erweist sich Fluor als ein vielfdltiges
Werkzeug in der pharmazeutischen Chemie und in den Materialwissenschaften. Der
Einbau der C-F Bindung in Proteine zeigt vielseitige, erstrebenswerte Einfliisse auf die
Thermostabilitit, metabolische Stabilitit, Protein-Protein-Interaktionen und
Selbstassoziation. Allerdings ist das aktuelle Verstiandnis der Eigenschaften von Fluor
innerhalb einer nattirlichen Proteinumgebung noch sehr eingeschrankt, d. h. dass ein
rationales Proteinengineering mit fluorierten Aminosduren zum gezielten Einfluss auf die
strukturellen Eigenschaften und Funktionalititen bisher noch nicht moglich ist. Im
Rahmen der vorliegenden Doktorarbeit wurden die &-Aminobuttersdure und zwei ihrer
fluorierten Analoga in den pankreatischen Trypsin-Inhibitor (BPTI) ortsspezifisch

eingebaut. Die Wirksamkeiten der mutierten BPTI wurden charakterisiert.

Zwei Methoden wurden fiir den Einbau der nicht-nattirlichen Aminosduren in P1-Position
des BPTI eingesetzt. In der ersten Methode wurde eine Suppressor-tRNAPresyc aus Hefe-
Zellen mittels semi-synthetischer Methode mit nicht-natiirlichen Aminoséduren beladen.
Die Proteinexpression erfolgt anschlieffend mittels Zell-freier Proteinexpression. Jedoch
war die Produktion der mutierten BPTI-Proteine wegen geringer Effizienz der Zell-freien
Expression nicht erfolgreich. Deshalb wurden verschiedene mutierte BPTI-Analoga mittels
der chemischen Totalsynthese, die auf der Festphasenpeptidesynthese zusammen mit
natiirlicher chemischer Ligation basiert, synthetisiert. Die globale Struktur und die
thermische  Stabilitdt  der  synthetisierten = BPTI-Analoga  wurden  mittels
Circulardichroismus charakterisiert. Im Gegensatz zu den nicht-fluorierten BPTI-Proteinen
zeigten die fluorierten BPTI-Analoga retinierte thermische Stabilitdt und ein dhnliches
Bindungsvermogen zu Proteasen. Die hochaufgelosten Kristallstrukturen der BPTI-
Trypsin-Komplexe zeigten die minimale strukturelle Perturbation von nicht-nattirlichen
Seitenketten bei der Si-Position, mit Ausnahme der Einlagerung von zwei
Wassermolekiilen. Die niedrigen B-Faktoren dieser zwei Wassermolekiile in fluorierten
Komplexen geben Einblick darin, dass das Inhibitionsvermogen der fluorierten BPTI-
Analoga von einem Fluor-induzierten Wasserstoff-Briicken-Netzwerk in der Si-

Bindungstasche unterstiitzt wird.
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ABSTRACT

Fluorine has proven to be a versatile tool in pharmaceutical chemistry and materials
science, due to its unique physicochemical properties. The incorporation of C-F bonds
into peptides and proteins has also been shown to have desirable effects on thermal and
metabolic stability, as well as protein-protein interactions and self-assembly. However,
because our understanding of the impact of fluorine within a native protein
environment is still very limited, the rational design of such unnatural biopolymers
remains impractical. In this doctoral study, aminobutyric acid and two of its fluorinated
analogues were site-specifically incorporated into basic (bovine) trypsin inhibitor (BPTT)

and the properties of these novel mutants were characterized.

Two approaches were taken to introduce the unnatural amino acids into the P1 position
of BPTL: in vitro translation-based amber stop codon suppression and total chemical
synthesis. In the first case, tRNAs bearing the unnatural amino acid were successfully
generated by means of chemical aminoacylation, but the extremely low efficiency of in
vitro translation made it necessary to abandon this route to the mutant inhibitors. Total
chemical synthesis based on solid phase peptide synthesis and native chemical ligation
enabled sufficient quantities of the unnatural BPTI variants to be obtained for further
study. Their global structure and thermal stability were characterized by circular
dichroism. The inhibitor activity of each was determined by means of a well-established
assay. In contrast to the hydrocarbon parent side chain, the fluorinated BPTI variants
retain thermal stability and inhibitor activity. High-resolution crystal structures of the
three synthetic BPTI variants in complex with B-trypsin show very little overall
structural perturbation with the exception of two new water molecules that fill in the
space created by the removal of the native lysine side chain at the P; position. In the
fluorine-containing structures, the B-factors of these two water molecules are
significantly lower than the values seen in the aminobutyric acid structure, indicating
that fluorine-induced noncovalent interactions within an extensive H-bond network

account for the observed restoration of inhibition.
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“Nothing is in the intellect that was not earlier in the senses”
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ABBREVIATIONS

AA amino acid

aa-tRNA aminoacylated tRNA

AMPs antimicrobial peptides

APS ammonium persulfate

ATP adenosine-5’-triphosphate

Bicine 2-(Bis(2-hydroxyethyl)amino)acetic acid

BPTI basic (bovine) pancreatic trypsin inhibitor

BSA bovine serum albumin

Bzl benzyl

CAT chloramphenicol acetyltransferase

CD circular dichroism

CTP cytidine-5’-triphosphate

CTRB1 chymotrypsinogen B1

DBU 1,8-diazabicycloundec-7-ene

dC-CE 4-N-benzoyl-5"-O-(4,4’-dimethoxytrityl)-2’-deoxycytidinyl-3"[ (2-
cyanoethyl)-(N,N-diisopropyl)]

DCM methylene chloride

DEAE diethylaminoethanol

DHFR dihydrofolate reductase

DIC N,N’-diisopropylcarbodiimide

DIEPA N, N-diisopropylethylamine
DMAP 4-dimethylaminopyridine

DMF N, N-dimethylformamide
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DTT dithiothreitol

E. coli Escherichia coli

EDT 1,2-ethanedithiol

EDTA ethylenediaminetetraacetic acid
EF elongation factor

EPL expressed protein ligation



ESI
EtBr
FAD
Fmoc
FRET
GdmCl
GdmSCN
GFP
GTP
HEPES
HOAt
HOBt
HRP
5-HT
ICso
ITC

IF

kb

kDa

LB
MALDI
MeCN
MES
MOPS
MPAA
MPD
mRNA
NCL
NADP
NMR
NVOC
OD

XVI

electrospray ionization

ethidium bromide

flavin adenine dinucleotide
9-fluorenylmethyloxycarbonyl
Forster resonance energy transfer
guanidinium chloride
guanidinium thiocyanate

green fluoresce protein

guanosine-5'-triphosphate

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

1-hydroxy-7-azabenzotriazole
1-hydroxybenzotriazole

horseradish peroxidase
5-hydroxytryptamine receptor

half maximal inhibitory concentration
isothermal titration calorimetry

initial factor

kilobase

kilodalton

Liter

lysogeny broth

matrix-assisted laser desorption/ionization
acetonitrile
2-(N-morpholino)ethanesulfonic acid
3-(N-morpholino)propanesulfonic acid
4-mercaptophenylacetic acid
1-methyl-2,4-pentanediol

messenger RNA

native chemical ligation

nicotinamide adenine dinucleotide phosphate
nuclear magnetic resonance
nitroveratryloxy carbonyl

optical density



PCR
pdCpA
PEG
PET
PGI>
PNA
ppm
PyBOP
RF
RNA
RP-HPLC
rpm

SB
SDS
SOC
SPI
SPPS
TAE
TBA
tBoc
TBS
TBTU
t(Bu)
TEA
TECP-HC1
TEMED
TFA
TFE
THF
TIPS
TLC
TOF

Tris

polymerase chain reaction
5’-phosphoryl-2’-deoxyribocytidylyriboadenosine
polyethylene glycol

positron emission tomography

prostacyclin

peptide nucleic acid

parts per million
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
release factor

ribonucleic acid

reversed-phase high performance liquid chromatography
revolutions per minute

super broth

sodium dodecyl sulfate

super optimal broth

selective pressure incorporation

solid-phase peptide synthesis

Tris-acetate-EDTA

tetra-n-butylammonium

tert-butyloxycarbonyl

Tris-buffered saline
O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate
tert-butyl

triethylamine

Tris(2-carboxyethyl)phosphine hydrochloride
tetramethylethylenediamine

trifluoroacetic acid

2,2,2-trifluoroethanol

tetrahydrofuran

triisopropylsilane

thin layer chromatography

time of flight

tris(hydroxymethyl)aminomethane
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tRNA
uTP

transfer RNA
uridine-5"-triphosphate

Abbreviations of L-amino acids relevant to this thesis are given below.

Canonical amino acids

EAT DI OB OO

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile

Lys

Leu

Alanine M Met Methionine
Cysteine N Asn Asparagine
Aspartic acid P Pro Proline
Glutamic acid Q GIn Glutamine
Phenylalanine R Arg Arginine
Glycine S Ser  Serine
Histidine T Thr Threonine
Isoleucine \" Val Valine
Lysine \4Y Trp Tryptophan
Leucine Y Tyr Tyrosine

Non-canonical amino acids

Abu o-aminobutyric acid, (S)-2-aminobutyric acid

DfeGly difluoroethylglycine, (S)-2-amino-4,4-difluorobutanoic acid
DfpGly difluoropropylgylcine, (S)-2-amino-4,4-difluoropentanoic acid
2-fTyr 2-fluorotyrosine

3-fTyr 3-fluorotyrosine

HfLeu 5,5,5,5°,5",5 -hexafluoroleucine

HfVal 4444 4 4 -hexafluorovaline

MfeGly difluoroethylglycine, (5)-2-amino-4-monofluorobutanoic acid
TfeGly(Atb) tifluoroethylglycine, (S)-2-amino-4,4,4-trifluorobutanoic acid
TfmAla trifluoromethylalanine, 2-amino-2-(trifluoromethyl)propanoic acid
TfMet trifluoromethionine

TfVal 4,4 4-trifluorovaline, (S)-2-amino-3-(trifluoromethyl) butanoic acid
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Preface

PREFACE

Proteins are biological macromolecules consisting of one or several units, which are
assembled into linear chains and naturally fold into unique three-dimensional
structures; there are 20 common canonical amino acids and rare selenocysteine and
pyrrolysine. With the exception of certain functional ribonucleic acids, proteins are
the cellular actors that carry out a remarkable range of functions, including building
up the cell scaffold, catalyzing chemical reactions, and transducing signals. Most
proteins require post-translational modifications or cofactors for their function.
Therefore, one of the essential tasks of advanced biochemical research is protein
engineering, to develop a new chemical toolkit to produce proteins with novel or
enhanced bioactivities, which meet the needs of human societies, particularly as

potential pharmaceuticals and biomaterials for healthcare.

Recently, fluorine has been emerging as a promising tool for protein design. This is
mainly due to the fact that incorporation of fluorine into molecules can result in
unique effects, which cannot be achieved by the use of any other elements. The
incorporation of fluorine into proteins might increase protein stability and
proteolytic resistance, which could result, in an extreme case, in an artificial “Teflon
protein” that could be advantageous for pharmaceutical and biotechnological
purposes. Fluorination of proteins might also modulate membrane permeability and
induce novel interactions. Moreover, fluorine can be an excellent bioorthogonal
biophysical marker, and can be used to monitor dynamic biological processes.
Though numerous studies of protein engineering by fluorination have been done, a
general interpretation of fluorine’s behavior within a native protein environment

cannot be made based on our current knowledge.

In the context of this doctoral thesis, the general properties of fluorine, protein
engineering by fluorination, and the methodologies used for the incorporation of
non-canonical amino acids into proteins, based on literature reports, are discussed by

way of example and briefly summarized. Experimentally, the incorporation of



Preface

several fluorinated amino acids and their non-fluorinated analogues into a
proteinogenic inhibitor by means of in vitro amber stop codon suppression and total
chemical synthesis was attempted and accomplished, respectively. The results
obtained from biophysical characterization and protein structural analysis provide
the scientific community with a novel insight into the effect of fluorine within a

native protein environment.



Chapter 1

Unique properties of fluorine and fluorine in protein

design






1.1 The unique properties of fluorine

1.1 Unique properties of fluorine

As the thirteenth most common element in earth’s crust, the natural abundance of
fluorine exists mainly as fluorite (CaFz), fluorapatite (Cas(PPO4)sF) and cryolite
(NasAlFg). Surprisingly, as the most abundant halogen in the earth’s crust, and
compared to the some 3000 natural products containing chlorine, bromine, and
iodine that are known, only 13 natural organic compounds contain fluorine, of which

eight are w-fluorinated fatty acids from the same plant.!

O 0.C OH
’)j\ .0280\/002.

— COy :
w-Fluorooleic acid Fluoroaceton (2R,3R)-Fluorocitrate

o) NH
(o) HzN\'s'—O — _ 2 OH O
Ao 5 YOyt Ao
Y
. . N NH,
HO' ‘OH

Fluoroacetate Nucleocidin 4-Fluorothreonine

Figure 1.1-1 Naturally occurring organofluorine compounds

In spite of such scarcity, synthetic fluorine-containing compounds have been widely
used in various fields. For instance, prior to 1957 no fluorine-containing
pharmaceuticals had been developed, but now about 20% of all pharmaceuticals on
the market contain at least one fluorine atom. Commercial agrochemicals give an
even higher figure with more than 30% of fluorine-containing products.?
Furthermore, organic fluorine compounds are also widely used in materials science
to design materials with unique properties.3 Recently, fluorinated analogues of the
canonical amino acids have attracted widespread attention as building blocks for
protein design, to produce proteins with advantageous biochemical and biophysical

properties.*



1.1 The unique properties of fluorine

1.1.1 The effects of fluorine on molecular size and conformation

The properties of organofluorine compounds are influenced by the size and
electronegativity of the fluorine constituent. The C-F bond is a highly polarized bond
with great bond strength and very low polarizability. Table 1.1-1 summarizes the
relevant physical properties of fluorine in comparison with other selected elements,

and the physical properties of fluoromethanes.

Table 1.1-1 Representative physical data for selected elements and physical properties of
fluoromethanes

H C N (0) F Cl Br I
van der Waals radius (A) 1.20 1.70 1.55 1.52 147 1.75 1.85 1.98
C-X bond lengths (A)2 1.09 154 147 143 135 177 - -
Electronegativity? 22 2.6 3.0 34 4.0 3.2 3.0 2.7

C-X bond strength (kcal/mol)b 98.8 83.1 69.7 84.0 105.4 78.5 65.9 57.4
Ionization potential (Kcal/mol)a 313.6 2405 3351 3140 401.8 299.0 2724 2412
Electronaffinity (Kcal/mol)= 17.7 29.0 -6.2 33.8 79.5 83.3 72.6 70.6
Polarizability (A) 0.67 1.76 1.10 0.82 0.56 2.18 3.05 4.7

CH,; CH:F CH;F, CHE; CF,

C-F bond length (A)P - 139 136 133  1.32
C-F bond strength (kcal/mol)® - 107 109.6 114.6 116
Dipole moment (u)/DP 0 1.85 1.97 1.65 0

Boiling point (°C)P -161 -78 -52 -83 -128

Reference: a® be.

1.1.1.1 Mimic effect and steric perturbation

The van der Waals radius of fluorine is only about 20% larger than hydrogen, and the
C-F bond length is 21% greater than the C-H bond in CHa. It has been shown that
enzymes often ignore the difference in substrates when hydrogen is substituted by
fluorine. Therefore, substitution with fluorine in enzyme substrates or inhibitors can
be direct adapted to biochemical system for probing of molecular recognition.”
Besides the mimic effect, the introduction of a trifluoromethyl group results in

important conformational changes within organic molecules. It is worth noting that
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introducing one fluorine atom into a methyl group leads to a higher axial preference
compared to the hydrocarbon parent. The incorporation of two fluorine atom into a
methyl group leads to a very small increase in the A value (conformational free
energy, kcal/mol), while the substitution of three fluorine atoms into a methyl group
causes a significant change in the A value.8 It is generally accepted that the bulkiness

of a CFs group is close to that of a (CH3)2CH- group.®

1.1.1.2 Effects of fluorine on molecular conformation

The combination of steric effects and high electron withdrawing effect of fluorine
sometimes leads to unpredictable molecular conformations. For instance,
methoxybenzene and trifluoromethoxybenzene do not share similar structures. In
trifluoromethoxybenzene the dihedral angle of C-C-O-C for the -OCF; group is about
90°, rather than a planar conformation as in the -OCHj; group in methoxybenzene.?
This phenomena was further confirmed by molecular modeling and applied to an
inhibitor of cholesteryl ester transfer protein, in which the out-of-plane orientation of

the fluoromethyl group fits better in the binding site and enhances binding affinity.!!

CHj CHj
H

A
a4 07 “NH 07 N
:@H :®: H\/‘ H<IH :®'—h

H

0.0 keal/mol 0.7 keal/mol | CH, FCF,. 0.0 kcal/mol 1.8 kcal/mol

Figure 1.1-2 Schematic representation of gauche effect of 1,2-difluoroethane and N-B-
fluoroethylamide and relative free energy difference

Another well know conformational effect due to fluorination is the gauche effect,
exemplified in chemicals such as 1,2-difluoroethane, which prefers a gauche rather

than an anti conformation. Figure 1.1-2 depicts the gauche and anti conformation and



1.1 The unique properties of fluorine

their relative free energy difference for 1,2-difluoroethane and N-B-fluoroethylamide.
The more favorable gauche conformation can be explained by hyperconjugation
involving the highly polarized C-F bond. Both electronegative fluorine atoms are
anti-periplanar to a C-H bond and stabilize this conformation by hyperconjugative
interaction.® 12 The gauche effect was also observed in the conformational preference
of 4-fluoroprolines. NMR data demonstrated that (4R)-fluoroproline prefers the CY-
exo conformation while (4S)-fluoroproline prefers the CY-endo conformation. This
difference can be applied for protein design to produce proteins containing 4-

fluoroproline with different biophysical characteristics.!3

1.1.2 The effects of fluorine on physicochemical properties

1.1.2.1 Block effect

The block effect refers to the observation that the substitution of hydrogen with
fluorine can significantly block the metabolic processes that result in the

hydroxylation of C-H bonds. This is mainly due to the greater C-F bond strength.

demethylation

OCH,4

benzylic oxidation

phenyl -7

oxidation

Y

el
\ g

\ metabolism blocked
demethylation
Zetia/Vytorin

SCH 48461 (Schering-Plough)

Figure 1.1-3 Optimizations of SCH48461 by fluorination

Replacement of hydrogen with fluorine on aromatic ring inductively deactives the phenyl groups
towards oxidation
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This effect can be applied for drug design to increase the metabolic stability of drugs,
particularly resistance to the enzyme-like cytochrome P-450. Figure 1.1-3
schematically depicts the metabolic degradation sites of SCH 48461 and the redesign
of SCH 48461 by introducing fluorine atoms. The incorporation of fluorine protects
the phenyl group towards oxidization and results in the drug Zetia. Zetia was found

to be ~400 times more potent than SCH48461, and is effective even at low doses.

1.1.2.2 Inductive effects of fluorine

Because fluorine is the most electronegative element, its incorporation can induce
electronic effects on the neighboring groups by withdrawing electron density and
subsequently affecting the pK. value, Lewis acidity/basicity, and stability of the
neighboring functional groups. Such effects can be utilized for drug design to
generate pharmaceutical compounds with increased binding affinity for the target
receptors, improved biocompatibility, and enhanced pharmacokinetics. Table 1.1-2
presents pKa values of selected carboxylic acids, alcohols, and alanine with or

without fluorine substituents.

Table 1.1-2 pK, values of selected fluorinated and non-fluorinated carboxyl acids, alcohols, and
alanine

Carboxylic acid pKa Alcohol pKa Amino acidb pPKcooo pKnns+
CH>;COOH 4.76 CH3;CH2OH 15.93 NH;*-CH(CHz3)-COO- 2.3 9.9
CH.FCOOH 2.59 CF;CHOH 12.93 NH;*-CH(CH2F)-COO- 2.4 9.8
CHF,COOH 1.33 NH;*-CH(CF3)-COO- 1.2 5.4
CF:COOH 0.50 (CH3).CHOH 17.10

(CF5).CHOH 9.30
CH>CICOOH 2.87
CH,BrCOOH 2.90 (CH3);:COH 19.00

(CF5)sCOH 5.40
CH3;CH>OO0OH 4.87
CF;CH.COOH 3.06 CeHsOH 9.99

CeFsCOH 5.50
CsHsCOOH 421
CeFsCOOH 1.70

Reference: a7 b15



1.1 The unique properties of fluorine

3-(3-(Piperidin-1-yl)propyl)indoles bind 5-hydroxytryptamine receptors (5-HT)
receptors with high selectivity. The introduction of fluorine into these molecules
results in dramatic reductions in pK. values of these compounds and leads to
different efficiencies of oral absorption and bioavailability. The pKa values, half-
inhibition concentration (ICs)), and bioavailability data of 3-(3-(Piperidin-1-

yl)propyl)indoles are summarized in Figure 1.1-4.14 16

N

NG I\O\/@ Rl R2 pK. fg"e;’foiﬁ{jl‘)’ Bioavailability
(IN] Ri Rz H H 97 03 Low
3-(3-(Piperidin-q-vl)propvl)indolcs derivate F H 87 09 Good
¥ iy F 6.7 78 -

5HT,, agonists for migraine relief

Figure 1.1-4 Modulation of pK, values and bioavailability of 3-(3-(Piperidin-1-yl)propyl)indole
derivate by fluorination

Besides the block effect by direct fluorination, the introduction of fluorine can also
indirectly affect metabolic stability by influencing neighboring functional groups.
Prostacyclin (PGIL2) belongs to a family of lipids, and it was initially used to inhibit
platelet aggregation. Recently, PGI> became an attractive candidate for the treatment
of inflammatory and vascular diseases. In vivo PGI. easily undergoes hydrolysis to
afford 6-keto-PGI> (Figure 1.1-5). In order to increase the half-life of this
pharmaceutical, fluorine was introduced, as its strong electron withdrawing effects
influence the enol ether group and reduce the hydrolysis rate. Experimental data
showed that the half-life of fluorinated PGIL> analogues was increased from 10
minutes to ~1 months by monofluorination, and ~3 months by difluorination at the

neighboring position.14 17
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1.1 The unique properties of fluorine

.CO,H .CO,H
(HClg ™ 2 (HCly 2 (Ho0y O
(N [N~
in vivo HO" HO"
HO"  CsHi HO" CsHyq
Prostacyclin (PGIL,) 6-keto-PGI, , 7-F-PGI, AFP-07
Vasodilator inhibitor of platelet aggregation Inactive metabolite Tl/Z > 1 month, PH =74 Tl/z =90 days, PH =74

T,,= 10 min, pH = 7.4

Figure 1.1-5 Hydrolysis of prostacyclin in vivo and redesign of prostacyclin by fluorination

1.1.2.3 Lipophilicity of fluorinated compounds

Since most orally administered drugs are absorbed and distributed via passive
transport, in drug design it is very important to ensure that molecules penetrate the
cell membrane but not become trapped. Fluorine has been proven to be effective in
modulating the lipophilicity of molecules; however, the nature of its impact remains
difficult to predict. In general, aromatic fluorination or per/polyfluorination
increases lipophilicity, while introduction of fluorine into aliphatic compounds leads

to a decrease in lipophilicity.1®

1.1.3 Participation of fluorine in weak interactions

1.1.3.1 Hydrogen bond

Although the C-F bond is strongly polarized, three ione pairs of electrons on the
fluorine atom could enable interactions with a proton; however, statistical analysis of
structural data indicates that organic fluorine hardly accepts hydrogen bonds.!8
Numerous studies by means of theoretical calculation, crystallography, and
experimental investigations have been done to reveal evidence for intermolecular or
intramolecular hydrogen bonding.!® A conventional hydrogen bond, such as

ROH~"O=C, has a contact distance of ~1.9 A and contributes 5-10 kcal/mol. In
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1.1 The unique properties of fluorine

isolated cases, the shortest observed CF~HX contacts are in the range 2.0-2.2 A. But
many more instances have revealed that distances of CF“HX are typically beyond the
van der Waals contact distance between fluorine and hydrogen (~2.65 A). Thus, due
to its high electron affinity and low polarizability, fluorine hardly ever acts as
hydrogen acceptor. Several researchers have suggested that the weak interaction
between CF"HX might more appropriately be categorized as a dipolar interaction

rather than a true hydrogen bond.

1.1.3.2 Orthogonal dipolar interactions

In contrast to its participation in a hydrogen bond, the fluorine-induced dipole-
dipole interaction is widely accepted. Examples include the attractive non-covalent
dipole-dipole interaction between Csp2>-F and amide group and fluorine interaction
with a fluorophilic environment provided by H-C-C=0 fragment.?® Such interactions
are weak, but accounts for many biologically significant phenomena. Therefore, the
fluorine-induced dipolar interactions have been exploited for structure-based

inhibitor design.

1.1.4 Fluorous effect

Fluorous effect refers to the behavior of perfluoroalkyl chains in avoiding
unfavorable interactions between fluorine atoms and other elements, due to the very
low polarizability of fluorine. Based on this phenomenon, many technologies for
synthesis and separation were able to be developed.?! Recently, several new concepts
based on the fluorous effect for biological applications have been developed; e.g.,
Pohl and coworkers introduced fluorous small molecule microarrays for screening
carbohydrates.?? Peters and coworkers developed a fluorous affinity tagging

technique to enrich peptide samples for MS analysis, which could be applied for

12



1.1 The unique properties of fluorine

proteomics in the future.?® The potential fluorous effect in the self-sorting of peptides

is discussed in the next section.

Figure 1.1-6 A typical three-phase liquid extraction shows fluorous effect

§ Organic

Organic solvent (rose), aqueous solvent (green), and perfluorinated solvent
(yellow). (Adapted with permission from DeSimone,?* Copyright ® 2002,
American Association for the Advancement of Science)

Water soluable

Fluorous

1.1.5 Orthogonal reactivity of fluorine

Trifluoridine (trade name: Viroptic®) is an antiviral drug. 5-fluorouracil (trade name:
Efudex) is widely used as a chemotherapeutic agent for malignancies (Figure 1.1-7).
The design of both mechanism-based enzyme inhibitors is based on the orthogonal

reactivity of fluorine.

1
I vl
'1 | (?1 O N
o) N O‘F,’_‘O—| :o:
OH
5-Fluorouracil Trifluridine

Figure 1.1-7 Structures of 5-fluorouracil and trifluridine

Both drugs cause the irreversible inhibition of thymidylate synthase, which is an
important enzyme in nucleic acid metabolism, transferring the methyl group onto

deoxyuridine monophosphate to form deoxythymidine monophosphate. Figure 1.1-8
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1.1 The unique properties of fluorine

illustrates the methylation mechanism of thymidylate synthase and inhibition
mechanism of 5-fluorouracil. Catalysis begins with a Michael addition of a cysteine
residue in the enzyme onto 5-fluorouracil. The next step is the transfer of a methyl
group from a cofactor via B-elimination, forming tetrahydrofolic acid. The 5-
fluorouracil interacts with thymidylate synthase and the cofactor in a similar way,
but the reaction stops at the elimination step due to the absence of a proton. Thus, the
resulting lack of thymidine monophosphate as a precursor for DNA biosynthesis
results in blockage of DNA replication (Figure 1.1-8). Trifluridine acts on thymidylate

synthase in the same manner.!4

H
NN NH,
H [ N._N__NH
R N\J\’Y'/\[/NH " N
o N NH
© (O'\ R™5 2“'/\f\/
HNC - HN/\/I/\ _ HN/k H H
~ - N._N__NH,
o7y H\S OZ\N s O%\N/\S H\/[ I T N
R S R N R N N S " Ny Ny e
d activated I o R_,NJN%NH
UMP tetrahydrofolate © (0\\ 9 g g
HNJQ\J/ - . HN)\// - . HN
Mechanism of thymidylate synthase 07N ™ OJ\NJ\ 0N
F:}j, ﬁ HS\' sz S\ F‘! S\
9 o f
R= OO0 o
o 0 " FdUMP activated
OH N N\\I/NHz tetrahydrofolate
H
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HN)TCHQ -H, Folate o (H Y0 5-fluorouracil inhibits thymidylate synthase SH*
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& 7
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Figure 1.1-8 Schematic representation of methyl transfer mechanism of thymidylate synthase and
inhibition mechanism of 5-fluorouracil

1.1.6 Fluorine as label

In addition to fluorine’s effects on conformation and physiochemical properties, it is

also widely used as a probe for biophysical investigations and clinical studies.

1.1.6.1 Positron emission tomography (PET)

Positron emission tomography (PET) is a powerful nuclear medical imaging

technique, which enables the collection of dynamic three-dimensional images of in
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1.1 The unique properties of fluorine

vivo processes for diagnostics and clinical studies. Among the common radionuclides,
I8F has a relatively long half-life of 110 minutes (1'C (t1/2 = 20.4 minutes), 13N (t1/2 =
9.97 minutes) and %O (t1/2 = 2.04 minutes)) and has better physical characteristics for
imaging due to its low positron energy.? 2-deoxy-2-[18F]fluoro-D-glucose (['*F]FDG)
is the best known and most successful commercial radiopharmaceutical for PET

(Figure 1.1-9).
OH

HO

HO

18 OH

Figure 1.1-9 Chemical structure of 2-deoxy-2-[18F]fluoro-D-glucose

The major clinical application of ['8F]FDG is the diagnosis of tumors, which is based
on the increased metabolic activity of cancer cells; recently, PET has also emerged as
an important tool for the development of pharmaceuticals. PET images can provide
quantitative information on the in vivo distribution, pharmacokinetics, and efficiency
of receptor binding of potential pharmaceuticals. Because fluorine has drawn much
attention in the pharmaceutical industry, and because it can be used directly as a
label for clinical studies, a rapidly expanding repertoire of synthetic methods has
been established to optimize late-stage fluorination with 18F and avoid unproductive

decay.?¢

1.1.6.2 F nuclear magnetic resonance

Due to its natural abundance of 100%, nuclear spin of %2, and high magnetization
sensitivity (~83% of 'H), °F is an attractive nucleus for NMR investigation. In
particular, F NMR is suitable for the study of protein structure and dynamic
conformational changes, as well as protein-ligand/protein interactions.?” The CFs
group is the most common label for F NMR used in structural biophysical studies.

Incorporation of CFs; group into peptides and proteins can reduce problems

15



1.1 The unique properties of fluorine

associated with HF-elimination, racemization, and slow coupling. In addition to
applications in F NMR, YF is also used as a probe for magnetic resonance imaging
(MRI). Besides the above mentioned nucleus properties of 19F, several advantages,
including a broad chemical shift range, bioorthogonality, and the well understood
nature of its biodistribution and toxicity, gained through extensive studies of
perfluorocarbons as blood substitutes, make 1°F attractive as an MRI tracer for cell
labeling and in vivo imaging.?® F has been used for the non-invasion tracing of
fluorinated drugs, including 5-fluorouracil for chemotherapy and anesthetics such as
isoflurane and methoxyflurane. Quantitative data, including chemical shift,

exchangeability, and relaxation processes can be obtained in biological systems.?’

This section of the introductory chapter has summarized the unique properties of
fluorine and its current biomedical applications. It has been become more and more
popular to use fluorine in the design of novel small molecules or materials for which
extraordinary chemical and physiological properties are desirable. Furthermore, 18F
and °F have been widely used as biophysical markers for diagnostics and drug

development.
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1.2 Fluorine in protein design

1.2  Fluorine in protein design

The unique properties of fluorine were discussed in section 1.1. In this section, the
effects of fluorination in peptides and proteins are discussed in the context of several
examples. Due to the fact that the introduction of fluorine can provide diverse
benefits, particularly in pharmaceuticals, agrochemicals, and materials science, the
incorporation of fluorine into proteins has emerged as a standard strategy for protein
design. Successful synthetic strategies of fluorinated analogues of amino acids® have
enabled various studies for probing protein stability, conformational effects,

proteolytic resistance, enzyme mechanisms, and noncovalent interactions.

1.2.1 Effects of fluorine in coiled-coil peptides

The leucine-zipper motif, comprising an &-helical coiled coil, is widely accepted as a
model system for investigating protein folding.®' It can be simplified as a repetitive
sequence or heptad repeat (abcdefg)n, in which hydrophobic amino acids are located
at the a and d positions, charged amino acids at the e and g positions, and b, ¢, and f
are occupied by polar amino acids. Such systems can be designed de novo to

investigate various aspects of the self-assembly of helical bundles.32

Residue-specific or global, replacement of leucine (Leu) with its highly fluorinated
analogues 5,5,5-trifluoroleucine (TfLeu), 5,5,5,5",5",5 -hexafluoroleucine (HfLeu), or
4,4 4-trifluorovaline (TfVal) at a and d positions was carried out by Tirrell and
coworkers to study the thermodynamic stability and self-sorting of a rationally
designed coiled coil.33 The fluorinated DNA-binding protein GCN4-bZip showed
enhanced protein stability and retention of DNA-binding specificity and affinity
(Figure 1.2-1).33¢

Kumar and coworkers investigated the substitution of Leu and valine (Val) with
TfLeu and TfVal in the hydrophobic core. Protein stability and the formation of

oligomers within a membrane environment were surveyed. It was observed that the
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1.2 Fluorine in protein design

protein gained stability, and the researchers concluded that this is due to the greater
hydrophobicity of the fluorinated side chain.3* In helical bundles studied within a
membrane environment, the favorable dimerization of fluorinated helices in micells
was demonstrated. Thus, the investigators envision that such fluorination could

provide the opportunity to modulate biological processes.

Figure 1.2-1 3D representation of dimeric form of fluorinated GCN4-pld

d positions in the helix are substituted with TfLeu, Yellow spheres represent the van der Waals radii of
fluorine atoms (Adapted with permission from Tang et al.,3% Copyright ® 2001, American Chemical
Society).

Marsch and coworkers have systematically studied the fluorous effect in a native
protein environment by incorporating HfLeu into a 4-&-helix bundle. The fluorinated
peptide exhibits remarkable stability, resistance to proteolysis, and self-sorting
behavior. Increased protein stability, with a AAGunfolda of 0.3 kcal/mol per HfLeu
residue, was observed, which is in good agreement with the predicted contribution
to AAGunfold of 0.4 kcal/mol per residue from enhanced hydrophobicity. Therefore,
the researchers concluded that the enhancement in protein stability is due to the
hydrophobic effect rather than the fluorous effect.3¢ Recently, the packing efficiency

of fluorinated side chains in the hydrophobic core of a 4-&-helix bundle was
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1.2 Fluorine in protein design

investigated by NMR and X-ray crystallography. The crystallographic data indicate
that the packing of fluorinated side chains in the hydrophobic core is indeed more
important than the fluorous effect in enhancing protein stability. The increased
stability of the helix bundle can most likely be explained by an increase in buried

hydrophobic surface area in the fluorinated variant. 37

H3C CHS H3C * CF3 F3C CF3
H,N"" ~COOH H,N"" ~COOH H,N”" ~COOH
1 1a 1b
CH, CF,
H3C \H H3C\*$\\H
H,N” ~COOH H,N” ~COOH
2 2a
CH3 CH3
H3C ‘\éf Fsc\é\l_i
H,N”" ~COOH H,N”" ~COOH
3 3a

Figure 1.2-2 Schematic representation of Leu, Val, Ile, and their fluorinated analogues incorporated
into coiled-coil model peptides

1) Leu, 1a) TfLeu, 1b) HfLeu, 2) Val, 2a) TfVal, 3) lle, 3a) Tflle

In our group, the effects regarding the single incorporation of fluorinated amino
acids into coiled-coil model peptides have been systematically investigated. (S)-2-
aminobutyric acid (Abu) and its (5)-2-amino-4,4-
difluorobutanoic acid (DfeGly), (S)-2-amino-4,4,4-trifluorobutanoic acid (TfeGly), (S)-

fluorinated analogues

2-amino-4,4-difluoropentanoic acid (DfpGly) have been incorporated into both
antiparallel homodimers and parallel heterodimers to probe interactions involving

fluorine.’ Initially, these studies were based on the assumption that the steric size of
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1.2 Fluorine in protein design

a trifluoromethyl group is comparable to that of an isopropyl group. The results of
thermal denaturation experiments and MD simulations indicate that the effects of
partially fluorinated side chains are strongly dependent on the packing and
orientation of the fluorinated side chains within the hydrophobic core. The peptides
containing these fluorinated amino acids were further characterized in phage display
screening for the preferred interaction partners composed of only canonical amino
acids. It was found that in spite of their different fluorine content, all three

fluorinated amino acids tested favor pairing with hydrophobic amino acids.?

F =
CH;
w H H H
HoN COOH H,N COOH HoN COOH H,N COOH
1 2 3 4

Figure 1.2-3 Schematic representation of (S)-2-aminobutyric acid and its fluorinated analogues
used in the studies of our group

1) Abu, 2) DfeGly, 3) TfeGly, 4) DfpGly

1.2.2 Secondary structure propensities of fluorinated amino acids

As discussed in section 1.2.1, the introduction of extensively fluorinated amino acids
into the hydrophobic core of coiled-coil model peptides can enhance protein stability,
which is probably due to elevated hydrophobicity and increased buried hydrophobic
surface area. Nevertheless, the overall conformational stability of proteins is not only
determined by the hydrophobic effect, but also by other factors including
electrostatic interactions between charged residues, hydrogen bonds, and the
secondary structure propensities of amino acids. It has been argued that some
fluorinated amino acids exhibit low helix propensities and might be more suitable for
stabilizing a B-sheet. Cheng and coworkers demonstrated that HfLeu, (S)-2-amino-
4,4 4-trifluorobutyric acid (Atb), and (S)-pentafluorophenylalanine have lower helix

propensities and higher B-sheet propensities by incorporating these fluorinated
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amino acid analogues into a solvent-exposed position on an internal strand of protein
G B1 domain.*? Raleigh and coworkers incorporated diastereomeric TfVal into the B-
sheet core structure of the N-terminal domain of the ribosomal protein L9 (NTL9)
and observed increased protein stability; however, it was unclear in this study
whether this was due to more favorable hydrophobic interactions or greater B-sheet
propensities of the fluorinated amino acids.#! Recently, our group determined the
helix propensities of a series of fluorinated amino acids and probed the effects on «-
helix and B-sheet formation. The results show that (35)-TfV, (3R)-TfV, and (35)-Tflle
have very low helix propensities, and Abu, MfeGly, DfeGly, and TfeGly exhibit

decreasing a-helix propensities with increasing numbers of fluorine atoms.*?

1.2.3 Fluorination of antimicrobial peptides

Fluorinated amino acids have been incorporated into antimicrobial peptides (AMPs)
to probe their biological activities. AMPs are class of genetically encoded short
cationic amphipathic peptide that act on bacterial cells by selectively disrupting cell

membranes.43

Figure 1.2-4 Schematic representation of MSI-78 dimer

Side view, view along the helical axis, and model of fluorinated MSI-78, Leu and Ile are shown in CPK
rendering. (Adapted with permission from Gottler et al.,* copyright ® 2008 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim)
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Marsh and coworkers synthesized and biologically characterized a fluorinated AMP,
MSI-78, by substituting Leu and Ile with HfLeu. MSI-78 adopts a random coil
conformation when free in solution, but forms a dimeric anti-parallel coiled-coil in
the presence of lipid bilayers (Figure 1.2-4). Upon fluorination, MSI-78 shows a great
increase in proteolytic resistance and retains its broad spectrum of antimicrobial
activity. Moreover, the fluorinated MSI-78 acts selectively upon certain bacterial
strains. It was assumed that the incorporation of fluorine into MSI-78 enhances
hydrophobic interactions in the dimer, which results in observed enhancement of

proteolytic resistance.*

In another study from the same group, two valines were substituted with Leu and
HfLeu in a member of the protegrin family of antimicrobial peptides. The
experimental data show that the Leu-containing AMP was significantly more active
than the parent peptide, while HfLeu-containing AMP lost its antibiotic activity.
Furthermore, the latter substitution seems to alter the stoichiometry of peptide-lipid

interaction, which was confirmed by ITC measurements.*>

1.2.4 An example of fluorine in aromatic stacking effects

Recently, Gao and coworkers systematically investigated the stacking effects of
fluorinated aromatic side chains by the use of a designed 2D model protein.*>-4 xxD
is a de novo designed polypeptide containing 35 residues that folds into a dimeric
helix bundle with a remarkably cooperative, reversible folding behavior. Two
phenylalanine (Phe) side chains located in the middle of the helix bundle stack face
to face.#” Analogues of Phe with various numbers of fluorine atoms on the aromatic
ring were used to replace these Phe residues to study aromatic stacking energetics
(Figure 1.2-5). In earlier studies, Gao and coworkers had demonstrated that the
quadrupolar interaction between the pentafluor and hydrocarbon phenyl rings
stabilizes heterodimer formation.#¢¢ In recent systematic studies, the thermodynamic

stabilities of a2D double mutants (both positions 10 and 29 substituted with various
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fluorinated Phe residues) and single mutants (position 29 substituted with various
fluorinated Phe residues) were characterized. Among the double mutants, the species
substituted with the pentafluoro phenyl ring showed the highest stability. The
experimental data also revealed that oD variants harboring regioisomers of
tetrafluoro phenyl rings have different thermodynamic stabilities (Z° >Zm >Zr)
(Figure 1.2-5). Because the thermal stability of &:D varies directly with the magnitude
of the dipole moment of the phenyl side chain, it was concluded that dipole-dipole
coupling stabilizes the formation of homodimers. The thermal stabilities of the single
mutants revealed a preference for stacking interactions between fluorinated Phe
analogues and native Phe, with Z° showing the highest stability, indicating a
synergistic effect of hydrophobicity and dipolar interactions in a protein

environment.46a

~ y
10 29 » » D ) ) b)
GEVEELEKKXKELWKGPRRGEIEELHKKXHELIKG A ) )

Figure 1.2-5 Schematic representation of the dimeric ®:D model protein, the monomers presented
in gray and light cyan (left); the fluorinated analogues of Phe incorporated into oD and their
electrostatic potential maps (blue is positive, red is negative) (right)

(Adapted with permission from Pace ef al.,*2 Copyright ® 2012, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim)
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1.2.5 Effects of global substitution with fluorinated amino acids

Fluorinated analogues of amino acids have also been incorporated into whole
proteins residue-specifically to explore the effects of fluorination on the overall

conformation and stability of proteins, as well as the catalytic properties of enzymes.

Diastereomeric TfLeu was substituted for Leu in chloramphenicol acetyltransferase
(CAT). A slight enhancement in protein stability in secondary structure, but decrease
in trimeric structure, and misaggregation of the protein by an increased temperature
were observed.® Similarly, protein misfolding was observed when diastereomeric
TfLeu was incorporated into green fluorescent protein (GFP).# Recently, Tirrell and
Montcale demonstrated that the thermostability of CAT could be increased through a
combination of introducing fluorinated building blocks and applying directed
evolution.33* These studies indicated that the global substitution of hydrophobic side
chains with fluorinated analogues in proteins does not always lead to stabilization,
even though a high degree of fluorination is commonly thought to confer
hydrophobicity and the size of fluorine is slightly larger than hydrogen. The intrinsic
properties of protein sequence determine the protein microenvironment, and fluorine
is not found in the natural occurring proteins. Not all proteins and primary
structures are tolerant to fluorination. Nevertheless, a reassignment of protein
sequence through directed protein evolution can compensate for the loss in protein

stability and activity.

2-fluorotyrosine (2-fTyr) and 3-fluorotyrosine (3-fTyr) were incorporated into GFP
globally to study protein stability and spectroscopic properties (Figure 1.2-6). Though
fluorination did not change the overall protein stability, it did lead to changes in the
absorbance and fluorescence spectra.®® A similar spectroscopic changing was also
observed when fluorinated analogues of tryptophan (Trp) were globally introduced
into GFP. Protein stability was slightly enhanced, and the mutant protein possessed a
red shift in emission. These results indicate that the fluorination can reorganize

microenvironments of protein chromophores and lead to spectral shifts.5!
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Marx and coworkers investigated the effects of the global substitution of Pro with
(4R)-fluoroproline,®®> and Met with trifluoromethionine (TfMet)*® in the KlenTaq
DNA polymerase from Thermus aquaticus. In both studies, the mutant KlenTaqgs
retained catalytic activity, fidelity, and stability. The incorporation of TfMet into the
enzyme provides the opportunity to monitor the catalytic process of the enzyme by

F NMR.

500

510 530 550 570
Wavelength (nm)

Figure 1.2-6 Schematic representation of probing the stability and spectroscopic properties of GFP
by the incorporation of fluorinated analogues of tyrosine

The general structure of GFP, which contains 11 tyrosine residues; tyrosine 66 is an integral part of the
chromophore; structure of 2-fluorotyrosine and 3-fluorotyrosine used in this study (left), fluorination
results in spectral shift (right). (Adapted with permission from Pal et al.,5® Copyright ® 2015,
American Chemical Society)

In summary, a great deal of effort has been made to understand the general effects of
fluorine on protein stability. Although the incorporation of fluorinated aliphatic
amino acids into the hydrophobic core of proteins generally enhances protein
stability, it remains difficult to predict how arbitrary numbers of fluorinated building
blocks at arbitrary locations will influence the properties of whole proteins.* > The
question of improving stability in the context of global substitution relies on whether
the primary and tertiary structures of the protein environment and assignment of
intramolecular interactions is distributed in space. The secondary structure

propensities of fluorinated amino acid analogues must also be considered an
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important factor in determining protein stability, especially when the residue being
substituted lies within a well-defined secondary structural element. The
incorporation of fluorine into membrane-active peptides can dramatically enhance
their biological activities. Fluorination is a powerful tool for modulating proteolytic
resistance and membrane-interacting behavior. Such initial studies can be further
applied for peptide-based therapeutic purposes. The mechanisms of such effects are
probably due to an enhanced hydrophobic effect, for substitutions that lie within the
hydrophobic core of proteins or dipole-dipole or dipole-induced dipole or fluorous
interactions, i.e. preferred van der Waals type interactions between fluorocarbon
residues. Fluorinated aromatic amino acids are a useful tool for modulating stacking
interactions. Protein design involving fluorination extends the scope of protein-
protein interactions and more systematic studies are needed to clearly define which
types of noncovalent interaction contribute to what extent regarding key protein

properties.

Numerous studies have used fluorinated aromatic and aliphatic amino acids, fewer
have relied on fluorinated analogues of polar and charged amino acids. This is
mainly due to the relative difficulty of the synthesis of such amino acids, and their
low efficiency of incorporation in solid-phase peptide synthesis (SPPS). Obviously,
charged and polar amino acids also play important roles in protein stability and
function via their respective electrostatic and polar interactions. For example, the
active sites of enzymes frequently present polar and charged amino acids that are
important for catalysis. Therefore, it is relevant to explore the novel interactions of

fluorine within such environments.
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Aim of the work
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Aim of the work

Bioorthogonal fluorine-containing analogues of aliphatic hydrophobic amino acids,
derivatives of aminobutyric and aminopentanoic acid, had been previously
incorporated into model peptides to systematically investigate how this unique
element influences numerous properties. These results showed that residues
containing fluorinated side chains often, but not always, impart peptides with
desirable characteristics, and that they do not perturb the native structure. Their
effects depend upon the microenvironment in which they are found, and the number

of C-F bonds present.

To expand our understanding of the fundamental properties of fluorine within a
native protein environment, these amino acids must also be incorporated into larger
globular proteins with diverse tertiary structures. The aim of the current study was
to site-specifically incorporate these amino acids into a well characterized protein by
means of two different methods, namely in vitro translation based non-sense
suppression and total chemical synthesis. We chose basic (bovine) trypsin inhibitor
(BPTI) and introduced &-aminobutyric acid (Abu) and its fluorinated derivatives into
its P1 position. The produced mutant inhibitors will be characterized by biological
and biophysical methods to determine thermal stability, inhibitory activity, and high-
resolution three-dimensional structure. A novel insight into fluorine’s behavior

within a natural tertiary protein environment will therefore be gained.
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Basic (bovine) pancreatic trypsin inhibitor
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3 Basic (bovine) pancreatic trypsin inhibitor

3.1 General properties of BPTI

Basic (bovine) pancreatic trypsin inhibitor (BPTI), also known as aprotinin, trade
name Trasylol (Bayer AG), belongs to the Kunitz-type serine protease inhibitor family.
BPTI is a small globular protein consisting of 58 amino acids that folds into a
compact pear-shaped structure with two B-strands (Ile18 - Asn24 and Leu29 - Tyr35)
forming a twisted anti-parallel B-sheet and two &-helical regions (Pro2 - Glu7 and
Ser47 - Gly56). Three disulfide bonds, Cys5 - Cys55, Cys14 - Cys38, and Cys30 -
Cysb1 stabilize the overall conformation of the protein. BPTI shows broad inhibitory
activity, particularly against serine proteases such as &-chymotrypsin, B-trypsin,
plasmin, and elastase-like enzymes. In addition, BPTI also impairs K* transport by

Ca?* activated K* channels, and the nitric oxide biosynthesis pathway.5

As a model protein, BPTI has been extensively studied by structural biologists. It was
one of the proteins for which a crystal structure was solved in the early days of
protein crystallography, and later its crystal structure was again determined at high
resolution.> In the late 1970s, BPTI was the first macromolecule to which molecular
dynamics simulations were applied.>” In the early 1980s, the structure of BPTI was
confirmed by NMR spectroscopy, and this was also a first for a larger biomolecule.®
Moreover, BPTI is the protein for which folding studies initially revealed general
information on the arrangement of the peptide chain in three dimensions during the

folding process.>

Therapeutically, BPTI, also known as aprotinin, was initially used in the treatment of
acute pancreatitis, inhibiting the enzymes of this gland and halting the self-
destruction of the pancreas. Later, as an antifibrinolytic agent, BPTI was used to
reduce bleeding during cardiac surgery and liver transplantation. Due to the
increased risk of death associated with its use, Bayer AG withdrew aprotinin (trade

name Trasylol) in 2008.60

33



3 Basic (bovine) pancreatic trypsin inhibitor

Figure 3.1-1 Ribbon representation of BPTI

The protease interacting loop and three disulfide bridges
are labeled. The picture was generated by use of UCSF
Chimera with crystal date of protein date bank, (PDB
code 1bpi).6!

3.2 Protein stability and basis of proteases-BPTI interaction

BPTI is a protein with unusually high thermal stability (very high specific stability
AGst = -8.0 J/g at 25 °C) and highly resistant towards common protein denaturants,
for example, 6 M guanidinium chloride (GdmCl).62 Similar to many globular proteins,
the unfolding of BPTI is well approximated by a two-state transition. The thermal
denaturation of BPTI at neutral pH up to 100 °C is not sufficient to completely unfold
the protein, but results in hydrolysis of the peptide bond (between Pro2 - Asp3 and
Asp3 - Phe4).%% Efficient chemical denaturation requires guanidinium thiocyanate
(GAmSCN) at high concentrations, 3-4 M.%* Studies in which Lys15 (P1 position) was
substituted with other canonical amino acids indicated a possible folding mechanism
regarding this solvent-exposed residue. The reverse hydrophobic effect and
secondary structure propensities of the amino acids might contribute to protein

stability regarding the P; position.®
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3 Basic (bovine) pancreatic trypsin inhibitor

The serine protease-BPTI complexes were also extensively investigated to gain an
understanding of protein-protein interactions.®® BPTI interacts rapidly with serine
proteases and forms stable complexes. It has been reported that the trypsin-BPTI
complex has a dissociation constant of 6 X 10-14 and a half-life of about 13 weeks at
25 °C and pH 8. At room temperature, the trypsin-BPTI complex is even resistant to 8
M urea and 6 M GdmCl.%7 Structural analysis has revealed that the binding loop
(Pro13 (Ps) - Argl7 (P2")) of BPTI is the main contact region with the protease. This
interacting loop recognizes the active site of the enzyme and forms an anti-parallel B-
sheet. The P1 position (Lysl5) of the interacting loop is a true “hot spot” of the
proteases-BPTI contact area. Crystallographic data has revealed that the charged side
chain of Lys15 forms a tight polar interaction with the negatively charged Asp189
residue of trypsin, while in the chymotrypsin-BPTI complex Lys15 forms instead
hydrogen bonds with Gly216 and Ser217 of the enzyme.%¢? %8 Studies in which Lys15
was replaced with other canonical amino acids by site-directed mutagenesis also
confirmed the importance of Lys15. For instance, replacement of Lys15 with Gly
decreases the Ki for trypsin 10° fold, and for chymotrypsin 10° fold, respectively.®
Krowarsch et al. demonstrate that electrostatic interaction between P side chain of
BPTI and Asp189 of trypsin at the bottom of S1 pocket and additional binding force
from the burial hydrophobicity of the P1 side chain are the main sources of binding
energy in trypsin-BPTI interaction. In the case of chymotrypsin-BPTI interaction, the
association energy origins predominantly from the hydrophobicity of P1 side chain
of BPTI. And it is more complicated with branching, charging, and polarity of side

chain.6% 70
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Probing the site-specific incorporation of fluorinated
amino acids into BPTI by in vitro non-sense
suppression
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4.1 Protein engineering with non-canonical amino acids

4.1 Protein engineering with non-canonical amino acids

With the two exceptions of pyrrolysine and selenocysteine, the genetic code enables
the incorporation of only the 20 canonical amino acids in all organisms.”! It is clear
that proteins need additional functional groups to carry out their natural functions.
In the cell this is realized by numerous post-translational modifications including
glycosylation, phosphorylation, hydroxylation, and collaboration with coenzymes
and metal ion cofactors in catalytic processes. Therefore, it is useful to expand the
chemical tool-kit for proteins and to explore protein structure and function by means
of in vitro and in vivo methods, e.g., incorporation of non-canonical amino acids to
enhance the protein stability, introduction of novel functional group at catalytic
center of enzymes to modulate the catalytic activity, and incorporation of biophysical
label into proteins. Both biological and chemical strategies have been developed to
achieve this goal.”? In this section, the fidelity of protein translation and the recently
developed methodologies for incorporation of non-canonical amino acids into
proteins by means of biochemical procedures are discussed. The incorporation of
several non-canonical amino acids in which we are interested was carried out by

means of in vitro non-sense (amber) suppression.

4.1.1 Fidelity of protein translation

The central dogma of molecular biology refers to the flow of genetic information
within a biological system from deoxyribonucleic acid (DNA) through messenger
ribonucleic acid (mRNA) to three-dimensional folded functional proteins. This
information flow requires three fundamental polymerization reactions with
remarkable accuracy, having misincorporation rates in 10-10-10% in DNA semi-
replication, 10+ in transcription, and 10-4-10-3 in protein translation.”® In general, the
specificity of enzymatic reactions is caused by favorable molecular interactions,
which take advantage of differences in free energy by recognition and interaction

with cognate and non-cognate substrates, at catalytic sites. The great accuracy of
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4.1 Protein engineering with non-canonical amino acids

DNA-replication is determined by the correct recognition of Watson-Crick base pairs
and the proofreading functions of DNA polymerases.”>** Compared to the known
detailed mechanisms of DNA polymerases from numerous studies, the fidelity
mechanisms of RNA polymerases remain poorly understood. However, results from
earlier studies also reveal that several mechanisms including selection of correct
substrates (error prevention), induction of off-line states by mismatches (error
detection), and backtracking and RNA cleavage (error removal) are also involved in
the fidelity of transcription.” The ribosome, a large and complex molecular machine
in cells in which the bulk of protein synthesis takes place, differs in its catalytic
mechanism totally from DNA or RNA polymerases. For instance, the catalytic site
and substrate recognizing site are far away from each (the peptidyl transferase site is
about 70 A away from the decoding site).”> Experimental data indicate that the
ribosome alone is unable to distinguish between amino acids; however, the overall
translation fidelity is ascertained in several critical steps during the whole protein
synthesis processes. These include: the activation of amino acids by highly specific
enzymes, aminoacyl-tRNA synthetases (aaRSs), aminoacyl-tRNA selection by kinetic
proofreading, and decoding through Watson-Crick base pairing between tRNA and
mRNA.75-76

41.1.1 Aminoacyl-tRNA synthetases and amino acid activation

aaRSs catalyze the attachment of amino acids onto the 3’-end of tRNAs. It is worth
noting that only eukaryotes and a handful of bacteria have the full set of 20 aaRSs.”
The aaRSs can be categorized in two classes: class I, whose members have a catalytic
domain that contains a dinucleotide or Rossmann fold, e.g., TyrRS;”® and class 1I,
whose members share a common domain that is organized as a seven-stranded B-
sheet flanked by &-helices. The structures of class II enzymes were first determined
with SerRS and AspRS.”” The catalytic mechanisms of aaRSs are thought to be similar
and divisible into two steps: 1) an &-carboxylate oxygen of amino acid attacks the -

phosphorus of ATP (Mg?* as cofactor) and forms the mixed anhydride linkage of the
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4.1 Protein engineering with non-canonical amino acids

aminoacyl adenylate with the release of pyrophosphate; 2) either the 2’- or 3'-
hydroxyl group of the cis-diol at the 3’-terminal of tRNA attacks the carbonyl carbon
of the adenylate and forms aminoacyl-tRNA with the release of AMP (Figure 4.1-1).
Class I and II aaRSs differ in the aminoacylation site. The synthetases of class I
aminoacylate the 2’-OH of the ribonucleotide at the 3’-end of tRNAs, while, with the

exception of PheRS, members of class II aminoacylate the 3’-OH.

AS h AS AS
PPi \ /

l]\ Ling J, et al. 2009.
{ Annu. Rev. Microbiol. 63:61-78

Figure 4.1-1 Illustration of aminoacylation of tRNA catalyzed by aminoacyl-tRNA synthetases
(aaRS)

The amino acids are first activated at the aaRS active site with ATP to form aa-AMP, then transferred
to the 3’-end of tRNA. (Adapted with permission from Ling et al.’*c Copyright ® 2009, Annual
Reviews)

Actually, many aaRSs have difficulty in distinguishing near-cognate amino acids,
and thus a strong proofreading function was evolved to decrease the misacylation
rate. The proofreading mechanism is either tRNA-dependent or tRNA-independent
and occurs pre- or post-transfer in a manner that is either trans or cis.’o~ 77 As
presented in Figure 4.1-2, the editing pathway includes: (1) posttransfer editing: the
incorrect amino acid is first charged onto tRNA and then translocated from the
activation site to the editing site for hydrolysis; (2) the misacylated tRNAs are
directly translocated to the editing site for hydrolysis; (3) selective hydrolysis in
which the incorrect aa-AMP is subjected to spontaneous hydrolysis; (4) active site

hydrolysis.”c The correct aminoacylation and hydrolysis of misaminoacylation are
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4.1 Protein engineering with non-canonical amino acids

mainly controlled by the specificity of the aaRSs to tRNAs and also the
discrimination in geometry and physical properties of amino acid side chains such as
size, polarity, and hydrophobicity. For IleRS, ValRS, LeuRS, ProRS, ThrRS, and
AlaRS, because the side chains of these amino acids share very similar size and
hydrophobicity, a “double-sieve” mechanism was evolved. The binding sites of
posttransfer editing domains are generally built to exclude the larger cognate amino

acids.76c, 80

~35A |
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mesd Pre-transfer editing

Post-transfer editing
"_ﬁ Ling J, et al. 2009.
Annu. Rev. Microbiol. 63:61-78

Figure 4.1-2 Editing mechanisms of aaRSs against misacylated tRNAs

AS = activation site, ES = editing site; 1) posttransfer editing, the incorrect amino acid is first attached
to tRNA, then translocated from active site to editing site for hydrolysis; 2) the misacylated aa-AMP is
direct translocated to the editing site of aaRS for hydrolysis, 3) selective hydrolysis, the misacylated
aa-AMP is expelled into solution and subjected for spontaneous hydrolysis, 4) active site hydrolysis,
the misacylated aa-AMP is hydrolysis at activate site before release. (Adapted with permission from
Ling et al.,7ec Copyright ® 2009, Annual Reviews)
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4.1 Protein engineering with non-canonical amino acids

The tRNA identity defines specific nucleotide regions particular to each amino acid’s
isoaccepting group. The nucleotide sequence of tRNAs have been extensively
investigated. The experimental data indicate that identity regions are often found in
the anticodon and in acceptor-stem base pairs at both extremities of the tRNAs.81
And in rare cases, the post-translational modification of a nucleobase can also be

crucial to recognition between an aaRS and a tRNA.82

41.1.2 Selection by decoding

Correct base pairing between the anti-codon loop of tRNA and mRNA is the
fundamental contributing factor in the selection of aa-tRNAs to participate in protein
synthesis. Although the energy difference in base pairing of cognate tRNAs and
near-cognate tRNAs (single mismatch) is minimal, the accuracy of this selection has
an error rate of 10-4-10-3. It has been suggested that the “decoding site” of the
ribosome recognizes the geometry of codon-anti-codon base pairing and

discriminates sterically against mismatches.%3

4.1.1.3 Selection by kinetic proofreading and induced fit

The proposal of “kinetic proofreading” was introduced by Ninio and Hopfield in
1970s independently.8* This theory is based on the principal that aa-tRNAs are
delivered to the A-site of the ribosome as a ternary complex with GTP and the
elongation factor EF-Tu, and that the hydrolysis of GTP enables the irreversible
reaction (Figure 4.1-3). The tRNAs can be dissociated either in the initial selection or
the proofreading process. During the initial selection process, the ternary complex
translocates to the A-site of the ribosome. Experimental data have shown that all
cognate aa-tRNAs exhibit similar binding affinities to the A-Site while near-cognate
and non-cognate aa-tRNAs bind less well. This difference in binding free energy
results in different stability of substrates to the A-site of ribosome.?> It was assumed

that a conformational change in the ribosome is induced by cognate aa-tRNAs.76d. 86
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4.1 Protein engineering with non-canonical amino acids

This is supported by experimental studies that have shown that cognate tRNAs have
lower dissociation rates and much faster forward rates in terms of GTPase activation

and accommodation than the near-cognate tRNAs.8”

Hydrolysis of GTP and dissociation of EF-Tu are involved in the next step.
Discrimination arises from the different dissociation rates between the cognate-aa-
tRNAs and non-cognate-aa-tRNAs in the context of conformational change of the
active site of EF-Tu upon GTP hydrolysis. A detailed model of tRNA selection, which
is supported by numerous experiments including FRET and single-molecule

approaches have been summarized and discussed in Green et al..”
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Figure 4.1-3 Schematic representation of translation elongation and peptidyl transfer

(A) initial selection and proofreading, (B) peptidyl transfer and translocation (Adapted with
permission from Ramakrishnan,”¢d Copyright ® 2002, Elsevier)

In addition to the kinetic proofreading hypothesis, amino acid specificity and tRNA
diversity are also critic factors in determining the binding of aa-tRNAs to EF-Tu. It

was expected that the non-specific binding protein EF-Tu should bind to all cognate
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4.1 Protein engineering with non-canonical amino acids

aa-tRNAs with similar affinities.®® However, additional experimental data showed
that four cognate aa-tRNNAs bind EF-Tu within a narrow range of binding affinities
while 12 misacylated-tRNAs have highly differentiated binding affinities to EF-Tu. It
was proposed that during the evolution process each aa-tRNA was selected to bind
uniformly to EF-Tu, but the tRNA sequences have evolved to adjust their affinities
for EF-Tu according to each canonical amino acid.”®® This phenomenon was also
observed in aa-tRNA binding to the A-site of the ribosome. The dissociation rates of
eight different tRNAs from the A-site were identical when aminoacylated but quite

different when deacylated. 8 8°

4.1.2 Residue-specific incorporation of non-canonical amino acids

into proteins

Residue-specific incorporation refers to the substitution of all or a fraction of a
particular canonical amino acid with structurally similar non-canonical amino acids.
Practically, this can be achieved by the use of auxotrophic bacteria starved for the
canonical amino acid to which the analogue is added as a supplement.”® On the one
hand, organisms have evolved to adapt to their living conditions; on the other hand,
the structural similarity of the non-natural analogues may enable circumvention of
the fidelity mechanisms. A fraction of these misacylated-tRNAs can survive and even
be delivered to the ribosome and incorporated into peptide chains. To minimize the
global effects on the expression host and increase the substitution rate in the desired
protein, a selective pressure incorporation (SPI) method has been developed.”?2 91 In
this way, the amino acid pool and fermentation parameters can be carefully
controlled, and reassignment of the sense-codon enables a good incorporation rate
and high yield of the mutant protein. The SPI method can be further optimized
through enhancing enzymes of the translation system, e.g., by altering the aaRS

activity.”
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This approach has been used to substitute about 60 non-canonical amino acids for
their canonical counterparts, e.g., fluorophenylalanine for phenylalanine (Phe),
selenomethionine for methionine (Met), tryptazan for tryptophan (Trp),
trifluoroleucine for Leu, and canavanine for arginine (Arg).”> One disadvantage of
this method is that all such amino acids in the protein are replaced by the analogue,
and such a multiplicity of replacement can’t provide information about one specific
site. Furthermore, in most cases, the canonical amino acid is also partially
incorporated into the protein, and separating these mixed populations can be

challenging.

4.1.3 in vitro non-sense suppression

One method that enables the site-specific incorporation of non-canonical amino acids
is a stop codon-suppression based in vitro approach. This approach takes advantage
of the recognition tolerance of the ribosome to aa-tRNAs, and also the degeneracy of
the three stop codons: TAG (amber), TAA (ochre), and TGA (opal). Indeed, these three
stop codons do not encode any amino acids and any one of them is able to terminate
the protein synthesis when they bind to release factors.”® Thus, when one stop codon

is used for translation, another two can be used as “blank codons”.

Practically, a blank codon (non-sense codon) was introduced into the target protein
by site-directed mutagenesis. Non-canonical amino acids are charged onto an
engineered suppressor tRNA in which the anti-codon loop has been modified to
form Watson-Crick base pairs with the non-sense codon. The aminoacylation of non-
canonical amino acids of suppressor tRNA can be achieved by a semi-synthetic
approach or by the use of engineered aaRSs. Protein expression can be carried out by
means of in vitro synthesis (cell-free protein synthesis), and has been shown to be
compatible with microinjection of chemically aminoacylated suppressor tRNAs into

Xenopis oocytes (Figure 4.1-4).94
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Figure 4.1-4 Schematic representation of amber suppression based in vitro biosynthetic approaches
for protein mutagenesis

An amber stop codon is introduced into gene at desired position. A constructed tRNA in which the
anti-codon loop presents an anti-amber codon, is chemically aminoacylated. Protein expression is
performed by means of cell-free protein synthesis. (Adapted from Ye ef al.%, Beilstein Journal of
Organic chemistry, open access journal)

One requirement of this selective incorporation of non-canonical amino acids into
proteins is that a tRNA can uniquely recognize the non-sense codon and efficiently

deliver amino acids to the ribosome for polypeptide synthesis. This tRNA must be
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4.1 Protein engineering with non-canonical amino acids

orthogonal to endogenous aaRSs and avoid deacylation by the proofreading of any
endogenous aaRSs. Therefore, for experiments with extracts from E. coli, an
orthogonal amber suppressor tRNA derived from yeast Phe tRNA (tRNAFPrecya) was
constructed for this purpose.”® Furthermore, the development of suitable methods to
couple non-canonical amino acids and optimize cell-free protein synthesis are also
crucial parameters for success. Techniques for aminoacylation and cell-free protein

synthesis are separately discussed in the following sections.

4.1.3.1 Chemical aminoacylation of suppressor tRNA

As described in section 4.1.1, aaRSs are enzymes with very high specificity. The
misaminoacylation of suppressor tRNA with non-canonical amino acids by the use of
naturally occurring aaRSs is problematic. In general, directed evolution is required to
isolate enzymes that recognize the amino acid analogue as a substrate.”” Direct
chemical aminoacylation is also difficult, because the numerous reactive groups
present in the tRNA molecule make regioselectivity impossible. Therefore, semi-
synthetic approaches have been developed in which a mono- or dinucleotide
representing the 3’-end of a suppressor tRNA is chemically synthesized and
aminoacylated, and subsequently ligated to a truncated suppressor tRNA produced

by run-off in vitro transcription (Figure 4.1-5).
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Figure 4.1-5 Schematic representation of T4 RNA ligase mediated chemical aminoacylation

(Adapted from Ye et al.%, Beilstein Journal of Organic chemistry, open access journal)
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Hecht and coworkers demonstrated this method by using a pCpA dinucleotide.”®
Later, Schultz and coworkers improved the method by the use of a hybrid pdCpA
dinucleotide that eliminates the need for a 2'-OH protecting group during
synthesis.? During chemical aminoacylation, the &-amino group of the amino acid is
protected to increase the half-life of the aminoacylated dinucleotide, and the carboxyl
group of the amino acid is activated to a cyanomethyl ester, which facilitates the
selective aminoacylation of the dinucleotide.®”2 The nitroveratryloxy carbonyl
(NVOC) and N-4-pentenoyl groups are the most widely used x-amino protecting
groups for chemical aminoacylation.?a 100 The removal of the NVOC group is
performed under irradiation with 350 nm light. The N-4-pentenoyl group can be
removed under mild aqueous reaction conditions with iodine (Figure 4.1-6). The use
of the N-4-pentenoyl group even enables the preparation of caged proteins.!ol It
should be noted that higher reaction temperatures and longer incubation times result
in both mono-aminoacylated products and bis-aminoacylated products. Hecht and
coworkers systematically studied the suitability of bis-aminoacylated suppressor
tRNAs on protein translation. Their results indicate that bis-aminoacylated products
have greater stability than mono-aminoacylated products, and that the ligated tRNAs

are able to deliver both types of activated amino acids for protein synthesis.102
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Figure 4.1-6 Schematic representations of nitroveratryloxy carbonyl and N-4-pentenoyl protecting
groups and their removal mechanisms

(A) nitroveratryloxy carbonyl group (NVOC), (B) N-4-pentenoyl protecting group
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Several optimization steps and new methods have been developed to reduce the
amount of time consumed by the chemical aminoacylation of suppressor tRNAs.193
Sisido and coworkers have demonstrated in situ chemical aminoacylation through
amino acid thioester linked peptide nucleic acids (PNA) and the preparation of
misacylated tRNAs in cationic micelles and under ultrasonic agitation.103 104
Recently, Suga and coworkers have developed and optimized an alternative system
for highly flexible tRNA aminoacylation, called flexizymes.1%> The system is based on
the evolution and selection of programmable ribozymes, which can recognize the 3’-
end of a tRNA and a benzylic moiety on the leaving group. Therefore, flexizymes can
catalyze the aminoacylation of amino acid benzyl esters as aminoacyl acceptors and
donors with a wide variety of tNRAs. The flexizymes can be further immobilized on
agarose resin, which facilitates the isolation and purification of aa-tRNAs.1% More
recently, a method for the direct aminoacylation of full-length tRNAs through a La3*
mediated acylation was established. Although the acylation yield of this method is
lower than that of the T4 RNA ligase-mediated method, the aminoacylated tRNAs do

efficiently participate in protein translation.1%”

4.1.3.2 in vitro protein synthesis

Cell-free protein expression (in vitro protein synthesis) takes advantage of the fact
that protein synthesis is carried out in cells by soluble components, and that cell
integrity is not necessary for protein synthesis to occur. The most important enzymes
and factors are ribosome, aaRSs, initiation factors (IF), elongation factors (EF), tRNAs,

amino acids, and ribonucleotide triphosphates as energy sources.10

Cell-free protein expression offers numerous unique advantages compared to
traditional cell-based protein expression methods: 1) cell-free protein expression
meets the demands of single-protein expression by only adding the gene of the target
protein, which facilitates downstream protein purification steps; 2) the open

environment of the reaction enables direct control over the reaction conditions, and
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the possibility of providing target-oriented cofactors; 3) once the cell-free lysate is
prepared, protein synthesis can be conducted rapidly; 4) non-canonical amino acids
can be site-specifically introduced;®a %< 5) cell-free protein expression systems are
not sensitive to toxic proteins, enabling the synthesis of such targets; 6) cell-free
protein expression systems also enable the production of membrane proteins by
tolerating the presence of detergents;!? 7) cell-free protein expression can be directly
adopted for in vitro display technologies such as ribosome display and mRNA
display, which allow in vitro selection from a combinatorial library;!? 8) cell-free
protein expression systems can be applied to protein array technologies.!' Recent
achievements in the development of cell-free systems with optimized energy
consumption,? optimized cell lysate preparation,'’® amino acid stabilization,!
utilization of a continuous exchange system,!’> and those that allow the addition of
cofactors!'® or mimic the cytoplasmic environment, 117 have enabled longer reaction

times and the production of folded functional proteins with high yields.

The most common cell-free translation systems are extracts from Escherichia coli (E.
coli), wheat germ, rabbit reticulocytes, and insect cells.1%¢ In general, the prokaryotic
system uses a DNA template for coupled transcription-translation and is typically
high yielding, while the eukaryotic systems use an mRNA template resulting in
lower yields but providing the possibility for post-translational modifications of the
expressed proteins. Though any organism is a potential source of cell-free protein
lysates, it is challenging to establish a new system from a new organism. Recently,
Alexandrov and coworkers demonstrated a universal cell-free protein expression
system for protein synthesis from multiple organisms by designing an unstructured
translation-initiation sequence that presumably operates independently of initiation

factors.115 118
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4.1.3.3 Limitations and improvements of in vitro non-sense suppression

By means of in vitro non-sense suppression approaches more than 100 non-canonical
amino acids have been incorporated into proteins with the aim of generating novel
chemical and biophysical properties.?** 11 However, this method is limited by poor
yields, suppression efficiency is commonly less than 20%; targets have included
dehydrofolate reductase (DHFR), streptavidin, luciferase, lysozyme, green
fluorescent protein (GFP), chloramphenicol acetyltransferase (CAT), and PB-
lactamase.”? 72¢ The low suppression efficiency is due to both intrinsic factors, which
are relevant to the high fidelity of translation as discussed in section 3.1, and
competitive release factors (RFs). RFs are small proteins that recognize stop codons,
bind to the A-site of the ribosome, and trigger the termination of translation by
inducing hydrolysis of the ester bond linking the peptide chain to the tRNA at the P-
site.1?0 Several improvements have been made to this approach, to minimize the
competition effects of RFs: heat treatment of cell-free extracts to deactivate RF1;1%! the
use of RNA aptamers that bind to RF1;'?? and frameshift suppression of four-base
codons.’?® These strategies have resulted in slight improvements in suppression
efficiency, and high yields of target proteins are not always a requirement. For
example, Dougherty and co-workers take advantage of in vitro suppression
(microinjection of suppressor aa-tRNA into Xenopus occytes) in mapping ion channel
functions. In their studies, electrical signals can be obtained from 10 amol ion channel

proteins.”, 94b, 124

4.1.4 Expanding the genetic code

A potential general approach for the site-specific incorporation of non-canonical
amino acids is based on the fact that the “21s*” amino acid selenocysteine is naturally
incorporated into proteins. Selenocysteine is encoded by an in-frame TGA non-sense
codon and charged onto a Sec-tRNA, which acts in concert with a special elongation

factor and a cis-acting element in mRNA.”12 Several requirements must be fulfilled to
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generate an in vivo suppression system: 1) the non-canonical amino acid must be
efficiently transported into cells, and may not be the substrate of any endogenous
aaRSs; 2) a novel tRNA must be constructed, one that can efficiently deliver non-
conical amino acids in response to a unique codon but is not recognized by any host
aaRSs (it must also avoid proofreading mechanisms); 3) an orthogonal aaRS must be
designed and evolved, which aminoacylates only the novel tRNA, and not any other

endogenous tRNA, with the non-canonical amino acid.

4.1.4.1 General approaches to the selection of orthogonal tRNA/aaRS pairs

Two strategies can be used to generate tRNA /aaRS pairs to expand the genetic code:
1) generating an orthogonal tRNA/aaRS pair from existing tRNA/aaRS pairs
through directed evolution; 2) importing an orthogonal tRNAs/aaRS pair from a
different organism.'” tRNATY"'cua/TyrRS from Methanococcus Jannaschii (M.
Jannaschii) is the first efficient tRNA /aaRS pair for the incorporation of non-canonical
amino acids into proteins in an E. coli host.’?¢ This orthogonal pair was generated by
a combined positive and negative selection. In the negative selection, a tRNA library,
which was based on the consensus sequence of major identity elements in tRNAs,
was introduced into an E. coli host. The E.coli host contained a reporter gene
encoding the protein barnase, which is toxic. Into the reporter gene of barnase an
amber stop codon was introduced. Thus, in case a member of the suppressor tRNA
library was charged by endogenous aaRSs, full-length barnase is expressed, which
leads to cell death; the hosts containing orthogonal or non-functional tRNAs survive.
The positive selection was conducted in the presence of heterologous aaRSs and a B-
lactamase gene containing the amber stop codon in E.coli, and this antibiotic was also
present in the growth medium. Once an aaRS library member -efficiently
aminoacylates the orthogonal tRNAs, the cells survive by producing B-lactamase. In
this way an effective orthogonal tRNA can be selected.”?d 126d The selection

procedures and identity elements from three organisms are illustrated in Figure 4.1-7.
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Figure 4.1-7 Schematic representation of diversity of tRNAT*from different organisms and general
approach of orthogonal tRNA selection

a) The tRNATy" sequence from three different species M. Jannaschii, E coli, and S. cerevisiae, the major
identity elements are labeled in red; b) schematic representation of negative and positive selection, c)
generation of tRNATy library, the randomizing nucleotide labeled in red; d) the orthogonal tRNA
(Adapted with permission from Wang et al.,’2d Copyright ® 2006, Annual Reviews)

In order to enrich the catalytic specificity of aaRSs for certain non-canonical amino
acids, a combined positive and negative selection is also conducted in this case. Thus,
a library of aaRSs based on the structural analysis of aaRS-amino acid complexes was
generated. In the positive selection, a reporter gene of CAT with and internal amber
stop codon was used with chloramphenicol present in the cell culture media.
Efficient aminoacylation by an orthogonal aaRS and the subsequent incorporation of
any amino acid results in the production of full-length CAT, which neutralizes the
chloramphenicol and enables the bacterial host to survive. These cells are subjected
to the negative selection, again based on the translation of barnase; thus, all E. coli

strains containing aaRSs that charge tRNAs with canonical amino acids and result in
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4.1 Protein engineering with non-canonical amino acids

the production of toxic full-length barnase do not survive. The selection can be
repeated in multiple rounds to obtain aaRSs with high specificity. Figure 4.1-8

presents the binding model of Tyr-aaRS™* with schemes for the selections.”2d, 126b, 127
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Figure 4.1-8 Schematic representation of an efficient system for the evolution of orthogonal aaRSs

a) binding model of Tyr and aaRS™r, b) selection scheme of combined negative and positive selection
(Adapted with permission from Wang et al.,’2d Copyright ® 2006, Annual Reviews)
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4.1 Protein engineering with non-canonical amino acids

The general selection approach can be adopted for the incorporation of non-canonical
amino acids into proteins by use of other organisms, e.g., yeast and mammalian cells.
However, critical points regarding the different cellular mechanisms must be
considered. For instance, in eukaryotic expression systems, the transcription of tRNA
takes place in the nucleus and needs an internal A- and B-box sequence. After
transcription, the tRNA must be exported to the cytoplasm via an exportin-tRNA-
dependent process.”?d 128 In addition, different reporter genes can be used for the
selection of aaRSs. GAL4, a transcriptional activator protein that drives the
transcription of genomic GAL4-responsive genes including his 3, ura 2, and lacZ, has
been used in positive selections for aaRSs in S. cerevisiae. 5-fluoroorotic acid has been
used for negative selections. Also GFP and lacZ can be used as chromogenic
reporters for selections.”?d 12% The orthogonal tRNA /aaRS pairs established thus for
the successful incorporation of non-canonical amino acids are summarized in Table

4.1-1.

Table 4.1-1 A short summary of orthogonal tRNA/aaRS pairs, which have been used for the
incorporation of non-canonical amino acids into proteins in different expression hosts

tRNA Organism aaRS Organism Expression host  Literature
tRNATyr M. jannaschii TyrRS M. jannaschii E. coli 126c, 130
tRNAAsp S. cerevisiae AspRS S. cerevisiae E. coli 1262
tRNAGIn S. cerevisiae GInRS S. cerevisiae E. coli 127
tRNATyr S. cerevisiae TyrRS S. cerevisiae E. coli 131
tRNArhe S. cerevisiae PheRS S. cerevisiae E. coli 132
tRINAMet E.coli TyrRS S. cerevisiae E. coli 133
tRNAGu P. horikoshii GluRS P. horikoshii E. coli 126b
tRNALeu Halobacterium sp. NCR1 ~ LeuRS M. thermoautotrophicum  E. coli 134
tRNALys P. horikoshii LysRS P. horikoshii E. coli 135
tRNAPy! M. barkeri PyIRS M. barkeri E. coli 71b, 136
tRNAPY] M. mazei PyIRS M. mazei E. coli 137
tRNAPy! D. hafniense PyIRS D. hafniense E. coli 138
Init. tRNA  Homo sapiens GInRS E. coli S.cerevisiae 133
tRNALeu E. coli LeuRS E. coli S.cerevisiae 139
tRNATyr E. coli TyrRS E. coli S.cerevisiae 1292, 140
tRNATyr E. coli TyrRS E. coli Pichia pastoris 141
tRNAPy! M. mazei PyIRS M. mazei Mammalian cella 142
tRNATyr B. stearothermophilus TyrRS E. coli Mammalian cella 143
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tRNAPy! M. mazei PyIRS M. mazei C. elegans 144
tRNATyr E. coli TyrRS E. coli C. elegans 145
tRNALeu E. coli LeuRS E. coli C. elegans 145

Init. = Initiator, M. jannaschii = Methanocaldococcus jannaschii, S. cerevisiae = Saccharomyces cerevisiae, E.
coli = Escherichia coli, M. thermoautotrophicum = Methanobacterium thermoautotrophicum, P. horikoshii =
Pyrococcus horikoshii, M. barkeri = Methanosarcina barkeri, M. mazei = Methanosarcina mazei, D. hafniense =
Desulfitobacterium hafniense, B. stearothermophilus = Bacillus stearothermophilus, C. elegans = Caenorhabditis
elegans a) CHO cells.

4.14.2 Limitations on expanding the genetic code

> 70 non-canonical amino acids have been incorporated into proteins by the use of
orthogonal tRNA/aaRS pairs in E. coli, yeast, and mammalian cells.4¢ This
remarkable achievement facilitates the incorporation of biophysical and biochemical
probes into proteins for functional and structural studies in vitro and in living cells.
However, the most frequently incorporated non-canonical amino acids are aromatic
amino acids, with the exception of certain Lys derivatives.”2c d 146147 Nevertheless,
aliphatic amino acids are also important for the study of protein folding and
conformational changes. Because the size and hydrophobicity of aliphatic side chains
are more similar to one another than are those of the aromatic side chains, it has been
assumed that the aaRSs that recognize the aliphatic amino acids are likely to have
greater cross-reactivity, that is, comparably lower selectivity. Therefore, the site-
specific incorporation of natural aliphatic analogues by means of orthogonal
tRNA/aaRS pairs may prove to be more challenging than in the case of the aromatics.
Furthermore, because this strategy is principally based on amber suppression, RF-
mediated protein chain termination will always limit the efficiency of synthesis of
full-length protein to 20-30%.14% Recently, Wang and coworkers generated RF1
deletion strains of E.coli, which can produce dramatically increased yields of protein
containing non-canonical amino acids; this is in line with another recent study that
demonstrates that RF1 is non-essential for E.coli. 1*° However, the precise functions of
RF2 and RF3 in suppression-based methods remain unclear. More recently, Park et al.
demonstrated that engineering of EF-Tu facilitated the incorporation of O-

phosphoserine by use of the amber stop codon based suppression method.!>
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4.1.5 Orthogonal systems and reprogramming the genetic code

Recently, Chin and coworkers developed an orthogonal gene expression network

(Figure 4.1-9).151 In the orthogonal expression system, besides the orthogonal

tRNA/aaRS pairs used for the aminoacylation of non-canonical amino acids,

orthogonal ribosome/mRNA pairs are also generated in such a way that the

orthogonal mRNA is not a substrate for the endogenous ribosome, only for the

orthogonal ribosome. The efficiency of the site-specific incorporation of one non-

canonical amino acid from a single amber codon can be increased from 20% to 60%,

and double incorporation from two suppressor codons up to 20%. 148 152
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Figure 4.1-9 Schematic representation of an orthogonal expression network

(Adapted with permission from An et al.,’5! Copyright ® 2009, Proceeding of National Academy of
Science of the United States of America)
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4.2 Site-specific incorporation of fluorinated amino acids

into BPTI

4.2.1 Chemical misacylation of fluorinated amino acids

4.2.1.1 Synthesis of hybrid dinucleotide pdCpA

Hybrid Dinucleotide pdCpA was synthesized following the established protocol %P
to give an overall yield of 35%; purification was accomplished by HPLC with a C18
column. The analytic RP-HPLC spectrum of tetra-n-butylammonium-pdCpA (TBA-
pdCpA) showed a very broad peak (Appendix; 4.3 Methods and Experimental

Procedures).

4.2.1.2 Synthesis of N-4-pentenoyl amino acid cyanomethyl esters

The misacylated suppressor-tRNAs are the key intermediate compounds in in vitro
amber suppression. In order to probe the incorporation of fluorinated amino acids
into BPTI protein, these non-canonical amino acids (Figure 4.2-1) were first
chemically attached to yeast suppressor tRNAFPrecya. Following the established
protocols, the &-amino group of amino acids was first protected with a N-4-
pentenoyl group; subsequently, the carboxyl group was activated by forming the

cyanomethyl ester.

CFoH CFs
"N on OH
HoN ™ HoN HoN
O

a b c d
Figure 4.2-1 Structures of non-canonical amino acids used for chemical aminoacylation

a) (R,S)-2-amino-2-methyl-3,3,3-trifluoropropanoic acid, b) (S)-ethylglycine, C) (S)-2-amino-4,4-
difluorobutanoic acid, d) (S)-2-amino-4,4,4-trifluorobutanoic acid.
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

The general approach for the protection of the &-amino group and the activation of
the carboxyl group is presented schematically in Figure 4.2-2. Because of the strong
electron-withdrawing character of the fluorine atom, the &-trifluoromethyl group in
compound a strongly influences the reactivity of the neighboring amino and carboxyl
groups. A steric effect can also be observed in the protection step. Thus, protection of
the amino group in compound a is achieved by treatment with the more reactive
reagent N-4-pentenoyl chloride, while for compounds b, ¢, and d the less reactive
reagent N-4-pentenoyloxy succinimide suffices.!® It is worth noting that for the
protection of compound a dimethylformamide (DMF) and pyridine were tested as
reaction solvents. When DMF was used as the solvent, 4-dimethylaminopyridine
(DMAP) was added as the base. Though pyridine performs double duty as a base in
the reaction (pKa 5.21), the combination of DMF and DMAP gave higher yields. The

yields of protection and activation for each amino acid are summarized in Table 4.2-1.

. O - CF O . CF

FCS WJ\CI 0 o~ . CFs

WJ\N/,S]/OH I CN \/\/U\N/;Q”/O\/CN
O

MeCN H &

1a 2a 3a

ON
R /\/\W ;:j 5 R . R
O o I~ CN
OH OH CN
HZN/Q( \/\/U\H/’;”/ WLE O
O (@) (@)

NaHCO, MeCN
1:1 H,O/Dioxane
1b-1d 2b-2d 3b-3d

b: R = CH,, c: R = CF,H, d: R = CF,

Figure 4.2-2 General approaches for the synthesis of N-4-pentenoyl amino acid cyanomethyl ester

60



4.2 Site-specific incorporation of fluorinated amino acids into BPTI

4.2.1.3 Synthesis of mono-2’(3")-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs and 2’-
3'-bis-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs

The misacylation of N-4-pentenoyl amino acid to pdCpA was performed following

the established protocol. The pdCpA must be in the form of its tetra-n-

butylammonium (TBA) salt to increase its solubility in DMF, and this is

accomplished by means of ion-exchange chromatography. It is important to keep the

ratio of TBA to pdCpA larger than 2.2.%°2 The reaction was carried out in anhydrous
DMF with triethylamine (TEA) as the base (Figure 4.2-3).

NH» o NH»

HO. s N HO. # SN

/P\O | A /P\o | A
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b: R = CH,CHj;, c: R = CH,CF,H, d: R = CH,CF; R' = N-4-Pentenoyl

Figure 4.2-3 Scheme of synthesis of mono-2’(3")-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs and 2'-3’-
bis-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs

Because the fluorinated amino acids are precious, we extended the incubation time

and elevated the reaction temperature to obtain the maximal yield. Bis-acylated
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

products of compounds a, b, and d were also synthesized and purified; based on the
results from Hecht and coworkers demonstrating that bis-acylated tRNAs can
efficiently participate in protein synthesis, the bis-acylated products were also used
downstream in protein expression experiments.102 102d The yields of misacylation for

each non-canonical amino acid are summarized in Table 4.2-1.

Table 4.2-1 Summary of chemical synthesis results for N-4-pentenoyl protected non-canonical
aminoacyl-pdCpA

Compound Yield of Ratio of N-4-pentenoyl-aa Yield of mono-/bis-
protection/activation (%) cyanomethyl ester/pdCpA acylated aa-pdCpA (%)
a 22 1.8:1 45/51
b 81 25:1 34/10
c 54 29:1 65/-
d 75 31:1 13/49

4.21.4 T4 RNA ligase-mediated ligation

The truncated suppressor tRNAFPhecys (-CA) was synthesized by run-off in vitro
transcription. First, the plasmid PYRNAS8 containing a T7 promotor was linearized
with endonuclease Fokl for the production of truncated tRNA, and linearized with
BstNI for the production of full-length tRNA as control, respectively (for sequence of
tRNAPhecya, see Appendix).

Marker

Figure 4.2-4 Agarose gel electrophoresis analysis of
linearized plasmid PYRNAS

lane 1, treated with Fokl; lane 2, treated with BstNI
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

In order to obtain the truncated suppressor tRNAFPrecya (-CA) with high yield and
quality, the run-off in wvitro transcriptions were optimized by varying the
concentration of GTP and adding/excluding formamide and GMP. Choudhury et al.
reported that the addition of 5% formamide can increase the quality of transcribed
tRNA, and that the addition of 20 mM GMP ensures the correct size of the tRNA
product.’™ However, our results indicate that the addition of formamide decreases
the yield of transcription (Figure 4.2-5, left panel, lane 4 and 5). Addition of GMP did
not influence the yield of run-off in vitro transcription (Figure 4.2-5, left panel, lane 1
and 2). GMP was used to prime the in vitro transcription to replace the 5'-terminal
triphosphate with 5-monophosphate. Sampson et al. demonstrated that yeast
tRNAPhe transcripts bearing either 5° monophosphate or triphosphate were
comparable to natural yeast tRNAFPre for aminoacylation.!® However, it is not clear in
this case whether the nature of the 5’-terminus of the suppressor tRNA has any effect
on chemical misacylation. In the studies of other groups including Schultz, Sisido,

and Dougherty, the effects regarding a 5’-mono- or triphosphate were not described.

Marker -
0.1 02 03 04 05 06 07 0.8 09 1.0

300

150

iiw 2 3 4 5 80

50

Figure 4.2-5 Urea denaturing acidic PAGE analysis of run-off in vitro transcription and purification
of truncated suppressor tRNAs by diethylaminoethanol (DEAE) sepharose anion-exchange column

left, run-off in vitro transcription, lane 1, positive control by use of plasmid provided from Kit, lane 2,
normal run-off in vitro transcription without additional formamide and GMP, lane 3, + 20 mM GMP,
lane 4, + 5% formamide, lane 5, + 20 mM GMP and 5% formamide; right, purification of tRNA, the
elution of tRNA preformed with NaCl gradient of 0.1-1 M in 0.1 M NaOAc solution. Typically, tRNA
eluted in fractions of NaCl concentration with 0.6-0.8 M.
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

The transcribed truncated tRNAPrecya (-CA) was purified by ion exchange
chromatography (Figure 4.2-5, right panel). Typically, a yield of 3 pg truncated
tRNAPrecys (-CA) per 1 pL transcription reaction can be obtained after the
purification. It must be mentioned that, in general, run-off in vitro transcription
typically delivers an RNA product of the correct size, but it is not unusual to observe
products having one or more additional nucleotides at the 3’ terminus. This is
referred to as the n+l activity of RNA polymerase.’> Gerrits systematically
investigated the effects on end heterogeneity of T7 transcripts in amber suppression.
The n+1 activity is dependent on the temperature and RNA-polymerases. The T7
RNA-polymerase and a higher incubation temperature at ~40 °C can reduce the n+1
activity.!® In our studies, the run-off in vitro transcription reactions were incubated
at 42 °C. And we did not observe heterogenetic tRNA products in gel by use of
AmpliScribe™ T7 High Yield Transcription Kits (EPICENTRE® Biotechnologies).

The chemically misacylated N-4-pentenoyl-aa-pdCpAs were ligated to truncated
tRNAPrecya(-CA) by means of T4 ligase. The ligation efficiency was analyzed by

means of denaturing acidic PAGE.?”

Figure 4.2-6 Urea denaturing
PAGE for analysis of T4 RNA
—_— ligase mediated ligation

1 2 3 4 5 6 7 - lane

lane 1, Marker (100 base RNA),
lane 2, full-length yeast suppressor

tRNAPhecy,, lane 3, truncated yeast
— - suppressor tRNAPhecys (-CA), lane
- . 4, N-4-pentenoyl-Abu-tRNA, lane
5, N-4-pentenoyl-DfeGly-tRNA,
lane 6. N-4-pentenoyl-TfeGly-

tRNA, lane 7, N-4-pentenoyl-TfmAla-tRNA. (Adapted from Ye et al.,% Beilstein Journal of Organic

Chemistry, open access journal)

From our practical experience, the N-4-pentenoyl-Abu-pdCpA results in higher
ligation efficiencies than the fluorinated N-4-pentenoyl-aa-pdCpA species.
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

Furthermore, bis-aminoacylated pdCpAs show higher ligation efficiencies and
higher stabilities than the mono-aminoacylated counterparts. We also observed that
ligations were typically incomplete upon scaling up the ligation reaction (> 30 pg

truncated tRNA used).

4.2.1.5 Characterization of misacylated suppressor tRNAPhecya

Because the stability of misacylated suppressor tRNAPhecys is a key issue in
incorporation efficiency in cell-free translation, these were characterized within the
framework of this thesis. Commonly, the ligation efficiency is analyzed by means of
denaturing acidic PAGE. Petersson et al. reported the characterization of semi-
synthesized  suppressor tRNA by means of matrix-assisted laser
desorption/ionization (MALDI-TOF) mass spectrometry.! Following this literature
procedure, we tested MALDI-MS measurements on our system with an AB SCIEX
5800 TOF/TOF (Applied Biosystems). Unfortunately, we could not detect any mass
corresponding to our misacylated suppressor tRNAs. The aminoacyl bond is an
energy-rich bond with a standard free energy AG’® = -29 kJ/mol,'* and Schultz and
coworkers reported that misacylated suppressor tRNAs undergo spontaneous
hydrolysis even at -20 °C. Thus, the misacylated tRNAs are generally stored at -80 °C

after lyophilization.154 160

We tested the aminoacyl bond’s stability under different conditions including H-O,
HEPES bulffer, and a cell-free translation premix (Promega, pH > 8, measured with pH
indicator paper) for incubation times of 15, 30, or 60 minutes at 37 °C (Figure 4.2-7).
As presented in Figure 4.2-7, in spite of incomplete ligation, all misacylated tRNAs
bearing an amino protecting group are stable, at least over the course of the
experiment. The deprotected misacylated tRNAs show instability, particularly in the
presence of cell-free premix. These results indicated that our misacylated suppressor
tRNAs could be used for cell-free protein expression. However, it was estimated that

the cell lysate used for cell-free protein synthesis contains other endogenous factors,
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which can degrade RNA and hydrolyze the aminoacyl bond, and a low yield of

protein expression was anticipated.

full-length truncated full-length

A

1 2 3 4 5 6 7 8 9 10 11 12
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...l.ll... 85085480000 Vivensug uey

aa- 76

B full-length truncated full-length truncated
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Figure 4.2-7 Urea denaturing acidic PAGE analysis for stability of N-4-pentenoyl-aa-tRNA and
deprotected aa-tRNA

(A) N-4-pentenoyl-aa-tRNAs, (B) deprotected aa-tRNAs, the lanes 15, 30, and 60 represent aliquots
incubated under different buffer conditions for 15, 30, or 60 minutes (at 37 °C). (A) All samples are
N-4-pentenoyl protected. 1. Abu-tRNA, 2. Abu-tRNA in H>O, 3. Abu-tRNA in HEPES buffer (pH 7.5),
4. Abu-tRNA in cell-free premix, 5. Bis-Abu-tRNA, 6. Bis-Abu-tRNA in H>O, 7. Bis-Abu-tRNA in
HEPES buffer (pH 7.5), 8. Bis-Abu-tRNA in cell-free premix, 9. TfeGly-tRNA 10. TfeGly-tRNA in H,O,
11. TfeGly-tRNA in HEPES buffer (pH 7.5), 12. TfeGly-tRNA in cell-free premix. (B) All samples are
amino group deprotected. 1. Abu-tRNA in H>O, 2. Abu-tRNA in HEPES buffer (pH 7.5), 3. Abu-tRNA
in cell-free premix, 4. Abu-tRNA, 5. Bis-Abu-tRNA, 6. Bis-Abu-tRNA in H>O, 7. Bis-Abu-tRNA in
HEPES buffer (pH 7.5), 8. Bis-Abu-tRNA in cell-free premix, 9. TfeGly-tRNA 10. TfeGly-tRNA in H,O,
11. TfeGly-tRNA in HEPES buffer (pH 7.5), 12. TfeGly-tRNA in cell-free premix.

4.2.2 Construct design and cloning for expression of BPTI

4.2.2.1 Design of fluorinated BPTI

As described in Chapter 2, BPTI is a model protein that has been used for studies of
protein folding and protein-protein interactions. Lys15 is present in the middle of its
interacting loop and plays a crucial role in protease-BPTI interactions. In free BPTI,
the side chain of Lys15 is fully solvent exposed. Upon surveying the literature, we
found that fluorinated amino acids have been primarily incorporated into the
hydrophobic cores of proteins to evaluate their effects on protein folding and
stability. In contrast, the effects of fluorine on protein stability at solvent exposed
positions have been rarely investigated. Therefore, we set out to determine the
impact of substituting Lys15 of BPTI with fluorinated aliphatic amino acids. This
design provides the opportunity not only to study protein folding and stability
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

regarding fluorination at a solvent-exposed position, but also to assess its impact at a

biologically relevant protein-protein interface.

4.2.2.2 Use of small ubiquitin-like modifier as expression fusion tag

Because BPTI consists of only 58 amino acids, it is challenging to express and purify,
and therefore we opted to use a removable expression tag. The small ubiquitin-like
modifier (SUMO) fusion protein has proven to be a powerful tool for protein
expression, as it has been shown to enhance the solubility and expression level of
various proteins. The secondary structure of the SUMO fusion is recognized by
SUMO protease 1, which is able to robustly and specifically cleave the SUMO
domain from the target protein.'®® The SUMO fusion-tag had previously been
successfully used for the expression of BPTI (Aprotinin).1®> We designed a protein
sequence for the expression of BPTI with a N-terminal SUMO-tag in which the codon
for Lys15 was mutated to an amber stop codon (for sequence, see Appendix). It was
expected that subsequent to producing full-length BPTI containing non-canonical
amino acids at position 15, the SUMO-tag would be cleaved by SUMO protease 1.

The mutant BPTI would then be subjected to structural and functional studies.

4.2.2.3 Expression test of chymotrypsinogen B1 and trypsin 1

Our long-term goal is not only to investigate the supramolecular interactions of
fluorinated side chains in native protein environments, but also to probe the extent to
which intermolecular “fluorous effects” can be exploited as a protein engineering
principle. Thus, our future plans include the substitution of both the BPTI inhibitor
and the protease in the S site. To this end, the genes encoding chymotrypsinogen Bl
and trypsin 1 (Homo sapiens, for sequence see Appendix) were cloned into multiple

cell-free expression vectors for test expression. Gly216 of chymotrypsin, which plays
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

crucial role in the chymotrypsin-BPTI interaction, was also substituted by an amber

stop codon.

4.2.24 Cloning of expression constructs

Since the protein production yield from cell-free expression is strongly dependent on
the promotor (vector) efficiency, DNA encoding SUMO-BPTI, BPT],
chymotrypsinogen B1, and trypsin 1 was cloned into three different vectors by means
of standard molecular biological methods. The vectors used for our studies are
summarized in Table 4.2-2. The characterization of cell-free expression vectors pBH4,

pET21cHx, and pIVEX by endonuclease treatment is represented in Figure 4.2-8.

Table 4.2-2 Summary of constructs used for cell-free expression tests

Vectora Promoter His-tag Cloning site Insert (protein sequence)
pBH4b T7 promotor N-terminus BamHI/Xohl =~ SUMO-BPTI, SUMO-BPTlamper1s,
pET21cHxc  T7 promotor C-terminus BamHI/Xohl BPTL, BPTlansens, Trypsin 1
Chymotrypsinogen B1,
pIVEXd T7 promotor N-terminus Xohl/BamHI Chymotrypsinogen Bluse1s

These vectors have been used for successful cell-free expression protein production. a) The cloning

and expression region of expression vectors are schematically represented in the Appendix. References:
b) 163, ¢) 164 d) 165,

Marker PET21cHx
pBH4

e G X

BERE———

e
Figure 4.2-8 Characterization of cell-free
expression vectors by endonuclease digestion
— e  and agarose gel electrophoresis
| —————

_ mutagenesis P(.:R
of chymotrypsin

<— insert
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

4.2.3 in vitro protein expression

4.2.3.1 Protein expression by use of commercially available kits

In order to facilitate our protein expression and reduce the project duration, the
protein expression experiments were conducted by the use of commercially available
cell lysates or kits. Kits based on E.coli, wheat germ, and rabbit reticulocytes are
commercially available nowadays. Four different cell-free protein synthesis kits were

tested for the site-specific incorporation of fluorinated amino acids (Table 4.2-3).

Table 4.2-3 Commercially available cell-free protein expression kits used here

Commercially available cell-free kit Cell lysate Reaction type Supplier

530 T7 High-Yield Protein Expression System E.coli Batch reaction Promega

TNT® T7 Quick Coupled Rabbit reticulocytes  Batch reaction Promega

Transcription/Translation System

RTS 100 E.coli Disulfide Kit E.coli Continuous- 5 PRIME
exchange

PURExpress A RF123 Kit E.coli Batch reaction ~New England Biolabs

S30 T7 High-Yield Protein expression System enables batch reaction of in witro
translation in protein producing with high yield. TNT® T7 Quick System is based on
rabbit reticulocytes, which is designed for production of proteins with potential
posttranslational modifications. RTS 100 E.coli Disulfide Kit is a continuous-exchange
cell-free kit that has been optimized particularly for proteins containing disulfide
bonds. Because BPTI contains three disulfide bonds, it was assumed that the use of
this kit would ensure proper folding, and that extension of the reaction time would
result in higher yields. The PURExpress A RF123 kit is based on the PURE system, in
which all the components for protein synthesis have been purified and
reconstituted.’®® In the PURExpress A RF123 system, the release factors 1, 2, and 3 are
not added, which can eliminate competitive effects between the release factors and

suppressor aa-tRNAs and increase the production of full-length protein.

Constructs encoding protein sequence in different expression vectors were test by
use of these commercial kits. Protein expression was analyzed by sodium dodecyl

polyacrylamide gel electrophoresis (SDS PAGE) and Western blot. The experimental
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

data indicate that native SUMO-BPTI could be expressed from the pIVEX and pBH4
vectors by use of the S30 T7 High Yield Protein Expression System and the RTS 100
E.coli Disulfide Kit (Figure 4.2-9 and 4.2-10). Without the SUMO fusion tag, BPTI was
only produced from the pBH4 vector with the RTS 100 E.coli Disulfide Kit. Among
the three tested expression vectors, pBH4 appears to be the most efficient for the in
vitro translation of BPTI. Owing to the recommended long reaction time (overnight)
of the RTS 100 E.coli Disulfide Kit, compared to the recommended batch reaction
time of 1-2 hours for the S30 T7 High Yield Protein Expression System, a higher yield
from the former was expected. Protein expression with and without the SUMO
fusion tag showed that coexpression of the SUMO fusion tag can increase expression

levels from in vitro protein synthesis.

Figure 4.2-9 Western blot analysis of protein expression by use of RTS 100 E.coli Disulfide Kit and
S30 T7 High-Yield Protein Expression System

(A) RTS100 E.coli Disulfide Kit, lane 1, positive control sample of urease (plasmid available in kit),
lane 2, pIVEX-SUMO-BPTLyuer1s (addition of suppressor Abu-tRNA), lane 3, pIVEX-SUMO-BPTLiuperts
(addition of suppressor Bis-Abu-tRNA), lane 4, pIVEX-SUMO-BPTLiper1s (addition of suppressor
TfeGly-tRNA), lane 5, pIVEX-SUMO-BPTLyuter1s (addition of suppressor Bis-TfeGly-tRNA), lane 6,
pIVEX-chmyotrypsinogenamserz1s, lane 7, pET21cHx-chmyotrypsinogenampe2is, lane 8, pBH4-
chmyotrypsinogenmer216. (B) S30 T7 High-Yield Protein Expression System, lane 1, pBH4-SUMO-
BPTI (full-length protein), lane 2, pBH4-SUMO-BPTLyuer5 (addition of suppressor TfeGly-tRNA), lane
3, pBH4-SUMO-BPTLumer1s (addition of suppressor Abu-tRNA), lane 4, pBH4-SUMO-BPTLinperts
(addition of suppressor Bis-TfeGly-tRNA), lane 5 and 6, pBH4-SUMO-BPTluue1s (addition of
suppressor Bis-Abu-tRNA), lane 7 and 8, pBH4-SUMO-BPTl.per15 (addition of suppressor Bis-TfeGly-
tRNA).
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

Afterwards, amber suppression for producing of SUMO-BPTI was carried out.
Deprotected misacylated suppressor-tRNAs were supplied to in vitro translation
reactions. Band corroding to the size of full-length SUMO-BPTI, which may contain
non-canonical amino acids, was detected in Western blot (Figure 4.2-9, right panel, B).
Nevertheless, due to the low yield, the successful incorporation of non-canonical

amino acids was not verified with other analytic methods, e.g., mass spectrometry.

Test expressions of chymotrypsinogen Bl and trypsin 1 were carried out as well. The
production of chymotrypsinogen Bl and trypsin 1 could be detected only by use of
the constructs cloned into pBH4 vector and by use of the RTS 100 E.coli Disulfide Kit
(Figures 4.2-9 A and 4.2-10 A). However, due to low yields the protein samples were

not amenable to purification and isolation.

Marker

66,409

55,561 —— P
42.710
34.622
«—
26.972
«—
— <«
\
\

Figure 4.2-10 Western blot and SDS-PAGE analysis of protein expression by use of RTS 100 E.coli
Disulfide Kit

(A) Western Blot analysis, (B) SDS-PAGE analysis, the number in (A) and (B) represent the same
protein sample, lane 1, pPBH4-SUMO-BPT]I, lane 2, pBH4-SUMO-BPTluper15 (addition of suppressor aa-
tRNA), lane 3, pBH4-trypsin, lane 4, pET21cHx-trypsin, lane 5, pBH4-chymotrypsinogen B1, lane 6,
pBH4-BPTI, lane 7, pBH4-SUMO-BPTLuer1s (addition of suppressor aa-tRNA), lane 8, pBH4-SUMO-
BPTlumper1s (addition of suppressor aa-tRNA).

SUMO-BPTI in its full-length or truncated form could be produced in good yields.
The protein could be further purified by means of Ni-NTA chromatography. After
purification, expression yields of ~100 ug per mL reaction could be achieved. The

successful expression of SUMO-BPTI was further confirmed by protein
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

fingerprinting (Figure 4.2-11). Full-length SUMO-BPTI gives more than one band in
the SDS PAGE and Western blot. The results of protein fingerprinting indicate that
both bands are full-length SUMO-BPTI (for detected peptide fragments see Appendix).
We propose that this may be due to different folding morphologies of BPTI.

Marker 1 2 3
1a) BPTI (pBH4)
RPDFCLE PPYTGPCKAR IIRYFYNAKA GLCQTFVYGG
CRAKRNNFKS AEDCMRTCGG A *
2a) SUMO-BPTI, . .., (pBH4)
MSDQEAK PSTEDLGDKK EGEYIKLKVI GQDSSEIHFK
VKMTTHLKKL KESYCQRQGV HSTV RPDFCL EPPYTGPCXA RIIRYFYNAK AGLCQTFVYG
66.4 kDa GCRAKRNNFK SAEDCMRTCG GA
55.6 kDa 3a) SUMO-BPTI (pBH4)
42.7 kDa
MSDQEAK PSTEDLGDKK EGEYIKLKVI GQDSSEIHFK
34.6 kDa VKMTTHLKKL KESYCQRQGV HSTV RPDFCL EPPYTGPCXA RIIRYFYNAK AGLCQTFVYG
GCRAKRNNFK SAEDCMRTCG GA
<3
27.0 kDaW - za 3b) SUMO-BPTI (pBH4)
a
- . b —
143 kDa MSDQEAK PSTEDLGDKK EGEYIKLKVI GQDSSEIHFK
VKMTTHLKKL KESYCQRQGV HSTV RPDFCL EPPYTGPCXA RIIRYFYNAK AGLCQTFVYG
e GCRAKRNNFK SAEDCMRTCG GA

Figure 4.2-11 SDS PAGE analysis of purified SUMO-BPTI and BPTI produced by RTS 100 E.coli
Disulfide Kit and protein sequence identified by protein fingerprinting

SDS-PAGE (left), lane 1, BPTI, lane 2, production of truncated SUMO-BPTI (addition of suppressor
aa-tRNA), lane 3, full-length SUMO-BPTI; sequence coverage (right), the BPTI sequence shown in red,
SUMO sequence shown in black, His-tag and sequence of expression region shown in gray, position
15 is labeled as green X, the peptide fragments detected by LC-MS after in gel digestion are
underlined, the sample numbers correspond to those presented in the SDS PAGE image and sequence
coverage panel.

4.2.3.2 Cleavage of the SUMO fusion tag

Cleavage of the SUMO fusion tag was carried out by means of the SUMO protease 1.
The results of cleavage indicate that the SUMO fusion tag can be cleaved after in vitro

protein expression.
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4.2 Site-specific incorporation of fluorinated amino acids into BPTI

Figure 4.2-12 SDS PAGE and Western blot analysis of
SUMO fusion tag cleavage

Left, SDS-PAGE analysis, right, Western Blot analysis, the
numbering of SDS-PAGE and Western Blot indicates same
samples. lane 1, SUMO protease 1, lane 2, purified SUMO-
BPTI (arrow), lane 3, SUMO-tag (arrow) after the SUMO
cleavage.

4.2.3.3 Protein expression by reconstitution of cell-free reactions

Due to the low yield of products according to the full-length size of protein, the
incorporation of non-canonical amino acids into BPTI can not be confirmed. It is
estimated that semi-synthesized misacylated tRNAs could have low compatible to
the commercial kits. For instance, the kit reactions generally have much higher pH
value, which qualifies translation but can results in deacyltion of suppressor aa-
tRNAs. Therefore, the cell-free reactions were reconstituted by use of commercial
available cell lysate and prepared reaction premix. The amber suppression was then
tested in these reconstituted in vitro translation systems.'b 123 Three different
reaction premixes were prepared according to the literature Hecht et al, Schultz et al,
and Sisido et al. (preparation see Table 4.4-10 and Table 4.4-11).94c 121, 123, 154, 160, 167
Unfortunately, all of these reconstituted cell-free reactions are failed to produce

SUMO-BPTL
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4.3 Methods and experimental procedures

4.3.1 Chemical aminoacylation of non-canonical amino acids with
yeast suppressor tRNAFPhecya
4.3.1.1 General information about chemical synthesis, purification, and chemical

characterization

All reagents of synthetic grade were used as supplied. Thin layer chromatography
(TLC) was carried out on Merck silica gel 60 F254 plates. The fluorinated amino acids
TtmAla, DfeGly, and TfeGly were synthesized according to literature procedures.3%
168 Acetonitrile (MeCN) for synthesis and HPLC were purchased from Acros Organics.
Deionized water for buffer solutions was prepared using the Milli-Q Advantage A10-
System (Millipore). Standard chemicals that are not listed here were purchased from

Sigma-Aldrich and Fluka.

Nuclear magnetic resonance

H, 13C, YF, and 3P nuclear magnetic resonance (NMR) spectra were obtained on a
Bruker ECX 400 MHz NMR spectrometer. Proton chemical shifts are reported in
parts per million (ppm) and referenced to the residual proton peak of chloroform-d1.
Spectral coupling patterns are reported as follows, b: broad, s: singlet, t: triplet, and

m: multiplet.

Mass spectrometry

Electrospray-ionization time-of-flight high-resolution mass spectrometry (ESI-TOF)
was performed on an Agilent 6210 ESI-TOF (Agilent Technologies).

Reversed-phase high-performance liquid chromatography

Analytical reversed-phase high-performance liquid chromatography (RP-HPLC) was
carried out on an Elite Lachrom HPLC system (VIWWR & HITACHI) equipped with an
organizer, a L-2200 autosampler, two L-2130 pumps, and a L-2455 diode array
detector. A capcel pak C18 column (type: SG 120 5 pm, size: 4.6 mm® x 250 mm,
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4.3 Methods and experimental procedures

Shisheido) was used. Preparative RP-HPLC was carried out on a RP-HPLC (Knauer
GmbH) equipped with a smartline manager 5000 system, two smartline pumps 1000,

and an ultraviolet detector 2500.

4.3.1.2 Synthesis of pdCpA

6-N, 6-N, 2'-O, 3’-O-tetrabenzoyladenosine (pdCpA-1) was synthesized by Dr.
Allison Ann Berger. Di(2-cyanoethyl)N, N-diisopropylaminophosphoramidite ((iPr)2-
N-P-(OCH2CH2CN)2) and N-4-pentenoyloxy succinimide was synthesized by

Benjamin Matt.

N(B2),
HO ¢ J
O N>\ 0
)\ N - P\o/\/CN
HOBz OEZ )\
pdCpA-1 (iPr),N-P-(OCH,CH,CN),

Figure 4.3-1 Structure of synthetic intermediates pdCpA-1 and (iPr).N-P-(OCH>CH>CN)>

4-N-benzoyl-5"-O-(4,4’-dimethoxytrityl)-2'-deoxycytidylyl (3'-5")-P-(2-cyanoethyl)-6-
N, 6-N, 2’-0, 3’-O-tetrabenzoyladenosine (pdCpA-2)

2088.0 mg pdCpA-1 (3.04 mmol) and 502.9 mg tetrazole (7.04 mmol) were added into
a dry 100 mL flask equipped with a magnetic stirrer and evaporated twice with
toluene. 16 mL dry methylene chloride (DCM) was added and the solution was
cooled to 0 °C in an ice bath. 2 g (2.40mmol) of 4-N-benzoyl-5-O-(4,4'-
dimethoxytrityl)-2’-deoxycytidinyl-3’[(2-cyanoethyl) (N,N-diisopropyl)] phosphor-
amidite (dC-CE phosphoramidite, Eurogentec) was dissolved in cooled anhydrous
DCM and added to this solution. The mixture was stirred and allowed to warm to
room temperature. TLC was performed in acetone/hexane (v/v, 1/1) to monitor the

reaction. After two hours the reaction was diluted in 60 mL DCM and extracted twice
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with 60 mL saturated NaCl solution. The organic layer was dried with MgSOs and
concentrated under vacuum to give 3974.1 mg yellow foam. The crude material was
dissolved in 2 mL acetone (another 2 mL acetone used for flask washing) and applied
to a silica column (25 x 3 cm) packed with 30% acetone in n-hexane containing 0.2%
triethylamine (TEA). Elution was accomplished with a gradient of 30-70% acetone in
n-hexane (0.2% TEA). Fractions collected from 50-60% acetone in n-hexane contained
the product; these were pooled together and concentrated under vacuum to give
2352.1 mg pdCpA-2 (1.66 mmol) as a white foam (69%). 3P NMR (400 MHz, acetone-
d6) & 139.33; mass spectrum (ESI-TOF): m/z 1438.43 (M+Na)*, 145441 (M+K)*,
(C7sHesNoO16P, calculated 1415.44).

NHBz NHBz
DMTrO HO
0 NAO R )
H H N(Bz
1y N(Bz), o H N (B2)
N N N
NC _P N NC P N
\/\O ~0 </ | /) \/\O ||\O </ | /)
O N>\ 0 O N"™N
HOBz OHZ HOBz OHZ
pdCpA-2 pdCpA-3

Figure 4.3-2 Structure of synthetic intermediates pdCpA-2 and pdCpA-3

4-N-benzoyl-2'-deoxycytidylyl(3’-5’-cyanoethylphosphate)-6-N, 6-N, 2'-0O, 3'-O-
tetrabenzoyladenosine (pdCpA-3)

2352.1 mg pdCpA-2 (1.66 mmol) was dissolved in 10 mL tetrahydrofuran (THF) in a
50 mL flask equipped with a magnetic stir bar. 643.4 mg (2.53 mmol) I> was dissolved
in 4 mL of THF/HO/pyridine (v/v/v, 2/1/0.1) and added to the solution
containing pdCpA-2. After stirring for 20 minutes, the reaction mixture was first
concentrated under vacuum and then dissolved in 40 mL chloroform and extracted

with 100 mL 0.2% sodium bisulfite solution. The aqueous phase was extracted with
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50 mL chloroform. The combined organic phase was washed with 50 mL saturated
NaCl solution. A solution containing 617.3 mg (3.58 mmol) p-toluenesulfonic acid in
30 mL of MeOH/CH2Cl, (v/v, 1/1) was added. After 30 minutes the reaction was
quenched by the addition of 100 mL ice cold saturated sodium bicarbonate solution.
The organic phase was washed first with 100 mL H>O, and then with 100 mL
saturated NaCl solution, and finally dried with MgSOs and concentrated under
vacuum to give 1869.6 mg of crude product as a white/yellow foam. The crude
material was dissolved in a small amount of acetone and applied to a silica column
(25 x 3 cm) packed in 40% acetone in n-hexane. The product was eluted with a
gradient of 40-100% acetone in n-hexane (100 mL per each concentration). The
fractions collected at 75-100% acetone in n-hexane contained the product. The
appropriate fractions were pooled together and concentrated under vacuum to give
1102.2 mg pdCpA-3 (0.98 mmol) as a white foam (59% yield). 'TH NMR (400 MHz,
acetone-d6) 2.05 (t, 3H), 2.00-2.10 (m), 2.85-3.05 (m), 5.05 (s, 1H), 5.60 (s, 1H), 6.80-6.90
(m), 7.10-7.20 (m), 7.30-7.40 (m), 7.5 (d); 3P NMR (400 MHz, acetone-d6) & -2.0; mass
spectrum (ESI-TOF): m/z 1130.31 (M+H)*, 1152.29 (M+Na)*, (Cs7HssNoO1sP,
calculated 1129.30).

4-N-benzoyl-5"-(di-2-cyanoethylphosphate) 2’-deoxycytidylyl (3'-5’-
cyanoethylphosphate)-6-N, 6-N, 2'-0O, 3’-O-tetrabenzoyladenosine (pdCpA-4)

1102.2 mg (0.98 mmol) pdCpA-3 and 140.8 mg (2.0 mmol) tetrazole were added into
a 50 mL flask and coevaporated four times with toluene. The mixture was dissolved
in 12 mL anhydrous DCM and cooled to 0 °C. 353.3 mg (1.3 mmol) of di(2-
cyanoethyl)-N,N-diisopropylaminophosphoramidite ~ ((iPr)2-N-P-(OCH2CH2CN)2),
was added via syringe. The reaction was allowed to warm to room temperature and
monitored by TLC. After 45 minutes, a solution containing 613.2 mg (2.4 mmol) > in
THF/HxO/ pyridine (v/v/v, 2/1/0.1) was added and the mixture was stirred for a
further 15 minutes. The reaction mixture was then concentrated under vacuum. The
black residue was dissolved in 20 mL chloroform and extracted with 100 mL 0.05%

sodium bisulfite solution. The organic layer was washed once with H>O and once
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with saturated NaCl solution. The organic phase was then dried with MgSOs and
concentrated under reduced pressure to give 1248.3 mg pdCpA-4 as white/yellow
foam. The crude product was carried into the cyanoethyl deprotection step without
further purification. 3P NMR and MS were performed to confirm the product. 3P
NMR (400 MHz, acetone-d6) 8: -0.66, -1.19; mass spectrum (ESI-TOF): m/z 1316.28
(M+H)*, 1338.29 (M+Na)*, 1354.26 (M+K)*, (Ce3H55N11018P, calculated 1315.32).

NHBz NH,

OH
0_o0 NN | NN

Po
IS Ho o | IS
W o_ N0 o) w o_N"~0
CN
H H N(Bz)o H H NHo

(l) H CI) H
N A N BN
NC P. _P. N
\/\O/H\O </ | /)N HO H\o </ | /)
(0] O-_N N (@) O N N
HoBz 0B Hon o
pdCpA-4 pdCpA

Figure 4.3-3 Structure of synthetic intermediate pdCpA-4 and pdCpA

5’ -phospho-2'-deoxycytidylyl (3’-5")adenosine (pdCpA)

1248.3 mg pdCpA-4 was dissolved in 10 mL dioxane and 40 mL methanol and added
to 100 mL 30% ammonium hydroxide in a sealed flask. The reaction mixture was
stirred at 55 °C overnight, then concentrated under reduced pressure. The residue
was dissolved in 25 mM aqueous ammonium acetate buffer (pH 5.0) and purified by
RP-HPLC with a flow rate of 20 mL/min and a gradient of 10-80% acetonitrile in 25
mM ammonium acetate (pH 5) over 30 minutes to give 314 mg ammonium pdCpA
as a white solid. TH NMR (400 MHz, D20O) &: 1.60-1.74 (m, 1H), 2.15-2.25 (m, 1H), 3.86
(s, 2H), 3.98 (s, 2H), 4.11 (s, 1H), 4.22 (s, 1H), 4.42 (t, 1H, | = 8 Hz), 5.80-6.02 (m, 3H),
7.60 (d, ] = 8), 8.05 (s, 1H), 8.34 (s, 1H); 3P NMR (400 MHz, D;0O) &: -0.44, 2.45; mass
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spectrum (ESI-TOF): m/z 637.13 (M+H)*, 1273.24 (2M+H)*, (C190H26NsO13P», calculated
636.11).

Ion exchange chromatography of pdCpA

The tetra-n-butylammonium (TBA) salt of pdCpA was prepared by means of ion
exchange chromatography. The ion-exchange resin (Dowex 50 W x 8, 20-50 mesh,
Fluka) was first washed with H2O, then stirred in a 20% aqueous TBA solution (from
a stock solution: 1. 0 M aqueous solution, Alfa Aesar, or tris(tetrabutylammonium)-
hydrogen pyrophosphate, Sigma-Aldrich®) for 2 hours. Afterward, the beads were
packed into a column (1 x 10 cm) and washed with H>O until pH of washing elute is
neutral. A small amount of pdCpA (100-200 mg) was dissolved in 0.5 mL H>O and
loaded onto the column. pdCpA-TBA was eluted in H2O and monitored by TLC with
UV detection. The ratio of pdCpA and TBA of lyophilized pdCpA-TBA salt was
determined by NMR. Normally, an additional amount of TBA hydroxide was
directly added to an aqueous solution of pdCpA-TBA to ensure that the ratio of TBA
to pdCpA is greater than 2.2. The solution was lyophilized and yielded the product
as a fluffy white powder. 'TH NMR (400 MHz, D-0) &: 0.80 (t, 3H, ] = 8.0 Hz), 1.21 (dt,
2H, ] =8, ] = 8), 1.40-1.58 (m, 2H), 1.70-1.80 (td, | = 4, ] = 8), 1H, 2.22-2.32 (m, 1H),
2.98-3.10 (m, 2H), 3.88 (s, 2H), 3.99 (s, 2H), 4.14 (s, 1H), 4.22, (s, 1H), 4.41 (t, 1H, ] = 4),
592 (d, 3H), 7.71 (d, 1H, | = 8), 8.05 (s, 1H), 8.34 (s, 1H); 3P NMR (400 MHz, D>0O) &: -
0.77, 0.44. The product was dissolved in anhydrous DMF (Sigma-Aldrich) and stored

in a sealed vial filled with argon at -20 °C (compound is stable for several weeks).
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\’\, N~ H T H NH,
N S

P N

ojro <

§ o] O N7 >N

tetrabutylammonium-pdCpA

Figure 4.3-4 Structure of tetrabutylammonium salt of pdCpA

4.3.1.3 Synthesis of N-(4-pentenoyl)-amino acid cyanomethyl ester

Synthesis of N-pentenoyl (R,S)-2-amino-2-methyl-3,3,3-trifluoropropanoic acid

cyanomethyl ester (3a)

361.8 mg TfmAla (2.3 mmol) was dissolved in 10 mL DMF and treated with 0.5 mL
N-4-pentenoyl chloride (4.6 mmol) and 847.9 mg 4-dimethylaminopyridine (DMAP,
Acros Organics). After stirring at room temperature for 5 days, the mixture was
diluted in 50 mL of 1 M aqueous NaHSOs and extracted three times with ethyl
acetate. The combined organic phase was dried with MgSOsand concentrated under
vacuum to give 240.1 mg compound 2a (Figure 4.2-2) as a brown oil. The crude
product was carried forward without any further purification. 149 mg crude
compound 2a (ca. 0.6 mmol) was dissolved in 3 mL MeCN and treated with 0.2 mL
iodoacetonitrile (2.7 mmol) (Fluka) and 0.25 mL triethylamine (TEA) (1.8 mmol). The
mixture was stirred at room temperature overnight. If the reaction did not reach
completion, as determined by TLC, 1 equivalent of iodoacetonitrile and 1 equivalent
of TEA were added and the reaction allowed more time; after the reaction was

complete, the mixture was diluted in 25 mL ethyl acetate and washed twice with 25
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mL 1M NaHSOs aqueous solution. The organic layer was dried with MgSO4 and
concentrated under reduced pressure. The crude product was purified on a silica gel
column (13 x 2 cm) that was packed and eluted with ethyl acetate and n-hexanes
(v/v 1/1). Appropriate fractions were pooled together and concentrated under
vacuum to give compound 3a as a yellow oil: yield 87.4 mg (22%); TH NMR (400
MHz, CDCl;) &: 1.70 (s, 3H), 2.28-2.42 (m, 4H), 4.76 (d, 1H, | = 15.7 Hz), 4.83 (d, 1H, |
= 15.7 Hz), 4.95-5.13 (m, 2H), 5.71-5.83 (m, 1H), 6.30 (s, H); 3C NMR (400 MHz,
CDCls) 8: 18.58 (-CHs), 29.10 (-CH2-CH>-), 34.92 (-CH2-CH>-), 49.87 (-CH2-CN), 61.23
(-NH-CH-), 113.75 (-CH2-CN) 116.31 (CH>=CH-), 123.73 (q, ] = 284.0 Hz, -CH>-CF3),
136.31 (CH2=CH-), 165.29 (-CO-0O-), 172.28 (-CO-NH-); 1F NMR (400 MHz, CDCl;) é:
-76.2267 (s); mass spectrum (ESI-TOF) my/z 279.0929 (M+H)* (C11H13F3N2053, calculated
278.0878).

Synthesis of N-(4-pentenoyl)-(S)-2-aminobutyric acid cyanomethyl ester (3b)

A mixture of 6 mL H>O and 6 mL dioxane containing 226.4 mg Abu (2.2 mmol)
(Bachem) and 357.2 mg NaHCO; (4.3 mmol) was treated with 465.1 mg N-4-
pentenoyloxy succinimide (2.4 mmol) and stirred at room temperature for 17 hours.
The reaction mixture was diluted with 50 mL NaHSO4 aqueous solution (1 M) and
extracted three times with ethyl acetate (50 mL). The combined organic phase was
dried with MgSOs and concentrated under reduced pressure. Compound 2b was
obtained as a brown oil. The crude product was dissolved in 4 mL MeCN and treated
with 1.5 mL TEA (10 mmol) and 0.72 mL iodoacetonitrile (10 mmol). After stirring at
room temperature for 20 hours, the reaction mixture was dissolved in 50 mL ethyl
acetate and washed twice with 1 M NaHSOs aqueous solution. The organic layer was
dried with MgSO4 and concentrated under reduced pressure. The crude product was
purified on a silica gel column (12 x 3 cm) with ethyl acetate and n-hexane (v/v, 4/1).
Compound 3b was obtained as a gray solid: yield 399.8 mg (81.25%); 'TH NMR (400
MHz, CDCl;) &: 0.94 (t, 3H, | = 7.4 Hz), 1.66-1.78 (m, 1H), 1.83-1.95 (m, 1H), 2.29-2.41
(m, 4H), 4.58 (td, 1H, ] = 7.4 Hz, | = 5.4 Hz), 4.70 (d, 1H, ] = 15.7 Hz), 4.82 (d, 1H, | =
15.7 Hz), 4.98-5.10 (m, 2H), 5.74-5.86 (m, 1H), 6.06 (bd, 1H, | = 7.0 Hz); 3C NMR
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(400MHz, CDCls) 6: 9.74 (-CHs), 25.30 (-CH2CH3s), 29.43 (CH2=CH>-CH>-), 35.45 (-
CH»-CH>-CO-), 48.90 (-CH2-CN), 53.07 (-NH-CH-), 114,05 (-CN), 115.92 (CH>=CH-),
136.81 (CH>=CH-), 171.26 (-CO-O-), 172.45 (-CO-NH-); mass spectrum (ESI-TOF), m/z
2251263 (M+H)* (C11H16N203, calculated 224.1161).

Synthesis of N-(4-pentenoyl)-(5)-2-amino-4,4-difluorobutyric acid cyanomethyl ester

(3¢)

60 mg DfeGly (0.43 mmol) was dissolved in a mixture containing 1.5 mL water and

1.5 mL dioxane. To this mixture was added 72.3 mg NaHCOs (0.86 mmol) and 100

mg N-4-pentenoyloxy succinimide (0.51 mmol), and the reaction was stirred at room
temperature for 18 hours. The mixture was treated with 12 mL 1M NaHCOs aqueous
solution and extracted three times with 12 mL ethyl acetate. The combined organic
phase was dried with MgSOs4 and concentrated under reduced pressure. The crude
product was dissolved in 1.5 mL MeCN and treated with 0.35 mL TEA (2.5 mmol)
and 0.16 mL iodoacetonitrile (2.2 mmol). After stirring at room temperature for 20
hours, the reaction mixture was diluted in 12 mL ethyl acetate and washed three
times with 12 mL 1M aqueous NaHSOs. The organic layer was dried with MgSO4
and concentrated under reduced pressure. The crude product was purified on a silica
gel column (20 x 1.5 cm) and eluted stepwise with 50 mL ethyl acetate in n-hexane
(v/v,1/2) and 50 mL ethyl acetate in n-hexane (v/v, 2/3) to give compound 3c as a
yellow oil: yield 66 mg (59%). TH NMR (400 MHz, CDCls) 6: 2.24-2.56 (m, 6H), 4.74 (d,
1H, ] = 15.7 Hz), 4.80 (d, 1H, | = 15.7 Hz), 4.71-4.83 (m, 1H), 4.97-5.09 (m, 2H), 5.73-
5.85 (m, 1H), 5.93 (tt, 1H, ] = 55.8 Hz, ] = 4.3 Hz), 6.59 (bd, 1H, | = 7.5 Hz); 13C NMR
(400 MHz, CDClIs) 8: 29.26 (CH=CH-CH>»-), 35.23 (-CH2-CO-), 35.63 (t, | = 22.0 Hz,
CH>-CF:H), 47.43 (t, ] = 5.7 Hz, -NH-CH-), 49.46 (-O-CH>-), 113.86 (-CH2-CN), 115.15
(t, ] = 238.5 Hz, -CH»-CF:H), 115.99 (CH,=CH-), 136.59 (CH>=CH-) 169.69 (-CO-O-),
172.76 (-CO-NH-); 1F NMR (400 MHz, CDCls) 6: -116.46 (tdd, | = 320.0 Hz, | = 58.6
Hz, | =171 Hz), -115.70 (tdd, | = 320.0 Hz, ] = 58.6 Hz, | = 17.1 Hz); mass spectrum
(ESI-TOF), m/z 261.1045 (M+H)* (C11H14F2N2O3, calculated 260.0972).
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Synthesis of N-(4-pentenoyl)-(S5)-2-amino-4,4,4-trifluorobutyric acid cyanomethyl

ester (3d)
60.1 mg NaHCO; (0.72 mmol) and 53.5 mg TfeGly (0.34 mmol) were dissolved in a

mixture containing 1.5 mL water and 1.5 mL dioxane to which 87.3 mg N-4-
pentenoyloxy succinimide (0.44 mmol) was added. After stirring for 19 hours, the
reaction mixture was diluted with 15 mL of 1 M aqueous NaHSOy solution and
extracted three times with 15 mL ethyl acetate. The combined organic phase was
dried with MgSOs and concentrated under reduced pressure. The crude product was
dissolved in 1.5 mL MeCN, and 025 mL TEA (1.8 mmol) and 015 mL
iodoacetonitrile (2 mmol) were added. The resulting solution was stirred for 48 hours
at room temperature, then diluted with 12 mL ethyl acetate and washed twice with
12 mL of 1 M NaHSOs solution. The organic layer was dried with MgSOs and
concentrated under reduced pressure. The crude product was purified on a silica gel
column (13 x 2 cm) and eluted with 4:1 ethyl acetate:n-hexane. Appropriate fractions
were pooled together and concentrated under vacuum to give compound 3d as a
white solid: yield 71.2 mg (75.3%). 'H NMR (400 MHz, CDCl3) &: 2.29-2.43 (m, 4H),
2.65-2.89 (m, 2H), 4.77 (d, 1H, | = 15.8 Hz), 4.83 (d, 1H, | = 15.8 Hz), 4.80-4.84 (m, 1H),
5.00-5.12 (m 2H), 5.74-5.88 (m, 1H), 6.32 (bd. 1H, | = 7.4 Hz); 3C NMR (400 MHz,
CDCls) 6: 29.16 (CH>=CH-CH>-), 34.89 (-NH-CH-), 35.03 (q, ] = 28.0 Hz, -CH,-CH>-
CO-), 47.29 (q, | = 2.7 Hz, -CH»-CFs), 49.63 (-O-CH»-), 113.52 (-CH2-CN), 116.10
(CH2=CH-), 125.50 (q, ] = 276.0 Hz, -CH-CFs), 136.50 (CH2=CH-), 168.67 (-CO-O-),
172.44 (-CO-NH-); F NMR (400 MHz, CDCl;) &: -62.98 (t, ] = 9.8 Hz); mass spectrum
(ESI-TOF), m/z 279.0929 (M+H)* (C11H13F3N2053, calculated 278.0878).

4.3.1.4 Synthesis of mono-2’(3')-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs and 2’-
3'-bis-O-[N-(4-pentenoyl)aminoacyl]-pdCpAs

Synthesis of 2°(37)-O-[ N-(4-pentenoyl)-(R,S)-2-amino-2-methyl-3,3,3-trifluoropropyl]-

pdCpA (4a) and bis-2°,3’-O-[ N-(4-pentenoyl)-(R,S)-2-amino-2-methyl-3,3,3-

trifluoropropyl [-pdCpA (4a”)
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300 uL anhydrous DMF containing 20 mg TBA-pdCpA (31.4 umol) and 50 uL TEA
were added under argon into a flame-dried conical vial containing 16 mg compound
3a (57.6 umol). The reaction mixture was stirred at 40 °C overnight. The reaction was
monitored by analytical RP-HPLC. Upon completion, the reaction mixture was
diluted with a mixture consisting of 50 mM NHsOAc and MeCN (v/v, 2/1, pH 4.5)
to a total volume of 500 uL and purified using RP-HPLC. The compounds were
eluted with a gradient of 0-75% MeCN in 50 mM aqueous NH4OAc over a period of
40 minutes at a flow rate of 20 mL/min (detection at 260 nm). The appropriate
fractions were combined and lyophilized to give compound 4a as a white solid
(retention time 15.5 minutes on preparative reverse-phase C18 HPLC column): yield
12 mg (45%), mass spectrum (ESI-TOF): m/z 858.1796 (M+H)* (CasHz6F3NoO15P,
calculated 857.1758). Compound 4a” was obtained as a white solid (retention time
21.5 min on preparative HPLC, C18 column): yield 15.4 mg (50.5%), mass spectrum
(ESI-TOF): m/z 1079.2445 (M+H)* (Cs7HaecF¢N10O17P2, calculated 1078.2421).

Synthesis of 2°(37)-O-[N-(4-pentenoyl)-(5)-2-amino butyl]-pdCpA (4b) and bis-2",3"-
O-[N-(4-pentenoyl)-(5)-2-amino butyl]-pdCpA (4b”)

Under an argon atmosphere, 200 ul solution containing 25.5 umol pdCpA in
anhydrous DMF was added to a flame-dried vial equipped with a magnetic stir bar.
To this solution was added 14.4 mg compound 3b (64.3 umol) and 50 uL TEA. The
reaction mixture was stirred at 40 °C overnight. 5 pL aliquots of the reaction mixture
were diluted with 45 uL 2:1 50 mM NHiOAc: MeCN solution (pH 4.5) and analyzed
by RP-HPLC. Once the reaction was complete, the reaction mixture was diluted with
500 uL 2:1 50mM NHiOAc solution:MeCN, pH 4.5, and purified by means of RP-
HPLC (C18 column) with a gradient of 10-80% MeCN in 50 mM NHiOAc buffer (pH
4.5) over a period of 40 minutes at a flow rate of 20 mL/min (detection at 260 nm).
The appropriate fractions were lyophilized and gave compound 4b as a colorless
solid (retention time 7.4 minutes by preparative reverse-phase C18 HPLC column):
yield 6.9 mg (33.7%), mass spectrum (ESI-TOF): m/z 804.2135 (M+H)* (C2sH39N9O15P2,

calculated 803.2041). Compound 4b” was obtained as a colorless solid (retention time
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13.1 min on preparative HPLC, C18 column): yield 2.4 mg (9.6%), mass spectrum
(ESI-TOF): m/z 971.2965 (M+H)* (C37H52N10017P2, calculated 970.2987).

Synthesis of 2°(3")-O- N-(4-pentenoyl)-(S)-2-amino-4,4-difluorobutyl]-pdCpA (4c)

To a flame-dried conical vial containing 12.6 mg compound 3¢ (48.5 umol) was added
200 uL of a solution of 10.8 mg pdCpA (16.98 umol) in anhydrous DMF to which 50
uL TEA had been added. The reaction mixture was stirred at 40 °C overnight; upon
completion, as determined by RP-HPLC, the reaction mixture was diluted with 2:1 50
mM aqueous NHsOAc:MeCN, pH 4.5, to a total volume of 500 uL and purified by
RP-HPLC. The compound was eluted with a gradient of 0-75% MeCN in 50 mM
NH4OACc over a period of 40 minutes at a flow rate of 20 mL/min (monitored at 260
nm). The appropriate fractions were lyophilized to give compound 4c as a colorless
solid (retention time 19 minutes on preparative RP?-HPLC, C18 column): yield 9.3
mg (65%), mass spectrum (ESI-TOF): m/z 840.1857 (M+H)* (CasHs7F2NoO1sP,
calculated 839.1852).

Synthesis of 2°(3")-O-[N-(4-pentenoyl)-(S5)-2-amino-4,4 4-trifluorobutyl -pdCpA (4d)
and bis-2°,3"-O-[ N-(4-pentenovyl)-(S)-2-amino-4,4,4-trifluorobutyl]-pdCpA (4d’)

To a flame-dried conical vial containing 16.7 mg 3d (60.1 umol) was added 200 uL of
a solution containing 12.35 mg pdCpA (19.4 umol) in anhydrous DMF to which 50 uLL
of TEA had been added. The reaction mixture was stirred at 40 °C overnight. Upon
completion, as determined by analytical RP-HPLC, the reaction mixture was diluted
with 2:1 50 mM aqueous NH4OAc:MeCN, pH 4.5, to a total volume of 500 uL and
purified by RP-HPLC. The compound was eluted with 10-80% MeCN in 50 mM
aqueous NH4OAc over a period of 45 minutes at a flow rate of 20 mL/min
(monitored at 260 nm). The appropriate fractions were lyophilized and gave
compound 4d as a white solid (retention time 9.5 minutes on preparative reverse-
phase C18 HPLC column): yield 6.7 mg (13%), mass spectrum (ESI-TOF): my/z
858.1796 (M+H)* (CasHscF3NoO1sP2, calculated 857.1758). Compound 4d” was also

obtained as a white solid (retention time 13.1 minutes on preparative HPLC, C18
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column): yield 10.2 mg (48.7%), mass spectrum (ESI-TOF): m/z 1079.2612 (M+H)*
(C37H16FeN10017P2, calculated 1078.2421).

Determination of concentration for misacylated N-4-pentenoyl-aminoacyl-pdCpAs

The concentration of the solution containing pdCpA or N-4-pentenoyl-aminoacyl-
pdCpA can be determined by UV absorption, assuming €4 = 24,500 cm'M-! for
pdCpA.154

4.3.1.5 T4 RNA ligase-mediated ligation

Linearization of plasmid DNA PYRNAS8 and DNA analysis by restriction enzymes

Plasmid DNA PYRNAS encoding yeast phenylalanine tRNA, which contains the T7
promotor, was linearized by treatment with the restriction enzyme Fokl (New
England Biolabs) to obtain a substrate for the run-off in vitro transcription of truncated
suppressor tRNA. Linearization with BstNI (New England Biolabs) results in templates
for the production of full-length suppressor tRNA as control. Table 4.3-1 represents
typical analytical scale restriction digestion reactions. For the preparative scale, all
components and the overall volume of reaction were increased according to the

amount of plasmid DNA.

Table 4.3-1 Reaction preparation for enzymatic linearization of PYRNAS

For production of full-length tRNA For production of truncated tRNA

Components Volume Components Volume

DNA lug DNA lug

BstNI 1uL FoklI 1uL

BSA 0.5 uL BSA 0.5 uL

NEBufer 2 (10 X) 2L NEBuffer 4 (10 X) 2L

H>O X uL H.O X uL
Total 20 uLL 20 uLL

Incubate at 60 °C for 1 hour Incubate at 37 °C for 1 hour
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Run-off in vitro transcription of truncated suppressor tRINAPhecA

Table 4.3-2 Run-off in vitro transcription reactions under various conditions?

Components Variant1 (uL) Variant2 (uL) Variant3 (uL) Variant4 (uL)
10 X Buffer 2 2 2 2
DTT (100 mM) 2 2 2 2
ATP (100 mM) 1.5 1.5 1.5 1.5
CTP (100 mM) 1.5 1.5 1.5 1.5
UTP (100 mM) 1.5 1.5 1.5 1.5
GTP (100 mM) 1.5 1 1.5 1
GMP? (400 mM) 0 1 0 1
Formamidec 0 0 1 1
DNA templated 1 1 1 1
T7 RNA polymerase 2 2 2 2
RNase inhibitor 0.5 0.5 0.5 0.5
H,O 6.5 6 5.5 5
Total 20

a) Based on Choudhury et. al. and short et. al.,121.167 3 standard reaction has final volume with 20 pL, in
practical, the reactions were prepared to final volume with 100 pL. b) 5-guanosine monophosphate
(GMP disodium salt AppliChem), sterilization by filtration with 200 nm membrane, ¢) formamide
(deionized, molecular biology grade, AppliChem) d) concentration of DNA template is generally about
1ng/pL (for kit manual, see Appendix).

The truncated yeast suppressor tRNAPrecya(-CA) and the full-length tRNAPhecya
were synthesized in run-off in vitro transcription reactions that made use of the
AmpliScribe™ T7 High Yield Transcription Kit (EPICENTRE® Biotechnologies). A
typical reaction was incubated at 42 °C for at least 6 hours, and it was observed that

incubation overnight maximized yields.

Purification of truncated suppressor tRNAcua(-CA)

After overnight incubation RNase-free DNase (supplied with transcription kit) was
added to the reaction mixture, according to the manufacturer’s recommendations,
and incubated for a further 15 minutes at 37 °C. The reaction solution was then
extracted with an equal volume of Roti®-Phenol/Chloroform/Isoamylalcohol
(25:24:1, pH 7.5-8.0, Carl Roth; centrifugation at 13,300 x g for one minute). The
aqueous phase was transferred to a new 1.5 mL tube and extracted with an equal

volume of chloroform (centrifugation at 13,300 x g for one minute). The aqueous

87



4.3 Methods and experimental procedures

phase was then applied to a diethylaminoethanol (DEAE) sepharose anion-exchange
column for further purification. 1-1.5 mL DEAE sepharose (Sigma-Aldrich®), was
packed into a small column that was washed with 1 mL H>O and equilibrated with 1
mL 0.1 M NaOAc (pH 5.2). The chloroform extracted tRNA solution was loaded onto
the column and eluted with NaOAc solution (pH 5.2) containing NaCl: stepwise
gradient of 0.1 - 1.0 M (500 pL for each NaCl concentration). tRNA in each fraction
was precipitated by adding 750 puL isopropanol and cooling at -80 °C for at least 30
minutes; pellets were obtained by centrifugation at 13,300 x g at 4 °C for 15 minutes.
Precipitates were washed with 70% ethanol, centrifuged at 13,300 x g at 4 °C for 10
minutes and allowed to air dry for 5 minutes. tRNAs were dissolved in 0.1 M NaOAc
and analyzed by acidic urea PAGE. Fractions containing truncated suppressor tRNA

were pooled together.

Determination of tRNA concentration

The concentration of tRNA was determined by means of a NanoDrop ND-2000 at 260

nm.

General procedure for synthesis of N-4-pentenoyl-aminoacyl-tRNAs

A mixture (final volume 100 uL for a standard reaction) containing 40 nmol
aminoacyl-pdCpA, 10 ug truncated tRNA (0.4 nmol), 15 mM MgCL, 1 mM ATP, 50
ng/uL BSA, 10% DMSO (v/v), 50 mM HEPES buffer (pH 7.5) and 100 units of T4-
RNA ligase (T4-RNA ligase 1, ssRNA ligase, New England Biolabs) was incubated at
37 °C for 30 minutes. The reaction was quenched by the addition of 5 ul 3 M NaOAc
solution (pH 5.2) To remove protein contaminants from the misacylated aminoacyl-
tRNAs, an additional extraction step with phenol-chloroform (Roti®-aqua phenol pH
4.5-5.0, Carl Roth) was carried out. N-4-pentenoyl-aminoacyl-tRNA was precipitated
by addition of 3 M NaOAc solution (pH 5.2) to a final concentration of 0.3 M and 2.5
volume equivalents of ice-cold ethanol and incubated at -80 °C for 30 minutes.

Centrifugation at 4 °C at 13,000 x g for 10 minutes yielded a pellet that was washed
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with 250 uL 70% ethanol. After centrifugation for 5 minutes at 4 °C at 13,000 x g, the
pellet was immediately lyophilized and stored at -80 °C.154

Stability test of misacylated suppressor tRNAs

tRNA solution (3 pL of a stock solution of 2 pg/uL in water) was added into 6 pL
water or buffer and incubated at 37 °C. HEPES buffer (pH 7.5) and cell-free premix
solution (Promega) were used for test. As a control sample, 1 pL of the tRNA solution
was kept on ice. At time points 15 min, 30 min, and 1 hour, a 3 pL aliquot was taken
and quenched with NaOAc (pH 5.2). All samples were mixed with RNA sample
buffer and immediately analyzed by denaturing acidic PAGE.

Deprotection of N-4-pentenoyl-aminoacyl-tRNAs

About 20 pg N-4-pentenoyl aminoacyl-tRNA was dissolved in 10 pL water (or 1 mM
sodium acetate pH 5.2) and mixed with 10 pL 25 mM iodine in THF/water (v/v, 1/1).
The solution was incubated at 25 °C for 15 minutes. Misacylated tRNA was
precipitate precipitated by addition of 3 M NaOAc solution (pH 5.2) to a final
concentration of 0.3 M and 2.5 volume equivalents of ice-cold ethanol and incubated
at -80 °C for 30 minutes. Centrifugation at 4 °C at 13,000 x g for 10 minutes yielded a
pellet that was washed with 250 uLL 70% ethanol. After centrifugation for 5 minutes at
4 °C at 13,000 x g, pellet was dissolved in ~5uL water and immediately added to in

vitro protein translation reaction.

Acidic urea polyacrylamide gel electrophoresis

Acidic urea PAGE was used to analyze both the truncated tRNAs produced by run-
off in vitro transcription and the products of Ts-RNA ligase-mediated RNA
ligation.’® The tRNA sample to be analyzed was mixed with an equal volume of
sample buffer (supplied with Low Range ssRNA Ladder, New England Biolabs) and
heated at 70 °C for ten minutes. Afterward, samples were briefly chilled on ice, spun
down and loaded onto a 1-mm-thick 7% gel (acrylamide:bisacrylamide, 19:1)
containing 8 M urea. Electrophoresis was carried out in 0.1 M sodium acetate (pH

5.2) for 3-4 hours at 200 volts (the gel was normally prewarmed at 200 volts for 1
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hour). Gels were stained with Stains-All (Sigma-Aldrich) overnight in the dark and
destained with water in the light. RiboRuler™ Low Range RNA Ladder (Fermentas)
and Low Range ssRNA Ladder (New England Biolabs) were used as markers.

Table 4.3-3 Preparation of 7% acidic PAGE containing 8 M urea for tRNA analysis

Components Volume
Gel Aa 5.542 mL
Gel B2 4.375 mL
Urea 96¢g
10% APS 1.75 mL
4.5 M NaOAc 556 pL
TEMED 37.5 uL
H,O X mL
Total 25 mL

a) Gel A: 30% acrylamide solution, Gel B: 2% bisacrylamide solution (Rotiphorese® Gel, Carl Roth),
crosslinking of gel is 5%. (calculated with the formula: http://www.carlroth.com/website/en-
nl/pdf/PAGE_E.pdf)

Stock solution of Stains-All: 0.1% Stains-All in formamide

Working solution of Stains-All (100 mL for one gel): 10 mL stock solution, 25 mL
isopropanol, 750 nL. 2 M Tris-HCI pH 8.8, and 65 mL H.O

4.3.2 Cloning and protein expression

4.3.2.1 General methods for molecular biology and protein chemistry

Water and buffers used for molecular biology were autoclaved, if not otherwise
stated. ClearPAGE Precast Gels (12% C. B. S. SCIENTIFIC) were used for sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) analysis of proteins
and Western blotting.

Instruments used for molecular biology and protein chemistry

Avanti ]J-26 XP Centrifuge (BECKMAN COULTER)
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Allegra® X-15 R Centrifuge (BECKMAN COULTER)

Fresco™ Microcentrifuge (Thermo SCIENTIFIC)

Combispin FVL-2400 mit Vortex (peglab Biotechnologie GmbH)
Primus 25 advanced® thermocycler (peglab Biotechnologie GmbH)
Thriller Thermo-Inkubationsmischer (peglab Biotechnologie GmbH)
NanoDrop ND-2000 (Thermo SCIENTIFIC) (equipped with software)
BioPhotometer Plus (eppendorf)

PerfectBlue Doppelgelsystem Twin M (peglab Biotechnologie GmbH)
PerfectBlue Gel System Mini (peglab Biotechnologie GmbH)

Vertikales Electrophoreses System CTV400 (VIVR)

C. B. S. SCIENTIFIC DCX-700 system (C. B. S. SCIENTIFIC)
Electrophoresis power supply (EV222) (peglab Biotechnologie GmbH)
ChemiSmart 5000 digital imaging system (Vilber-Lourmat) (equipped with software)
Mini Rocker MR-1 (peqlab Biotechnologie GmbH)

peqPETTE 5er Set (peglab Biotechnologie GmbH)

E.coli cell culture

For cloning purposes, E.coli cell culture was carried out in different solid and liquid
media, the compositions of which are summarized in Table 4.3-4. Millipore water was
used, and the final pH was adjusted to 7.0. Prior to the addition of ampicillin, the
autoclaved medium was first cooled to about 50 °C, then a sterile ampicillin stock
solution 1000 X (ampicillin sodium salt AppliChem) was added to a final
concentration of 100 pg/mL.
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Table 4.3-4 Preparation of cell culture medium (for 1 liter)

Medium Compositions

LB medium= 10 g tryptone, 5 g yeast extract, 10 g NaCl

LB plate 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar

SOC mediumb 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 0.18 g KCl, 0.952 g MgCl,, 2.4 g MgSO,
SB mediume 30 g tryptone, 20 g yeast extract, 10 g MOPS4, 20 g glucose

a) LB = Lysogeny broth, b) SOC = super optimal broth, ¢) SB = super broth, MOPS = 3-(N-
morpholino)propanesulfonic acid, tryptone, yeast extract, agar, and all chemicals purchased from Car!
Roth.

In general, amplification of plasmid DNA for analysis purpose was preformed in 3
mL overnight culture with antibiotic pressure. The large scale cell culture for
mediprep. of plasmid DNA was carried out in 100-200 mL culture medium with

ampicillin (volume of cell culture depends on the plasmid is low-copy or high-copy).

Preparation of electrocompetent cells

E.coli K12 ER2738 (New England Biolabs) was streaked onto LB agar plates and
incubated at 37 °C overnight. A single colony was used to an overnight starter
culture in LB medium, and cells were incubated overnight. The overnight culture
was used to inoculate 500 mL of media (1000 fold dilution), and this culture was
incubated with shaking (200 rpm) at 37 °C until an optical density (OD) at 595 nm of
0.5 was reached. Cells were immediately centrifuged at 3,000 x g at 4 °C for 10
minutes and the cell pellet was resuspended in 200 mL ice-cold water. Cells were
again pelleted, then resuspended in 10 mL ice-cold 10% glycerol. Finally, cells were
pelleted and resuspended in 1 mL ice-cold 10% glycerol and diluted with ice-cold
10% glycerol until OD = 1. Cells were divided into 60 pL aliquots, snap-frozen in
liquid nitrogen, and stored until use at -80 °C. Transformation efficiencies were

determined with a control plasmid, and by means of following equation.

mumber of  clones x dilution  factor  1x10* L 1x10°pg
compentence = X X

spread volume (ulL) 10pg 1§78
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Transformation of plasmid DNA

Plasmid DNA (1 pL, about 50 ng) was added to 50 pL NEB 5-alpha competent cells
(subcloning efficiency, New England Biolabs) in a 1.5 mL tube on ice. The suspension
was well mixed and kept on ice for 30 minutes. Heat shock was applied by
transferring the cells to a water bath at 42 °C for 45 seconds, then transferring them
back to the ice and incubating for a further 2 minutes. Prewarmed antibiotic-free LB
or SOC medium (1 mL) was added and the cells allowed to recover by incubating
with shaking (200 rpm) at 37 °C for 1 hour, after which 100 pL of the transformation

mixture was spread onto LB plates containing ampicillin.

Plasmid DNA (1 pL, about 50 ng) was added to 50 pL electrocompetent cells (see
above for protocol) in an electroporation cuvette on ice (1 mm electrode gap, peglab).
Electroporation was carried out at 2500 V. 1 mL SOC medium was added
immediately into the cuvette, and the cell suspension was allowed to recover by
incubation at 37 °C with shaking at 200 rpm for 1 hour. Afterward, 100 pL of the

transformation mixture was spread onto LB plates containing ampicillin.

DNA isolation and purification

In general, plasmid DNA and cloning intermediates were isolated and purified by
commercially available DNA isolation and purification kits, which utilize a silica-
based membrane technology (based on ion-exchange). DNA from lysed cells or from
nuclease digestions bind to the membrane. Impurities can be removed by washing

steps, and the DNA is eluted by water or appropriate buffer solutions.

For analytical purposes, plasmid DNA from E.coli cells was isolated by means of the
peqGold Plasmid Miniprep Kit I (PEQLAB Biotechnologie GmbH). 3 mL of an E. coli

overnight culture was centrifuged at 10,000 x g (room temperature) for one minute.
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The cell pellet was resuspended in 250 pL Solution I/RNase A (resuspension buffer)
and vortexed. After the addition of 250 pL Solution II (lysis buffer) the tube was
gently inverted 8 times, and then incubated at room temperature for 2 minutes. 350
uL Solution III (neutralization buffer) was added and the reaction mixed gently by
inverting the tube 8 times. Afterward, the mixture was centrifuged at 10,000 x g
(room temperature) for 10 minutes. The supernatant was loaded onto a PerfectBind
DNA column centrifuged at 10,000 x g at 4 °C for one minute. The column was
washed twice with 750 L. DNA wash buffer I (centrifugation at 10,000 x g at 4 °C for
one minute). In order to obtained higher purity, an optional washing step with wash
buffer II can be performed. The PerfectBind DNA column was dried by
centrifugation at 10,000 x g at 4 °C for two minutes. DNA was eluted with 50 pL

water (centrifugation at 5,000 x g at 4 °C for one minute).

Plasmid DNA from E. coli cells was isolated by use of the Pure® HiPure Plasmid
Midiprep Kit (Invitrogen). 100 mL overnight E. coli culture (high-copy plasmid) or 200
mL overnight E.coli culture (low-copy plasmid) was centrifuged at room temperature
at 4,000 rpm for 10 minutes. The cell pellet was resuspended in 4 mL resuspension
buffer and then treated with 4 mL lysis buffer and mixed gently. The mixture was
incubated at room temperature for 4-5 min. After the addition of 4 mL neutralization
buffer, the mixture was centrifuged at 13,300 x g at 4 °C for 20 minutes. In the
meantime, the spin column was equilibrated with 10 mL equilibration buffer. The
supernatant was loaded onto the column and allowed to flow through by gravity.
The column was washed twice with wash buffer. DNA was eluted with 5 mL elution
buffer. Subsequently, 3.5 mL isopropanol was added, the mixture well mixed and
centrifuged at 13,300 x g at 4 °C for 30 minutes. The DNA pellet was washed with 3
mL 70% ethanol and centrifuged at 13,300 x g at 4 °C for 5 minutes. DNA pellet was

air dried for about 5 minutes and then dissolved in water.
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DNA fragments were isolated after agarose gel electrophoresis by excising the band
of interest with a scalpel under UV light; the gel slice was transferred into a 2 mL
tube. Binding Buffer (1 mL for 1 g gel) was added and the mixture incubated with
shaking (200 rpm) at 65 °C until the gel was completely dissolved. The solution was
acidified by the addition of 3 M sodium acetate (5-10 pL, depends on the volume of
gel solution). The solution was loaded onto a PerfectBind DNA column (PEQLAB
Biotechnologie GmbH) and centrifuged at 10,000 x g (room temperature) for 1 minute.
The column was washed twice with 750 unL. CG Wash Buffer (centrifugation at 10,000
x g at 4 °C for one minute). An optional washing step with 750 uL Binding Buffer can
be performed prior to use of the CG Wash Buffer to increase DNA purity. The
column was dried by centrifugation at 10,000 x g at 4 °C for two minutes, and the

DNA fragment was eluted with water (centrifugation at 5,000 x g at 4°C).

Determination of DN A concentration:

The concentration of isolated plasmid DNA and DNA fragments was determined by
means of a NanoDrop ND-2000 (260 nm), and the purity confirmed by the ratio of

absorbance at 260 nm versus 280 nm (in general, the ration of 260/280 is >1.8).

4.3.2.2 Cloning of plasmid DNA for protein expression

Cloning of constructs containing SUMO-BPTI

The DNA sequence encoding SUMO-BPTIimber1s containing a 5'-terminal Xhol
recognition site and 3’-terminal BamHI recognition site was synthesized by eurofins
muwg | operon and cloned into the pCR® 2.1 (3.9 kb) vector. This DNA sequence was
also directly cloned into the pIVEX vector after digestion with Xhol/BamHI. In order
to insert this DNA sequence into the vectors pBH4 and pET21cHx, the BamHI and
Xhol sites were swapped by PCR with mutagenic primers. For cloning SUMO-BPTI
without an amber stop codon, but rather with the wild-type Lysl15, as a control,

mutagenesis using PCR with mutagenic primers was also carried out.
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Cloning of constructs containing BPTI

The DNA sequence encoding SUMO-BPTI was obtained by double digestion with
Xhol/BamHI and extraction after agarose gel electrophoresis. Then, the mutagenesis
PCR with designed primers was performed to remove the N-terminal SUMO fusion
tag and introduce the appropriate endonuclease recognition sites, either BamHI or
Xhol, depending on the vector, as described above. The DNA sequence of BPTI was

then cloned into the respective vectors and amplified in E.coli cells.

Cloning of constructs containing chymotrypsinogen Bl and trypsin 1

cDNA encoding Homo sapiens chymotrypsinogen Bl (CTRBI, transfection-ready
DNA, pCMV6-XL5 vector; for protein sequence, see Appendix) and cDNA encoding
Homo sapiens trypsin 1 (transfection-ready DNA, pCMV6-XL4 vector; for protein
sequence, see Appendix) were purchased from ORIGENE. The codon corresponding
to Gly216 in CTRB1 was replaced with the amber stop codon through mutagenesis
PCR. The convenient cleavage sites of restriction enzymes were introduced at the N-
terminus or C-terminus of DNA sequences of CTRB1. For cloning of trypsin 1, the
convenient cleavage sites of restriction enzymes were also introduced into cloning

site. Then the DNA sequence was cloned into expression vectors.

Site-directed mutagenesis by means of PCR

PCR is a standard and powerful biochemical method used to amplify DNA. The
principle of the PCR reaction is based on the accurate semi-replication of DNA,
which is catalyzed by DNA polymerase. A basic PCR set up requires a DNA
template, a forward primer, a reverse primer, dNTPs, buffer, and DNA polymerase.
Site-directed mutagenesis can be achieved by designing synthetic primer that are
complementary to the template DNA in the vicinity of the mutation site. In this study,
Pfu DNA polymerase (Fermentas) and Phusion, high-fidelity DNA polymerase (New
England Biolabs) were used for the cloning of expression constructs. Table 4.3-5
represents a typical mutagenesis PCR reaction. The primers designed for the cloning

of these constructs are summarized in Table. 4.3-6.
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Table 4.3-5 Preparation of site-directed mutagenesis PCR

Components Volume (uL) Cycle program )

Temperature Time
10 x Pfu buffer (+Mg?*) 5 95 °C 2 minutes
dNTPs (2.5 mM) 4
DNA template2 1 95 °C 0.5 minute
Forward primer? 0.5 65 °C 1 minute X30
Reverse primer? 0.5 72°C 5 minutes
Pfu polymerase 1
H>O 72°C 10 minutes

4°C End

a) A typical amount of template DNA is 1 ug, b) the final concentration of primer is 0.1-1 pM.

Table 4.3-6 PCR primers used for cloning

Short Name Sequence Description

Chy-BamHI 5-GGC GGA TCC ATG GCT TTC CTC TGG CT-3 Introduction of BamHI site for
chymotrypsinogen B1
(pBH4/pET21cHx)

Chy-Mut 5-GGC ATT GTG TCC TGG TAG AGC GAC ACCT-% Introduction of amber codon
for chymotrypsinogen B1

Chym - XohI 5-GGC CTC GAG GTT GGC AGC CAG GAT CTT-% Introduction of Xhol site for

Chy-pIVEX-Xohs

Chy-pIVEX-BamH=
Chy-pIVEX-Xoh-2
Chy-mut2

CpX-2

5-C CTC GAG CAT CAT CAT CAT CAT CAT ATG GCT
TTC CTC-3

5-GGC GGA TCC GTT GGC AGC CAG GA-¥

5-C CTC GAG C CAT CAT CAT CAT CAT CAT ATG G-3’

5-TGG AGC AGG TGT CGC TCT ACC AGG AC-3'

5'-CCT CGA GCC ATC ATC ATC ATC ATC ATA TG-3'

chymotrypsinogen B1
(pET21/pBH4)

Introduction of Xhol site and
6xhis-tag for
chymotrypsinogen Bl (pIVEX)
Introduction of BamHI site for
chymotrypsinogen Bl (pIVEX)
Introduction of His-tag for
chymotrypsinogen Bl (pIVEX)
Introduction of amber codon
for chymotrypsinogen B1
Correction of shift-reading in
chymotrypsinogen

SUBP-pET-BamH?
SUBP-pET-Xoh-1=

SUBP-pET-Xoh-22

5-GGC GGA TCC ATG TCT GAC CAG GAG GCA-3’

5-GCC GAG CTC TCA AGC ACCACCACAGGT-3%

5-GCC GAG CTC AGC ACC ACC ACA GGT CCT-%

Introduction of BamHI site for
SUMO-BPTI (pET21/pBH4)
Introduction of Xhol site for
SUMO-BPTI (pET21/pBH4)
Introduction of Xhol site

(pET21/pBH4)

BPTI for. 5'-ATG TCT GAC CAG GAG GCA AAA CCT TCA-3' Removal of SUMO

BPTI rev. 5'-AGC ACC ACC ACA GGT CCT CAT GCA GTC-3' Removal of SUMO

BPTI-lys 5'-GGT CCC TGC AAG GCC AGA ATT ATC AG-3' Removal of the amber codon

BPTI-WS-Xoh 5'-CTC GAG CCA TCA TCA TCA TCA TCA TCG GCC Removal of SUMO and

TGA C-3' introduction of Xohl site

(pIVEX)

BPTI-WS-Bam 5'-GGC GGA TCC CGG CCT GAC TTC TGC CTA-3' Removal of SUMO and
introduction of BamHI site
(pBH4/pET21)

Try-for 5-GGCGGATCCATGAATCCACTCCTG-3 Introduction of BamHI site for

trypsin (pBH4/pET21cHx)
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Try-rev 5'-GGCCTCGAGTTAGCTATTGGCAGCTAT-3 Introduction of Xohl site for
trypsin (pBH4/pET21cHx)

a) These primers were synthesized and supplied by Biomers.net; other primers were synthesized by
Eurofins MEG Operon.

Restriction digestion and DNA ligation

The restriction enzymes BamHI and Xhol were used for the cloning of constructs for
protein expression (for cleavage sites of BamHI and Xhol see Appendix). Dpnl was
used for the digestion of cellular methylated DNA that was used as a PCR template.
T4 DNA ligase can recognize the sticky ends of DNA fragments and ligates these by
catalyzing the formation of a phosphodiester bond. The preparation of enzymatic
digestion and T4 DNA ligation reactions are represented in Table 4.3-7. BamHI, Xhol,
T4 DNA ligase and Dpnl were purchased from New England Bioabs.

Table 4.3-7 Preparation of restriction digests and DNA ligation

Restriction enzyme digestion? DNA ligation2
Composition Volume (uL) Composition Volume (uL)
10 x NEBbuffer 3 2 T4 DNA ligase buffer 2
Plasmid DNA 1 Plasmid vector 1
BamHI 1 DNA insert 1
Xhol 1 T4 DNA ligase 1
BSA (10 mg/mL) 0.2 H>O 15
H,O 14.8
Total 20 20

at 37 °C for 1 hour RT overnight

a) Typical amount of DNA for enzymatic digestion is 1 -5 pug in 20 pL of total reaction volume, for
preparative purpose the reaction volume is increased to 50 pL. b) The overall concentration of vector
and insert is 1-10 ng/uL, the molar ratio of insert to vector is 2~6 for optimal ligation.

Agarose gel electrophoresis

Agarose gel electrophoresis is a technique to separate and analyze nucleotide and

protein samples. The negatively charged nucleotide samples can be separated
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according to their size as they migrate through the agarose matrix. The gel was run
in Tris-acetate-EDTA (TAE) buffer. For preparing 50 x TAE buffer, 242.2 g Tris was
dissolved in water, and 57.1 mL of glacial acetic acid and 100 mL of 0.5 M EDTA
were added; water was added to bring the final volume to 1 liter (pH adjusted to 8.0).
2-Log DNA Ladder (0.1-10.0kb, New England Biolabs) was used as a marker.

DNA-sequencing

To identify positive clones, those containing accurate constructs, plasmid DNA
isolated from a mini-prep kit was analyzed by means of DNA-sequencing. DNA-
sequencing was carried out with primers complimentary to the T7 promotor and T7

terminator (Seqlab Sequence Laboratories, Gottingen, Germany).

4.3.2.3 Protein expression and in vitro amber suppression
Cell-free protein expression by means of commercial kits was carried out according
to the manual with small modifications. (internet link to kit manual is given in

Appendix). Expression reactions for in vitro amber suppression were prepared as

shown in Tables 4.3-8 and 4.3-9.

Table 4.3-8 Cell-free reaction preparation by use of S30 T7 High-Yield Expression System

Composition Positive Control2 SamplesP
S 30 Premix Plus (uL) 20 20

T7 S30 extract (uL) 18 18
Plasmid DNA (uL)c 2 1-2
Suppressor aa-tRN APhecyad X
H,O 10

Total (uL) 50 50

a) Control DNA of luciferase is supplied in kit, b) plasmid constructs containing DNA sequence of
SUMO-BPTI, BPTI and chymotrypsinogen Bl were tested for expression, ¢) the concentration of
plasmid DNA is general 0.8-1.5 pg/uL, d) 10-20 png of deprotected aa-tRNA added into the reaction.
The batch reaction was incubated at 37 °C at 300 rpm for 1 hour.
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Table 4.3-9 Cell-free reaction preparation by use of RTS 100 E.coli Disulfide Kit

Reaction mixture Positive control? SamplesP
Activated Lysate (uL) 25 25
Reaction mixture (uL) 7 7
Amino acids (-Met) (uL) 7 7
Met (uL) 1 1
DNA (uL)c 1-2
Suppressor aa-tRNAd X
H.O (uL)

Total (uL) 50

Feeding mixture

Feeding mixture {uL) 640
Amino acids (-Met) (uL) 140
Met (uL) 20

H>O (uL) 200
Total (uL) 1000

a) Control DNA of urease is supplied in kit, b) plasmid constructs containing DNA sequence of
SUMO-BPTI, BPTI, chymotrypsinogen B1, and trypsin were tested for expression, c) the concentration
of plasmid DNA is generally 0.8-1.5 pg/puL, d) 10-20 pg of deprotected aa-tRNA added into the
reaction. The continuous-exchange reaction was incubated at 30 °C at 600 rpm from 2 hours to
overnight.

The cell-free reactions for in vitro amber suppression by reconstitution of the reaction

mixtures were prepared as shown in Tables 4.3-10 and 4.3-11.
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Table 4.3-10 Preparation of cell-free premixes according to literatures

Composition Hecht et al. Sisido et al. Schultz et al.
L.con. V(ul) F.con. L.con. V (ul) F. con. L.con. V (ul) F.con.

Tris-acetate (pH 7.0)

(M) 35 70 70

HEPES-KOH (pH 7.4)

(1 M) 55 220 110

Tris-acetate (pH 7.4)

(M) 56.4 112.8 112.8

Potassium glutamate

(pH 7.0) (IM) 190 380 380 210 420 380 72 144 144

Ammonium acetate

(pH 6.6) (1 M) 30 60 60 6.9 13.8 13.8 36 72 72

Magnesium acetate

(pH 7.0) (1 M) 11 22 22 7.9 154 154 12 24 24

DTT (1.15 M) 2 32 4 1.7 2.72 34 1.76 2.8 35

Phosphoenol

pyruvate (313.76 mM) 20 127.5 40 26 165.73 52 27 172 54

PEG 8000 (400 1.90% 95 3.8% 19 95 38

mg/mL)

Folinic acid (7.5

mg/mL)s 35 9.4 70 35 9.3 70

Spermidine (0.1377

M) 1 14.5 2

Pyridoxine HCI

(3.6 mg/mL)e 27 0.67 54

p-amino benzoic acid

(1 mg/mL)e 11 22 22

Calcium acetate (1 M) 9.7 194 194

FAD (14.5 mg/mL)» 27 3.7 54

NADP (1.2 mg/mL)» 271 2.25 54

HO (uL) 337.3 4345 320.08

Total (uL) 1000 1000 1000

L. con. = Literature concentration, F. con. = Final concentration, a) the concentration of folinic acid,
pyridoxine HCI, p-amino benzoic acid, FAD, and NADP is in pg/mL; for other compounds units are
in mM. L-glutamic acid (potassium salt monohydrate) and p-amino benzoic acid (Sigma-Aldrich),
phosphoenol pyruvate (mono potassium salt) and FAD (disodium dehydrate) (BioChemica),
pyridoxine hydrochloride (99%, Alfa Aesar), folinic acid (calcium salt hydrate, Fluka), spermidine
(VIWR), DTT, and PEG 8000 (New England Biolabs), NADP sodium salt (AppliChem)
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Table 4.3-11 Reconstitution of cell-free reaction with prepared premixes and commercial cell-free
lysate according to literature with minor modifications

Control Hecht et al. Sisido et al. Schultz et al.
Premix2 20 50 40 40
Template (uL)® 2 3 3 3
S30 extract (uL)e 18 19 19 19

L. con,/F.con V(()::;I)ne L. con,/F.con V(()::;I)ne L. con,/F.con V(()::;I)ne

ATP (20 mM)¢ 20/7.7 7.5 1.2/1.94 15 1.22/1.94 1.5
GTP (5 mM)d 5/2.1 2 0.28/0.97 0.75 0.85/0.97 0.75
UTP (5 mM)¢ 5/2.1 2 0.75 0.85/0.97 0.75
CTP (5 mM)4 5/2.1 2 0.75 0.85/0.97 0.75
cAMP N. A.
Mg (OAc): (1 M) 0.5
Isopropyl-B8-D-
thiogalactopyrano N. A.
side
RNA Polymerased 1200 Units 2 1200 Units 2 1200 Units 2
Amino acids
mixtures (1 mM)e
i;;’i{l;NAs (100 0.8 mg/mL 1 0.16 mg/mL 1 0.17 mg/mL 1
H.O 10
Total (uL) 50 96.5 77.25 77.25

L. con = literature concentration (mM for dNTPs), F. con = final concentration used for our expression
(mM for dNTPs), a) for control reaction, premix (Pormega) was used, for other reactions the premix
prepared as in Table 3.14 were used, b) both DNA and RNA templates were used for test, in case of
RNA, 10 pg of purified RNA produced by in vitro transcription was added, c) cell lysate from S30 T7
High-Yield Expression System (Promega), dNTPs and RNA polymerase from AmpliScribe™ T7 High
Yield Transcription Kits (EPICENTRE® Biotechnologies), e) complete amino acid mixture (Promega), f)
complete E. coli tRNAs from MRE 600 (Roche), N. A. = not added.

SUMO cleavage

SUMO protease was expressed and purified by coworker Jan-Stefan Voller and
supplied at a concentration of 2 mg/mL in buffer containing 50 mM Tris and 150 mM
NaCl. The cleavage test was carried out in buffer containing 50 mM tris, 150 mM

NaCl, 1 mM DTT (pH 8.0) at 30 °C for 4 hours.
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4.3.24 Protein purification and analysis

Protein purification

Proteins expressed in cell-free reactions were purified by means of a Ni-NTA Spin
Kit (Qiagen) under native conditions. The Ni-NTA spin column was equilibrated with
600 pL NPI-10 buffer (centrifugation at 2900 rpm at 4 °C for 2 minutes). The cell-free
reaction mixture (50 pL) was diluted with 560 nL. NPI-20 buffer and loaded onto the
spin column (centrifugation at 1600 rpm for 5 minutes; if the mixture flowed slowly
through the membrane, the centrifugation time was extended). The column was
washed twice with 600 pL NPI-20 buffer. Protein containing the 6 X His-tag was
eluted by adding 100-150 nL NPI-500 buffer and centrifuged at 2900 rpm twice.

Table 4.3-12 Preparation of NPI buffer for purification of 6 X His-tagged protein by use of Ni-NTA
spin column

NPI buffer Description Composition

NPI-10 Lysis buffer 50 mM NaHPO4, 300 mM NaCl, 10 mM imidazole pH 8.0
NPI-20 Wash buffer 50 mM NaHPO4, 300 mM NaCl, 20 mM imidazole pH 8.0
NPI-500 Elution buffer 50 mM NaHPO4, 300 mM NaCl, 500 mM imidazole pH 8.0

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is a widely used technique in biochemistry and molecular biology for the
analysis of protein samples. SDS is an anionic detergent that denatures and linearizes
proteins, when heated to 95 °C in the presence of DTT. Denatured samples are
loaded onto the prepared gel, and an electric field is applied. The proteins,
surrounded by negatively charged SDS molecules, migrate through the gel towards
the anode at a rate that inversely relates to their size. Coomassie brilliant blue is
commonly used for protein visualization after electrophoresis. In our studies, 12%
SDS PAGE was used for protein analysis. Typically, electrophoresis was initially
conducted at 80 volts until the sample fully entered the separation gel. Afterward,
gels were run at 120 volts for a further 60-90 minutes. The gels for SDS-PAGE and

Western blot were prepared as indicated in Table 4.3-13. The preparation of running
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buffer and buffers for staining are summarized in Table 4.3-14. A broad range (2-212

kDa) protein marker (New England Biolabs) was used.

Table 4.3-13 SDS-PAGE for protein analysis and Western blot (for two gels)

Stacking gel Separation gel
Components

Volume Volume
Tris buffer 1.25 mL 2.5 mL
Gel A 0.5 mL 4 mL
Gel B 0.2 mL 1.6 mL
10% APS 25 uL 50 uL
10% SDS 50 uL 100 pL
TEMED 10 uL 15 uL
H>O 2.965 mL 1.735 mL
Total 5mL 10 mL

Rotiphorese® Gel A (30% acrylamide solution), Gel B (2% bisacrylamide solution),
tetramethylethylenediamine (TEMED), ammonium persulfate (APS) purchased from Carl Roth.

Table 4.3-14 Buffer and solution composition for SDS-PAGE and Western blot

Buffer/solution Composition

SDS-PAGE running buffer (1 x) 0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS, pH 8.3

Coomassie stock solution 12 g coomassie brilliant blue, 300 mL MeOH, 60 mL CH3COOH

Coomassie working solution (1 liter) 30 mL coomassie stock solution, 500 mL MeOH, 100 mL
CH3COOH, 370 mL H,O

SDS-PAGE fix solution (1 liter) 500 mL MeOH, 100 mL CH3COOH, 400 mL H,O

Destaining solution (1 liter) 450 mL MeOH, 100 mL CH3COOH, 450 mL H,O

Tank blotting buffer (1 x) 0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS, 20% (v/v)

methanol
Ponceau S staining solution (500 mL) 0.5 g ponceau S, 25 mL CH3;COOH, 475 mL HO
TBS buffer (1 liter) 1.21 g Tris, 8.78 g NaCl, pH 7
TBS-Tween buffer (1 liter) 2.42 g Tris, 29.25 g NaCl, 0.05% (v/v) Tween 20, pH 7

Coomassie brilliant blue and chemicals purchased from Carl Roth

Western Blot

The Western blot is a widely used analytical technique to detect specific proteins in a
sample. In our studies, Western blotting was used to detect protein samples

containing a 6 x His-tag produced by cell-free protein synthesis. Proteins present in
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the cell-free reaction mixture were first separated according to their size by means of
SDS-PAGE. The resolved proteins were subsequently transferred onto a
nitrocellulose membrane (0.2 pm, binding capacity 80-90 pg/cm?, Carl Roth) by tank
blotting. The membrane was pre-activated in blotting buffer for > 20 minutes. Figure
4.3-5 represents the assembly of components for tank blotting. Typically, tank
blotting was performed by means of a mini-vertical lab gel/blotting system DCX-700
(C. B. S. SCIENTIFIC) equipped with two freezer blocks at 180 voltages for two hours.

Cathode

) Plastic support

Filter paper X 3

Membrane

SDS PAGE
Filter paper X 3

I oam pad

. ) Plastic support
Anode

Figure 4.3-5 Schematic illustration of assembly for tank blotting

After transfer to the membrane, it was incubated in ponceau S solution with gentle
shaking for 2 min. 6 X His protein ladder (Qiagen) and transferred proteins were
visible in cases of successful transfer. The membrane was destained in water for ten
minutes; an additional destaining step for another ten minutes in fresh water was
carried out if necessary. Then the membrane was washed twice with TBS buffer for
ten minutes each and incubated in Anti-His HPR Conjugate blocking buffer (Penta-
His HRP Conjugate Kit, Qiagen) at room temperature for one hour. Afterward, the
membrane was washed twice for ten minutes each with TBS-Tween 20 buffer, and
once with TBS buffer. 5 pL anti-His HRP conjugate antibody (Qiagen) was diluted in
20 mL blocking buffer, and the membrane was incubated in this solution at room
temperature overnight. The membrane was washed twice for ten minutes each with

TBS-Tween 20 buffer, and once with TBS buffer. Chemiluminescence substrate for
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blotting with peroxidase (Interchim) was added and the membrane analyzed with a

luminescence detector.

Protein fingerprinting analysis

Protein fingerprinting analysis was carried to identify whether the expressed and
purified proteins contained non-canonical amino acids. Protein samples were
prepared as follows. Sample buffer contained 5 mM DTT. In order to reduce all
disulfide bonds, mixtures of protein and sample buffer were incubated at 55 °C for 30
minutes (common protocol use 98 °C for 5-10 minutes). lodoacetamide (AppliChem)
was added to a final concentration of 15 mM and the reaction incubated in the dark
for 20 minutes. Subsequently SDS-PAGE was performed to separate the proteins. The
interesting protein bands were cut out and transferred to a 1.5 mL tube. Further
experimental preparation including in-gel trypsin digestion, nano-LC-MS, and
identification and characterization of the protein fragments was carried out by Heike
Stephanowitz (Mass spectrometry group, Leibniz-Institut fiir molekulare

Pharmakologie, Berlin).
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Chapter 5

Total chemical synthesis and full characterization of
BPTI containing fluorinated amino acids
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5.1 Total chemical synthesis of proteins

As discussed in Chapter 4, great efforts were made to site-specifically incorporate
non-canonical amino acids into proteins to determine potential novel structural and
functional properties. Still, these techniques based on in vitro and in vivo approaches
show limitations, which need to be overcome in the future. Other methods, which
can be used for the site-specific incorporation of non-canonical amino acids into
proteins include the total chemical synthesis of proteins, and semi-synthesis by
means of diverse chemoselective ligation strategies. In this chapter an overview of
the total chemical synthesis of proteins is given. The total chemical synthesis of
mutant BPTI variants containing non-canonical amino acids, and their biochemical

characterization, are then described.

5.1 Total chemical synthesis of proteins

Synthetic chemical approaches to the synthesis of peptides and proteins have been
evolving for decades.'® In the 1960s, the development of orthogonal protecting
groups led to the most widely used technique in peptide and protein chemistry -
solid-phase peptide synthesis (SPPS).1”® Nowadays, linear peptide chains can be
assembled reliably by means of SPPS. In combination with ligation techniques
including native chemical ligation (NCL) and expressed protein ligation (EPL), the

synthesis of larger more complex proteins is possible.1”!

5.1.1 Solid phase peptide synthesis

Briefly, SPPS is carried out on a functional unit (linker) associated with a resin (solid-
phase) to which the carboxy terminal amino acid is attached; thus the peptide chain
is elongated from C- to N-terminus. Reactive side chains and the N* amino group of
each amino acid are protected. The carboxyl group of each amino acid to be coupled
is activated by treatment with activation reagents. After the attachment of the first

amino on the resin, the N protecting group is removed. In contrast to peptide
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5.1 Total chemical synthesis of proteins

synthesis in solution, the solid-phase support enables the removal of all byproducts
and chemical reagents by filtration and washing steps. The repetitive synthetic cycle
consists of: deprotection-washing-coupling-washing (Figure 5.1-1). The use of an
insoluble (heterogeneous) support also enables full-automation of the synthesis
process. Over several decades of development numerous types of resins have been
made commercially available for the synthesis of different peptide acids, peptide

amides, protected peptide fragments, and carboxyl-modified peptides.1”2
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The most widely used protecting groups for the the N® amino moiety are tertiary-
butylcarbonyl (tBoc) and fluorenylmethyloxycarbonyl (Fmoc).1”® Typically the tBoc
group is removed by trifluoroacetic acid (TFA) and the protonated &-ammonium
species of the peptide fragment needs to be neutralized. The Fmoc protecting group
is removed under basic conditions, commonly with piperidine or 1,8-

diazabicycloundec-7-ene (DBU). The functional groups of the amino acid side chains
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5.1 Total chemical synthesis of proteins

are usually protected by benzyl (Bzl) in the Boc strategy and tert-butyl (tBu) in the
Fmoc strategy. However, numerous other side chain protecting groups have been
developed that can be removed selectively and conditionally.”* Both peptide
cleavage from the resin for the Boc synthesis protocol and the removal of the Bzl

group require harsh conditions, namely anhydrous HF.

Another important feature of SSPS is the effectiveness of amide bond formation by
coupling. Among the numerous coupling reagents, there are two major reagent
classes that require either in situ activation of the carboxyl acid or previously
prepared precursors. The most widely used coupling reagents for SPPS are

cabodiimides in combination with phosphonium and uronium salts.17>

5.1.2 Native chemical ligation

Kent and coworkers first demonstrated chemoselective ligation at an N-terminal
cysteine (Cys) containing peptide with an unprotected peptide fragment containing a
thioester at the C-terminal &-carboxyl group. This strategy and EPL, which is based
on a naturally occurring enzymatic protein splicing reaction, rapidly became widely
used methods in protein chemistry.l’6 A significant number of proteins have now
been synthesized by means of these strategies.”'b: 177 In aqueous buffer solution
containing the thiol catalyst at neutral pH, the N-terminal Cys peptide and peptide
x-thioester first form the thioester-linked intermediate through a reversible thiol
exchange reaction. Subsequently, an irreversible intramolecular rearrangement forms
the native peptide bond (Figure 5.1-2). Initially, the NCL reaction required a N-
terminal Cys peptide fragment. Recently, the NCL technique has been expanded to
include other N-terminal amino acids, in combination with desulfurization, and
chemical modifications at the ligation site, including removable auxiliary groups and

non-natural linkages.!”6

111



5.1 Total chemical synthesis of proteins
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Figure 5.1-2 Schematic representation of the principles of native chemical ligation

5.1.3 Fmoc-based SPPS synthesis of peptide x-thioester

Synthesis of the peptide &-thioester is a key issue in standard NCL and the total
chemical synthesis of proteins. Typically, the peptide &-thioester can be efficiently
synthesized on thioester resin linkers by means of a Boc/ Bzl strategy.”® Compared to
the Boc/Bzl based strategy, the milder Fmoc/tBu method is more limited for the
generation of an &-thioester. This is due to the utilization of basic condition for Fmoc-
deprotection, which the thioester moiety is labile. Though direct synthesis of the
peptide a-thioester by replacing piperidine with non-nucleophilic reagents for Fmoc
removal is possible, the yield of product would suffer.!” Widely used procedures
include the thioesterification of fully protected peptide acids. The peptide fragment is
synthesized on acid-sensitive resins such as 2CI-Trt and HMPB resin. After assembly
of the peptide sequence, the fully protected product can be obtained by subjecting
the peptide-resin to mild acidic conditions. Afterwards, the «-thioester can be
synthesized at the N-terminus of the peptide.’®® Another important method to
synthesize the &-thioester at the N-terminus of the peptide fragment is direct

conversion from the resin-bound peptide. Hilvert and coworkers have used alkyl
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5.1 Total chemical synthesis of proteins

aluminum thiolates to cleave the peptide from the resin and obtain a peptide «-
thioester simultaneously.’8! Also, side chain-anchored and backbone-anchored
peptide «-allyl esters as precursors can be used for the synthesis of peptide -
thioesters.!82 More recently, the design of “safety-catch” linkers by means of
specifically functionalized resins and synthetic precursors for generating &-thioesters
offer alternative synthetic strategies. These include sulfonamide and aryl hydrazine
linkers as well as a&-aryl benzimdazolones and backbone pyroglutamylimides as

precursors.!83
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5.2 Total chemical synthesis of BPTI containing fluorinated aa

5.2 Total chemical synthesis of BPTI containing fluorinated
amino acids

Mutant BPTI species containing non-canonical amino acids: Abu, DfeGly, and TfeGly

at position 15 were synthesized by standard Fmoc-based SPPS and a native chemical

ligation.
Native ligation site
RPDFCLEPPYTGPC - nAA - ARIIRYFYNAKAGLCQTFVYGG CRAKRNNFKSAEDCMRTCGGA
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00 \ Pbf Y CITrt
Boc () ’ 000 ~0 resin
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+ 3 eq. p-Acetamidothiophenol 89% TFA, 4% H,0, 2%
+ 3 eq. PyBOP Thioanisol, 2% Phenol, 2%
>3 h (reaction monitored by HPLC) | EDT, 0.8% TIS
Native chemical ligation
F F Folding & purification
H  F FF |
CHjy Y
\ H \ H \ H A
H,N COOH H,N COOH H,N COOH \ﬂl
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Figure 5.2-1 Schematic representation of synthetic strategy for total chemical synthesis of mutant
BPTI variants containing non-canonical amino acids at position 15 and three incorporated non-
canonical amino acids

1. Abu, 2. DfeGly, and 3. TfeGly
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5.2 Total chemical synthesis of BPTI containing fluorinated aa

The synthetic strategy for the total chemical synthesis of BPTI containing non-
canonical amino acids at position 15 is schematically represented in Figure 5.2-1.181,184
The N-terminal fragment was synthesized on Fmoc-Gly-2Cl-Trt resin. The fully
protected peptide fragment was cleaved from the resin by treatment with acetic
acid/trifluorethanol (TFE)/DCM (1/1/8, v/v/v). The a-thioester of the N-terminal
fragment was synthesized through esterification by treating the fully protected
peptide  fragment with 5 equivalents of benzotriazol-1-yl-N-oxy-tris-
(pyrrolidino)phosphonium hexafluorophosphate (PyBOP), p-acetamidothiophenol,
and N,N-diisopropylethylamine (DIPEA).18%2 The side chain protecting groups were
removed subsequently. The C-terminal fragment of BPTI, residues 38-58, was
synthesized on Fmoc-Ala-NovaSyn® TGT resin. Peptide fragments were purified by

means of RP-HPLC and used directly for the native chemical ligation.

The full-length mutant BPTI species were synthesized via NCL between the N-
terminal peptide fragment «-thioester and the C-terminal fragment with an N-

terminal cysteine. The NCL reaction was monitored by RP-HPLC (Figure 5.2-2).

MPAA
V1 /
unknown|intermediate
0 h = gprissss rd 2h 5hg v
/ |
]
y
05h BPTlyyuysms0 3h 22h
BPT'Lysl;Abu
' !
1h | 4an 24h
A Y
i BPTI 38-58

4

Figure 5.2-2 Monitoring the NCL reaction by RP-HPLC
After a certain incubation time, the peak intensity of the C-terminal fragment (BPTI 38-58) decreases

while the peak intensity of the product (full-length BPTI) increases; these representative
chromatograms were obtained from the NCL of BPTILys15abu.
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5.2 Total chemical synthesis of BPTI containing fluorinated aa

After purification by means of RP-HPLC, mutant full-length BPTI species were
allowed to fold by means of air oxidation (Figure 5.2-3). Yields from the key synthetic

steps are summarized in Table 5.2-1.

unfolded BPTI, .y,

|

Figure 5.2-3 Monitoring BPTIrysi5abu folding by RP- folded BPTI 540
HPLC Oh 1

These representative traces were obtained from the
refolding of BPTILys15Abu; unfolded BPTI has a 1h
longer retention time than folded BPTI, due to its

reater hydrophobicity.
g ydrop y 16 h

195 h

24h

Table 5.2-1 Synthesis summary of mutant BPTI variants containing non-canonical amino acids at
position 15

C-terminal fragment N-terminal fragment--thioester NCL Pmt?m
folding
Resin Fmoc-Ala-NovaSyn® TGT Fmoc-Gly-2CI-Trt
Lys15Abu 6% 26% 17%
Yield 18% Lys15DfeGly 6% 17% 13%
Lys15TfeGly 7% 20% 11%
Yield from
literature
(wild-type)
181 nr 8% (Fmoc) 63% n.r
184 25% (Boc) 15% (Boc) 60% 45%

NCL: native chemical ligation, n. r.: not reported, Fmoc: synthesis by use of Fmoc based SPPS, Boc:
synthesis by use of Boc based SPPS.

116



5.2 Total chemical synthesis of BPTI containing fluorinated aa

Because the BPTI sequence contains six cysteines, and such cysteine-rich peptides are
generally difficult to synthesize by an Fmoc strategy, the overall yields of the three
mutant BPTI species are poor. Nevertheless, the yields of the C-terminal peptide
fragment and the N-terminal peptide fragment &-thioester are comparable to those
reported in literature (Table 5.2-1). Due to the poor solubility of the N-terminal
peptide thioester, the yield of the NCL reaction was also poor. It had been previously
reported that the theoretical yield of folded BPTI is expected to be less than 50%
because of the existence of a kinetic trap dead form in which a disulfide bond
between 30-51 lacks.!® In our studies, due to the small scale of folding reactions,
sufficient yields of 11-17% were obtained, although these were about three-fold lower
than the reported yield. It is not clear to what extent the substitutions at position 15

may play a role in reducing the yields from the NCL and folding reactions.

Circular dichroism of BPTI species

15

2 it ~——BPTI (Lys15Abu)-unfolded
BPTI (Lys15DfeGly)-unfolded
=—BPTI (Lys15TfeGly)-unfolded
= * BPTI (Lys15wild-type)
= - BPTI (Lys15Abu)-folded
* BPTI (Lys15DfeGly)-folded
= * BPTI (Lys15TfeGly)-folded

-35

Figure 5.2-4 Circular dichroism analysis of synthetic BPTI species in Tris buffer at pH 7.4

Red line: BPTIysi5wild-type (Sigma-Aldrich); blue line: BPTIrysi5abu; forest green line: BPTILys15precly; green
line: BPTILys15TfeGly-
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5.2 Total chemical synthesis of BPTI containing fluorinated aa

The presence of three disulfide bonds in each synthetic variant was confirmed by
ESI-MS (Appendix). The global conformation of synthetic BPTI species was surveyed
by means of circular dichroism (CD) spectroscopy. All synthetic mutant BPTI
variants result in CD spectra that are similar in sharpness and intensity to the
commercially available parent protein.®> 18 In contrast, unfolded full-length BPTI
did not yield spectra indicative of specific secondary structural elements (Figure 5.2-
4). High-resolution crystal structures of the synthetic mutant BPTI variants in
complex with B-trypsin were also obtained, and also reveal a lack of global structural

perturbation induced by the single amino acid substitutions (section 5.3.3).
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5.3 Characterization of BPTI containing of fluorinated

amino acids

5.3.1 Protein stability regarding substitution at P; position of BPTI

As was discussed in section 1.2, the incorporation of highly fluorinated amino acids
into the hydrophobic core of coiled-coil peptide model systems increases protein
stability, generally speaking.33e 34b, 36b, 38d [n contrast, the effects on the stability of
globular proteins as a result of fluorination at solvent-exposed positions have been
seldom investigated. Position 15 of BPTI is fully solvent exposed. The protein
stability of mutant BPTI species was examined and compared to wild-type BPTI,
which contains the amino acid Lys that has a formal charge of +1. Because BPT1 is a
protein with unusual high stability that resists denaturation under conditions that
are sufficient to unfold other proteins, in our studies we combined thermal and
chemical protein denaturation. BPTI species were thermally denatured by increasing
the temperature from 20 °C to 100 °C in the presence of either 6 M GdmCl or 8 M
urea at pH 2.626 At higher pH, BPTI is stabilized and hydrolysis of the peptide bond
at Pro2 - Asp3 - Phe4 site is observed. It is known that urea and GdmCl denature
proteins by distinct mechanisms: whereas urea disrupts hydrogen bonding, GdmCl
is a salt that can also mask electrostatic interactions. Therefore, the use of both sets of
conditions may yield valuable information regarding to what extent electrostatic

interactions contribute to the stability of all variants of BPTIL.187

Under both sets of denaturation conditions, the BPTILysi5apu variant has a
significantly lower denaturation temperature than the wild-type BPTILys15: in GdmCl
lower by 3.1 °C, and in urea lower by 4.1 °C. Also, under both sets of conditions, the
fluorinated variants have significantly higher melting temperatures than BPTILys15abu:
in GdmCI higher by 4.9 °C (BPTILysistfecly) or 5.4 °C (BPTILys15DfeGly), and in urea
higher by 2.1 °C (BPTIrysistrecly) or 3.1 °C (BPTILysisprecly). The two data sets differ
primarily in the relative stabilities of the wild-type and fluorinated species: protein

stability increases in the order Abu<Lys<TfeGly<=DfeGly (in the presence of
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5.3 Characterization of BPTI containing fluorinated amino acids

GdmCl) and Abu<TfeGly<DfeGly<Lys (in the presence of urea). That is, in the
presence of GdmCl, there is no significant difference between BPTIiysistrecly and
BPTILys15pfeGly, and these fluorinated variants are the most stable; the wild-type is the
second most stable (lower by 1.8 °C and 2.3 °C, respectively). In the presence of urea,
the wild-type BPTI is the most stable (75.8 °C), the BPTILys15pfecly Variant the second
most stable, and the BPTIys15mrecly the third most stable, although it should be noted

that these differences are at the limit of significance.

Our results show that the Lys15Abu substitution, a solvent-exposed position of the
highly conserved interaction loop of BPTI, significantly destabilizes the folded state
of the inhibitor, whereas replacement with partially fluorinated analogues restores
(urea) or even enhances (GdmCl) the thermal stability of the BPTI. The Abu data
agree well with previous studies of P1 mutants of BPTI, in which differential
scanning calorimetry (DSC) experiments revealed that introducing hydrophobic
aliphatic or aromatic residues (Trp, Ile, Phe, Leu, Val, or Ala) at P1 position is always
destabilizing.®> In contrast, the stabilizing effect of DfeGly and TfeGly suggest that

these unnatural building blocks behave in a comparatively hydrophilic manner.

124 Denaturation of BPTl in the presence of 6 M GdmCI

Figure 5.3-1 Thermal
unfolding transition curves of
BPTI variants at pH 2 in the
presence of 6 M GdmCl and 8
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124 Denaturation of BPTI in the presence of 8 M urea
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Table 5.3-1 Thermodynamic denaturation parameters for thermal unfolding of BPTI variants
containing non-canonical amino acids at P; position and data from literature

Tden in 6 M AHyu AG° (25°C) Taen in 8 M AHyvu AG° (25°C)
GdmCl (°C)2  (kcal/mol)b (kcal/mol)c Urea (°C)2 (kcal/mol)b (kcal/mol)c

Data from our studies

BPTILysi5wild-type 66.5 45.7 12.0 75.8 56.2 14.6
BPTlILys15abu 63.4 424 11.3 71.7 54.3 13.8
Data BPTILys15DteGly 68.8 46.8 12.4 74.7 54.6 14.3
BPTILysisteeGly 68.3 46.0 12.1 73.8 58.3 14.6
Data from literatured
BPTILys1swild type ~65 - - - - -
BPTILyst5wild type 58.9 45.0 - - - -
BPTILysismis 61.5 41.0 - - - -
Data BPTILys15arg15 59.2 443 - - - -
BPTILys15The 60.1 443 - - - -
BPTIiysi5tep 54.5 40.4 - - - -
BPTlIiysisasp 61.4 46.5 - - - -
BPTILys15met 58.8 45.1 - - - -
BPTIvysisphe 56.3 41.7 - - - -

a) Tqen is defined as the temperature at which the fraction of folded is 0.5. Errors are typically not
higher than 0.5 °C, b) Errors are typically not higher than 0.1 kcal/mol, ¢) AG® values were calculated
for 1 M standard at 25 °C, errors are typically not higher than 0.2 kcal/mol, d) Data was obtained by
performing experiments in the presence of 6 M GdmCl in 10 mM glycine-HCI buffer, pH 2 62 65,187,
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5.3 Characterization of BPTI containing fluorinated amino acids

5.3.2 Studies of mutant BPTI-protease interactions

5.3.2.1 Studies of inhibitor activity

BPTI strongly inhibits serine proteases. An estimated Ka (association constant) of

BPTI with B-trypsin is about 104, and only a few groups have actually been able to

measure it. Because the kot of BPTI-trypsin complex is too low, an impractical

amount of time would be required to determine it.18% The inhibition profile of

synthetic mutant BPTI species with respect to &-chymotrypsin, B-trypsin, and

plasmin from human plasma was tested and compared with wild type BPTL

Residual activity of enzyme in %

Residual activity of enzyme in %

0,8

0,6 4

04

Inhibition of a-chymotrypsin

024 = BPTI (Lys15wide type) SNET .
« BPTI (Lys15Abu) 3

BPTI ( )

BPTI ( )
0'0 T T T T T T

-7,0 -6,8 -6,6 -6,4 -6,2 -6,0 -5,8
log (concentration of BPTI)
Inhibition of human plasmin

1,04

0,84

0,6 4

0.4

0,24

0,0 1

= BPTI (Lys15wild type)
¢ BPTI (Lys15Abu)

BPTI ( )
BPTI ( )

122

T T T
-7.8 -76 -74

T T T
-72 -7,0 -6,8

log (concentration of BPTI)

Figure

5.3-2 Schematic representation

of

inhibitory activity of synthetic BPTI variants to
o-chymotrypsin, B-trypsin, and plasmin from
human plasma

0,84

Inhibition of B-trypsin

X
£
[}
3
N \ ¥
c -
O 06+ !
o \\\
> \
=
S 0,4
© \
T A
3 024 N
23 = BPTI (Lys15wild type) T
4 « BPTI( ) N,
0,0 BPTI ( )
BPTI ( )
T T T T T T T T T T T T T T 1
-7.4 -7.2 -7,0 -6,8 -6,6 -6,4 -6,2 -6,0 -5,8

log (concentration of BPTI)



5.3 Characterization of BPTI containing fluorinated amino acids

Table 5.3-2 Binding disassociation constant (K¢ M) of BPTI variants with proteases and data from
literature2

BPTI [Xaal5] B-trypsin o-chymotrypsin Human plasmin

Data from our studies

Lys (wild-type) 517 x 107 3.08 x 107 525x108
Abu n. d. n. d. (n.d.)
DfeGly 3.88 x 107 3.69 x 107 (n.d.)
TfeGly 5.20 x 107 4.79 x 107 (n.d.)
Data from literatureb
Wild type (Lys) 5.88 x 1014 1.1x10% 1.45 x 10-10
Gly 6.67 x 105 1.27 x 105
Ala 3.70 x 10-¢ 4.76 x 107
Val 2.44 x 105 4.35 x 107
Ile 9.1 x 106 1.69 x 10-¢
Ser 2.7x1038 3.70 x 10-¢
Thr 3.45 x 106 4.00 x 107
Asp 1.59 x 105 8.3x 105
Asn 455 x 108 9.2 x10°
Met 2.56 x 10-8 9.8 x 108
Leu 1.85 x 107 1.3 x10°
Glu 4.7 x 107 1.2x 105
Gln 4.35 x 107 5.2 x 107
His 1.6 x 107 7.4 x107
Arg n. d. 2.5x108
Phe 8.3 x 10 2.5x 109
Tyr 6.25 x 10 7.6 x 10
Trp 1.32x10° 5.6 x10-°
Data from literaturec
Abu3 + +
Ape 1.3 x 107 1.4x108
Ahx 2.0x10¢ 6.7 x 109
tLeu - -
Neo + +

a)Different K4 and K, values of BPTI interaction with enzyme can be found in literature; these results
depend on enzyme activity and assay conditions. Literature values of synthetic BPTI include: Kq =1.19
x 10 8184 and 1.3 x 10-8;181 b) Krowarsch et al.,%°" ¢) Beckmann et al., 188 n. d. = not determined, “+”: weak

" ou,

interaction, : no interaction.

The results are schematically represented in Figure 5.3-2 and summarized in Table 5.3-

2, with comparison to literature values. In the case of &-chymotrypsin, all three
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5.3 Characterization of BPTI containing fluorinated amino acids

mutant BPTI variants show reduced inhibition, however the inhibitory activity of
both fluorinated variants are higher than that of Abu containing BPTI. In the case of
human plasmin, BPTI variants containing Abu and DfeGly can weakly inhibit the
protease while the one containing TfeGly can not inhibit the enzyme at a detectable
level. The results from BPTI-trypsin inhibition studies indicate a similar tendency to
the one found in the case of &-chymotrypsin; that is, the variant containing Abu
inhibits the enzyme to a significantly lesser extent, but both fluorinated variants
retain inhibitory ability. These results reveal that fluorine-induced effects are

involved in the protein-protein interactions.

It has been widely accepted, upon complex formation, inhibitor reactive loop (Pro13
(P3) - Argl7 (PY)) of BPTI forms an anti-parallel B-sheet with the polypeptide of the
proteases. In the binding model of BPTI-trypsin interaction, the Lys15 of wild type
BPTI interacts with Asp189 of B-trypsin through an electrostatic interaction. In the
binding model of BPTI toward «-chymotrypsin, NH3* of Lysl5 forms hydrogen
bonds with side chain of Gly216 and Ser217 of &-chymotrypsin. Krowarsch et al.
performed the binding studies of BPTI to B-trypsin and &-chymotrypsin by
substitution of Lys15 with canonical amino acids. They demonstrated that beside the
ionic strength between Lysl5 and Aspl189, an additional binding force, a burial
hydrophobicity from -(CHz)s- group of Lys in S1 pocket contributes to the binding as
well. In the case of &-chymotrypsin, the burial hydrophobicity of Py side chain serves
predominately as binding source to the inhibition.®®® It is worth noting that crystal
structures of the complexes between B-trypsin and ten BPTI mutant variants (P1
mutation with canonical amino acids) and between a-chymotrypsin and five BPTI
mutant variants (P1 mutation with canonical amino acids) are available.!®® Beckmann
et al. reported that mutant BPTI containing Abu at P1 position can still form the
protein-protein complex with B-trypsin with a lower binding affinity, which is
agreeable to our observation.!®® QOur inhibition assay can not directly give detail

mechanism of binding between fluorinated BPTI species to the proteases. The protein
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5.3 Characterization of BPTI containing fluorinated amino acids

crystallography was carried out for binding studies of fluorinated BPTI variants to

proteases.

5.3.2.2 Probing inhibitor-protease binding by means of ITC

Isothermal titration calorimetry (ITC) is a physical technique, which has been used
extensively to determine protein-ligand/protein interactions. When two components
bind, the change in thermodynamic potential, including AG, AH, and AS, can be
measured directly. In order to obtain more precise and direct information about the
thermodynamic parameters of the binding of mutant BPTI variants to the proteases,

ITC experiments were conducted.
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Figure 5.3-3 ITC measurement of wild-type BPTI with B-trypsin
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As Figure 5.3-3 and 5.3-4 show that the ITC experiments yielded results in the case of
wild-type BPTI interacting with B-trypsin, but that the thermodynamic values of
interaction between wild-type BPTI and &-chymotrypsin could not be determined
because equilibrium was not reached upon titration. In the former case, the value for
the binding constant is in the same range as the value obtained from the enzyme
inhibition assay (From ITC, K, = 1.30 x 107 + 5.01 x 10® M-1, form inhibition assay: Ka =
1.9 x 106 M) In the latter case, the experiment was perhaps complicated by the
equilibrium between monomer and dimer for &-chymotrypsin alone, which has been

shown to influence the outcome of ITC.19

5.3.3 Protein crystallographic analysis of protease-BPTI complexes

To further characterize the impact of fluorine on the interaction between a protease

and BPTI, protein crystallography was undertaken.

5.3.3.1 Purification of protease-BPTI complexes

34.622

UVzintensity

26.972

X-Chymotrypsine=—s *-

14313
BPTI (wild-type)——3
6,517

Fraction Nr.

Figure 5.3-5 Size-exclusion spectrum of &-chymotrypsin-BPTILysiswild-type complex and SDS PAGE
analysis of appropriate fractions obtained from size-exclusion chromatography

Left, size-exclusion spectrum of &-chymotrypsin-BPTILysiswild-type, Ted line indicates the UV detection

at 260 nm, blue line indicates the UV detection at 280 nm; right, SDS-PAGE analysis of fractions
obtained from size-exclusion chromatography
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5.3 Characterization of BPTI containing fluorinated amino acids

In order to obtain B-trypsin-BPTI and a-chymotrypsin-BPTI complexes of sufficiently
high purity for crystallographic analysis, the purification of protein complexes was
carried out by means of size-exclusion (gel-filtration) chromatography under
different buffer conditions. The size-exclusion spectra and SDS-PAGE analysis of B-
trypsin-BPTI (wild-type) and o-chymotrypsin-BPTI (wild-type) complexes are
shown in Figures 5.3-5 and 5.3-6.

34.622 3 4 5 6 7 8 9 12 15

2

7]

c

8

f 26.972

=) —
14.313 B-trypsin

<

6,517 .‘ -

—— BPTI (wild-type)

Fraction Nr.

Figure 5.3-6 Size-exclusion spectrum of B-trypsin-BPTI ysiswilde-type cOmplex and SDS PAGE
analysis of appropriate fractions obtained from size-exclusion chromatography

Left, size-exclusion spectrum of &-chymotrypsin-BPTILysiswild-type, Ted line indicates the UV detection

at 260 nm, blue line indicates the UV detection at 280 nm; right, SDS-PAGE analysis of fractions
obtained from size-exclusion chromatography

5.3.3.2 Crystallization of proteases-BPTI complexes

Crystals of protease-BPTI complexes were prepared by a screening technique that
relies on sitting drop vapor diffusion. Well-formed crystals were selected by optical
microscopy and used to collect X-ray scattering data. Figure 5.3-7 and Figure 5.3-8
show typical crystal morphologies of B-trypsin-BPTI complexes and &-chymotrypsin

complexes, respectively.
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5.3 Characterization of BPTI containing fluorinated amino acids

Figure 5.3-7 Crystals of B-trypsin-BPTI complexes under microscopy (~60 X)

a) PB-trypsin-BPTILysi5wild-type b) B-trypsin-BPTIiysi5abu, ¢€) B-trypsin-BPTILyasprecly, d) P-trypsin-
BPTILys15mreGly

Figure 5.3-8 Crystals of &-chymotrypsin-BPTILys15wild type coOmplexes under microscopy (~60 X)

Data for the protease-BPTILys15wide-type cOmplex were obtained with resolutions of 1.25
A for B-trypsin and 2.08 A for a-chymotrypsin. Data for the B-trypsin-BPTImutant
complexes were obtained with resolutions of 1.37 A for the BPTIiys15abu variant, 1.37

A for the BPTIysisprecly variant, and 1.30 A for the BPTIysistrecly Variant.
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5.3 Characterization of BPTI containing fluorinated amino acids

5.3.3.3 Crystallographic analysis of proteases-BPTI complexes

The crystal structural data of the four B-trypsin-BPTI complexes were refined and
analyzed. The binding pocket of B-trypsin (S: pocket) occupied by the interaction
loop of BPTI containing four different residues at P1 position, and water molecules, is

depicted in Figure 5.3-9 (side view).

Figure 5.3-9 Structural context of the P; residues in the S; binding pocket
a) PB-trypsin-BPTILysi5wide-typer D) PB-trypsin-BPTILysisaby, €) B-trypsin-BPTILyasprecry, d) B-trypsin-

BPTIvysistrecry; structural water molecules were assigned unique numerical identifiers 1-7, distance
between the P1 side chain and water molecules are given in A (distance showed are smaller than 4 A).

Remarkably, as presented in Figure 5.3-10, the B-trypsin-BPTI complexes containing
the non-canonical amino acids are virtually identical in conformation and S: binding
site to the B-trypsin-BPTILys15wide-type cOmplex. Also the root-mean-square deviation
(RMSD) analysis indicates negligible differences in the superimposed complexes

(Table 5.3-3). The only significant difference among the structures is the number of
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5.3 Characterization of BPTI containing fluorinated amino acids

water molecules in the proximity of the side chain at position 15 in BPTI: two water
molecules occupy the space where the side chain of lysine has been substituted with

the shorter neutral alkyl or fluoroalkyl groups (Figure 5.3-10).

a b

Figure 5.3-10 Superimposition of residues 15 of BPTI and structural water molecules

a) Superimposition of the BPTI binding loop (Prol3 - Argl?7) in four structural coordinates, b)
superimposition of water molecules in S1 pocket from four structural coordinates (the P; side chain
and water molecules are labeled with different color, which are according to he Figure 5.3-9, Lys15 in
orange, Abul5 in cyan, DfeGly15 in magenta, TfeGly15 in black).

Table 5.3-3 RMSD analysis in A of B-trypsin-BPTLyutant complexes in comparison with the B-
tTyPSin'BPTILyslSwild-type

B-trypsin-B PTIiys15wild-type

B-trypsin BPTI BPTI (Prol3 - Argl7)
Complexes all all all/ main chain
Trypsin-BPTILys15a0u 0.50 0.78 0.11/0.06
Trypsin-BPTIiysi5ptecly 0.38 0.90 0.09/0.05
Trypsin-BPTIiyssteecly 0.45 0.85 0.11/0.06

The binding pockets of B-trypsin with fluorinated side chain of mutant BPTI variants

were precisely analyzed. Figure 5.3-11 schematically presented occupancy of non-
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5.3 Characterization of BPTI containing fluorinated amino acids

canonical side chain in the S1 pocket and distance analysis in the context of B-trypsin
residues for each fluorine atom. The distances between fluorine atoms and the
residues of B-trypsin smaller than 4 A were summarized also in Table 5.3-4. It worthy
noting, short distances between fluorine atom and carbonyl carbon of Cys191 residue
were observed (3.2 A for DfeGly and 3.1 A for TfeGly). These distances indicate

potential orthogonal C-F~C=0 interactions.?

@  Figure 5.3-11 Top view of S; pocket of B-
trypsin  occupied with non-canonical
o= residues at P; position and distance analysis
in he context B-trypsin residues for each
~ fluorine atom

Gin192

® Distance of fluorine atom to carbonyl

) group/hydroxyl group (red) and amide

o oo group (blue) smaller than 4 A are given, a) B-
Cyst4 4 trypsin-BPTILys15abu, b) B-trypsin-

\F BPTILys15ptecly, C) B-trypsin-BPTILysistrecly

Gin192 ¢

Ser210 Ser210__g
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5.3 Characterization of BPTI containing fluorinated amino acids

Table 5.3-4 Summary of distances between side chain atoms of P;residues and atoms belonging to
S1 binding pocket of B-trypsin or BPTIa

aa at P position Protein and residue Distance (A)
ABAHG! Ser19006G 3.8
ABAHG! Ser1900 4.0
B-trypsin
ABAHG2 GIn192N 3.4
Abu ABAHG2 Cys191e 3.4
ABAHG3 Ser2100 3.6
ABAHG3 Trp211N 3.9
ABAHG3 BPTI Pro13° 3.3
ABAHG3 Cys140 3.8
OBFFGt Ser19006G 3.4
OBFFG1 Ser1900 3.8
OBFFG1 Ser190¢ 3.8b
OBFFG2 B-trypsin Cys191¢ 3.2b
OBFFG2 GIn192NE2 3.3
DfeGly OBFFG2 GIn192N 34
OBFFG2 Cys1910 3.6
OBFFG2 GIn192¢P 3.7b
OBFHG Ser2100 3.6
OBFHG Trp211N 3.9
OBFHG OBFN 2.8
OBFHG BPTI Pro13° 3.2
OBFHG Cys14© 3.8
3EGFAC B-trypsin Ser210° 3.7
3EGFAC Trp211N 3.9
3EGFAC 3EGN 3.0
3EGFAC BPTI Pro13°© 3.3
3EGFAC Cys14¢€ 3.4b
3EGFAC Cys140 3.9
3EGFAD Ser19006G 3.3
TfeGly 3EGFAD Ser190¢ 3.62
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5.3 Characterization of BPTI containing fluorinated amino acids

3EGFAD Ser190°© 3.6
3EGFAD Cys191N 3.6
3EGFAD Cys191°© 3.8
3EGFAD B-trypsin Cys191¢ 3.90
3EGFAE Cys191¢ 3.1
3EGFAE GIn192NE2 3.3
3EGFAE Cys1910 34
3EGFAE GIn192¢P 3.7b
3EGFAE GIn1920E2 4.0

a) Distances present here are smaller than 4 A, representation of side chain is according to the atoms
nomenclature of amino acids, the nomenclature of non-canonical amino acids are according to name
existed in protein data bank, ABA=Abu, OBF=DfeGly, 3EG=TfeGly; b) distances between fluorine
atom to carbon of carbonyl group.

Moreover, interestingly, we notice a close distance (2.8 A) between hydrogen atom
OBFHG of difluoroethyl group and nitrogen atom OBFN of polypeptide backbone,
which indicates a potential intramolecular hydrogen bond. Due to the strong electron
withdrawing effect of both fluorine atoms, the OBFHC hydrogen can serve as a good
hydrogen donor. In case of Lys15TfeGly, a distance of 3.0 A between fluorine atom
3EGFAC and nitrogen atom 3EGN of peptide backbone was observed as well. It should
be noted, because of low electron density, the hydrogen atom on the 3EGN could not
be refined. Nevertheless, the distance also indicates a possible intramolecular
interaction between fluorine and hydrogen. Such intramolecular interaction might be
relevant to the thermal stability of fluorinated BPTI, that is, both fluorinated amino

acids show higher thermal stability.

Electrostatic surface potential of trypsin S1 binding site was mapped, agreeable to the
previous studies that S; binding pocket is quite hydrophilic. The electron density
map of trifluoromethyl group and its occupancy in S1 pocket are showed in Figure

5.3-12.
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5.3 Characterization of BPTI containing fluorinated amino acids

Figure 5.3-12 Stereoview of the interacting loop of BPTILyss1ecly in S1 pocket

a) stereoview of interacting loop in S1 pocket, S1 pocket showed as surface with different properties of
amino acid residues, the negative charged residues are labeled in red, the positive charged residues
are labeled in blue, hydrophobic residues are in white; b) stereoview of interacting loop of S1 pocket
with electron density, c) stereoview of trifluoromethyl group that has been omitted for calculation of a
simulated annealing omit map contoured at 3.0 0 shown as brown mesh.
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5.3 Characterization of BPTI containing fluorinated amino acids

As revealed by the crystallographic analysis, all three mutant BPTI variants display
similar binding modes. Aside from the difference in stoichiometry of structural
waters, an important difference can also be seen in the B-factors of water molecules
in the neighborhood of the substituted side chain. The B-factor is generally used to
indicate the relative vibrational motion of different residues in the crystal structures.
As summarized in Table 5.3-5, the average B-factor values of all structural water
molecules are greater than 30 A2 The B-factors of water molecules in the S; pocket
are much lower than the average B-factor values of overall structural water
molecules, which indicate the reduced dynamics of these water molecules in S;
binding site. Furthermore, the B-factor values of water molecules 1, 2, 3, and 7
proximal to fluorinated side chains are significantly lower than those proximal to

Abu.

Table 5.3-5 Summary of B-factors of B-trypsin-BPTI complexes

B-trypsin-BPTI complexes

B-factor (A2 Wild type  Lys15Abu Lys15DfeGly Lys15TfeGly
Average B-factor of protein complex 20.7 21.3 19.6 21.2
All water molecules on average 31.0 33.8 31.2 32.0

BPTI Prol3 - Argl7

All atoms 13.0 13.2 124 13.4
Main chain 12.0 12.2 11.1 12.3
Side chain 14.0 14.6 13.9 14.6
BPTI Xaal52

All atoms 12.1 11.9 13.2 12.9
Main chain 11.6 11.5 11.0 11.8
Side chain 12.5 12.8 15.5 13.7

Water molecules in S1 pocket?

1 - 21.8 17.5 18.4
2 - 27.7 20.0 20.5
3 - 31.2 22.2 20.7
4 - 20.7 19.1 194
5 13.5 - - -

6 141 - - -

7 154 23.0 17.8 17.9
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5.3 Characterization of BPTI containing fluorinated amino acids

Kawamura et al. investigated the network of hydrogen bonds in the S; pocket of trypsin-
BPTIpys15wild-type complex by means of H/D-exchange and neutron diffraction and
demonstrated that the hydrogen bonds contributing the protease-BPTI interaction include
protonated NH;3" of Lys15 to Ser190 by bifurcated hydrogen bonds and two water molecule-
mediated hydrogen bonds, namely Lys15-H,0-Val227 and Lys15-H,0-Asp189.""' To explore
the fluorine induced interactions in our studies, the distances between the structural water
molecules and trypsin residues and distances between water molecules and fluorine
atoms were analyzed (Table 5.3-6). With the exception that two distance values
between the fluorine atoms and water molecules 2 and 3 are 3.1 A, observed with
both fluorinated side chains, other distance values between fluorine atoms and
structural water molecules are greater than 3.5 A. It is likely that the closest distances
of 3.1 A correspond to the lower B-factor values of water molecules 2 and 3. The
distances between structural water molecules and trypsin residues around 3.0 A
were observed, which revealed the evidence of structural water molecule mediated

interactions (hydrogen bond network).

Table 5.3-6 Summary of distances between P; side chains and structural water molecules in S;
pocket, distances between water molecules and trypsin residues (distances given in A)2

Water molecules in S1 pocket
Residues/ 1 2 3 4 5 6 7
water

Distances between side chain atom of P; position and structural water molecules in S; pocket

Lys LysNZ - - - - 29 2.8 5.1
ABAHGI 36 32 34 44

Abu ABAHG2 51 42 31 34
ABAHGS 43 42 36 35

Dtec OBFF6! 35 31 34 - ] ] 41
ey OBFF®2 55 43 31 - ; ; 34
OBFHG 45 43 37 35

SEGFAC 43 39 34 - - ; 34

TfeGly SEGFAD 36 31 35 - - ; 48
SEGFAE 55 44 32 - - ; 35
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5.3 Characterization of BPTI containing fluorinated amino acids

Distances between the structural water molecules

Water 5 - - - - - 5.1 71
molecules in 6 . R _ - - - 49
S1 pocket of

trypsin-

BPTIwild-type 7 B ) ) ) ) ) )
Water 1 - 29 5.0 5.5 - - 6.7
molecules in 2 } ; 26 33 . - 51
S1 pocket of

trypsin- 3 - - - 3.3 - - 2.8
BPTILys1540u 4 - B - B B B 52
Water 1 - 29 52 5.7 6.9
molecules in n ; i} 27 34 N - 51
S1 pocket of

trypsin- 3 - - - 34 - - 29
BPTILys15DteGly 4 - - - - } B 52
Water 1 - 29 52 5.7 - - 6.8
molecules in 2 } ; 28 3.4 . - 52
S1 pocket of

trypsin- 3 - - - 35 - - 2.9
BPTILys151feGly 4 - - - ) ) N 54

Distances between structural water molecules and the residues of trypsin/BPTI, decorated with
Lys15Abu
1 2 3 4 7

Ser1900G 3.0 Aspl890D1 3.0 Serl90°© 3.4  Aspl890D2 28 GInl192NE 3.1
Trp211© 3.0 Aspl890D2 35 Gly214© 2.6 Ser213N 3.3

Val227N 34 Ser1900 3.1 Gly214°© 3.2

Val2270 29  Ser1900G 3.0 Lys2200 3.2

BPTI Pro130 2.8

Distances between structural water molecules and the residues of trypsin/BPTI, decorated with
Lys15DfeGly

B-Trypsin

1 2 3 4 7
Ser1900G¢ 3.0 Aspl890Dt 29  Serl90© 3.3  Aspl890D2 2.8 GInl92NE 3.1

B-Trypsin Trp2110 31 Aspl890D2 34 Gly2140 2.6  Ser213N 3.2
Val227N 3.4  Ser1900 3.2 Gly214°© 3.3
Val2270 2.9  Ser19006G 3.0 Lys2200 3.1
BPTI Pro13© 2.8

Distances between structural water molecules and the residues of trypsin/BPTI, decorated with
Lys15TfeGly

1 2 3 4 7
Ser1900G¢ 3.0 Aspl890Dt 29  Serl90© 3.3  Aspl890D2 2.8 GInl92NE 31
B-Trypsin Trp2110 3.0 Aspl890D2 35 Gly2140 2.7  Ser213N 3.2
Val227N 3.3  Ser1900 3.2 Gly214°© 3.3
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5.3 Characterization of BPTI containing fluorinated amino acids

Val2270 2.9  Ser19006G 29 Lys220 3.0

BPTI Pro130 2.8

a) Distances given here between water molecules and trypsin residues are cut-off in 3.5 A

Based on the distances and B-factors analysis, obviously, structural water molecules
participate in a hydrogen bond network at S; pocket and fluorinated side chains
weakly interact with water molecules referred to lower B-factor values. Conclusion
can be drawn that fluorine atoms team up with water molecules contributing to the
interaction between fluorinated BPTI species and B-Trypsin. Thus, the fluorinates

BPTI can restore the inhibitory activity to the BPTI containing Abu.

Lys15TfeGl

Y
& .
‘ ‘ . 2 5aih
029 5¢f

285,
- .
.
'

Figure 5.3-13 Schematic representation of P; residues in the S; pocket and distances between
potential interacting side chains
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5.4 Methods and experimental produces

54 Methods and experimental procedures

54.1 General information about chemical synthesis and analysis

All reagents of synthetic grade were used as supplied. Thin layer chromatography
(TLC) for monitoring reactions was carried out on Merck silica gel 60 F254 plates.
Acetonitrile (MeCN) for reversed-phase high-performance liquid chromatography
(RP-HPLC) was purchased from Acros Organics. Building blocks and chemicals for
peptide synthesis and cleavage were purchased from the following suppliers. Fmoc-
L-amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate (TBTU), and 1-hydroxybenzotriazole (HOBt) were purchased from Fa.
Gerhardt,; dimethylformamide for synthesis, DIPEA 98+ %), N,N-
diisopropylcarbodiimide (DIC, 99 %), piperidine (99 %, extra pure), TFA for
synthesis (99 %), triisopropylsilane (TIPS 99 %), and 1,2-ethanedithiol (EDT, 95%)
were purchased from Acros; phenol (99%) was purchased from Janssen Chimica;
thioanisole (99%) was purchased from Chimica; and Fmoc-(S)-2-aminobutyric acid
(Abu) was purchased from Bachem. (S)-2-amino-4,4-difluorobutyric acid (DfeGly)
and TfeGly were synthesized according to literature procedures.'®® Standard
chemicals that are not listed here are from Sigma-Aldrich and Fluka. Deionized water
for buffer solutions was prepared using the MilliQ-Advantage A10-System
(Millipore).

Nuclear magnetic resonance

H and “F nuclear magnetic resonance (NMR) spectra were obtained on a Bruker
AVANCE 500 MHz NMR spectrometer. Proton chemical shifts are reported in parts
per million (ppm) and referenced to the residual proton peak of chloroform-d1.
Spectral coupling patterns are reported as follows: b, broad; s, singlet; t, triplet; and

m, multiplet.

Mass spectrometry
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5.4 Methods and experimental produces

Electrospray-ionization time-of-flight high-resolution mass spectrometry (ESI-TOF)
was performed on an Agilent 6210 ESI-TOF (Agilent Technologies).

Reversed-phase high-performance liquid chromatography

RP-HPLC was performed with appropriate gradients of acetonitrile (solvent B) in
water (solvent A) and supplemented with 0.1 % TFA (Uvasol® TFA, Millipore
Corporation)

LaChrom RP-HPLC system (MERCK HITACHI) equipped with a D-7000 interface,
an L-7200 autosampler, two L-7100 pumps, and a diode array detector.

Elite Lachrom RP-HPLC system (VIWR & HITACHI) equipped with an organizer, a
L-2200 autosampler, two L-2130 pumps, and a L-2455 diode array detector.

Capcel pak C18 column, SG 120 5 um, size: 4.6 mm® x 250 mm (Shisheido)

Kinetex C18 column, 5 pm, 4.6 mm® x 250 mm (phenomenex)

Preparative RP-HPLC was carried out on a RP-HPLC (Knauer GmbH) equipped with
smartline manager 5000 system, two smartline pumps 1000, and an ultraviolet

detector 2500.

Gemini® 10 pm C18 column, 110 A, AXIA™ packed Ea, 250 x 21.2 mm, (phenomenex),
with SecurityGuard PREP Cartridge C18 15 x 21.2 mm ID (phenomenex).

Composition of cleavage cocktail

Cocktail A: 82% TFA, 3% DTT, 5% H>O, 5% TIPS and 5% thioanisol
Cocktail B: 89% TFA, 2% phenol, 4% H>O, 1% TIPS, 2% thioanisol, 2% EDT
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250 pL of cleavage cocktail was used for test cleavage

5 mL of cleavage cocktail was used for cleavage of 0.5 g resin

Instruments used for peptide synthesis and protein chemistry

SyroXP-I peptide synthesizer (MultiSynTech GmbH)
Activo P11 Synthsizer (Activotec)

Jasco J-715 Circular Dichroism Spectropolarimeter equipped with Jasco PTC-348WI
peltier thermostat and software (Jasco)

MicroCal iTC200 system (GE Healthcare), equipped with software
NanoDrop ND-2000 (Thermo SCIENTIFIC), equipped with software
Akta Explorer (GE Healthcare)

Cartesian Dispensing System (GENOMIC Solution®, a Harvard Bioscience Company)
equipped with an EYELA CCA-1110 low temperature circulator (EYELA)

MICROSYS Liquid Handling (DIGILAB®) equipped with an EYELA CCA-111a low
temperature circulator (EYELA)

BioPhotometer Plus and Eppendorf UVette® (Eppendorf)
C. B. S. SCIENTIFIC DCX-700 system (C. B. S. SCIENTIFIC)
MilliQ-AdvantageA10-System (Millipore)

5.4.2 Synthesis of Fmoc-(S)-2-amino-4,4,4-trifluorobutyric acid
(TfeGly)

Synthesis of diethyl-&-(N-acetylamino)-a-(2,2,2)-trifluoroethyl malonate

8.0 g (0.037 mol) of diethyl acetamidomalonate (>99%, Acros Organics) and 4.1 g
(0.037 mol) of potassium tert-butoxide (>98%, Acros Organics) were dissolved in 100
mL anhydrous THF in a 250 mL flask fitted with a reflux condenser. The mixture
was stirred under argon at 60 °C for 2 hours. The mixture was cooled to room
temperature and 6 mL (1.1  equivalent) of = 2,2,2-trifluoroethyl
trifluoromethanesulfonate (97%, ABCR GmbH & Co. KG) was added, and the mixture
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further stirred at 70 °C for two days. The THF was removed by rotary evaporation
and the remaining mixture dissolved in 200 mL 1 M HCI and extracted 4 times with
100 mL ethyl acetate. The combined organic phase was washed twice with water,
dried with MgSOs, and concentrated under reduced pressure. The crude product
was further purified by silica gel chromatography (column size 25 x 4 cm, packed in
3:1 n-hexane:ethyl acetate). Fractions were analyzed by means of TLC (KMnOs
staining), and appropriate ones were pooled together and concentrated under
reduced pressure to give a pale yellow solid. Recrystallization was carried out in 2:1
diethyl ether:n-hexane at -20 °C overnight. The resulting white needles were
carefully washed several time with n-hexane and dried under vacuum to give 3.6 g
final product (32%). 'H NMR (500 MHz, chloroform-d1) &: 1.25 (t, 6H, | = 10 Hz),
2.04 (s, 2H), 3.34 (dd, 2H, | = 10 Hz), 4.26 (dd, 4H, ] = 10 Hz); F NMR (500 MHz,
chloroform-d1) &: -62.01 (t, 3F, ] = 10 Hz).

Synthesis of (R,S)-2-amino-4,4,4-trifluorobutyric acid

3.6 g diethyl-a-(N-acetylamino)-&-(2,2,2)-trifluoroethyl malonate was dissolved in
30 mL concentrated HCI in a 250 mL flask equipped with a reflux condenser. The
solution was stirred at 80 °C overnight. The reaction mixture was concentrated
under vacuum, and the product lyophilized. ™H NMR (500 MHz, D;0O) &: 3.05-3.45
(m, 2H), 4.54-4.72 (m, 1H), 4.94-5.26 (m, 5H); °F NMR (500 MHz, D-0) &: -63.58 (t, 3F,
J =10 Hz)

Synthesis of (R,S)-2-aminoacetyl-4,4,4-trifluorobutyric acid

(R,S)-2-amino-4,4,4-trifluorobutyric acid was dissolved in 8 mL of water (pH = 0.2)
and the pH adjusted to 9 with 1M NaOH and 1M HCI. The solution was kept cool
on ice and 2 mL freshly distilled acetic anhydride was added, upon which the pH
dropped to about 4.5. The pH of the solution was readjusted to 8.2. The reaction
mixture was stirred on ice for 30 minutes and then at room temperature for a further
2 hours. Afterward, the reaction mixture was acidified with concentrated HCI to pH

2 and extracted five times with ethyl acetate. The combined organic phase was dried
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with MgSOs and concentrated under vacuum to give 1.32 g (6.62 mmol, 17.9%) of
product as a white solid. TH NMR (500 MHz, acetone-d6) d: 2.00 (s, 3H), 2.62-2.92 (m,
2H), 4.64-4.72 (dd, 1H, ] = 5 Hz); %F NMR (500 MHz, acetone-d6) &: -64.20 (t, 3F, | =
10 Hz).

Synthesis of enantiomerically pure (S)-2-amino-4,4,4-trifluorobutyric acid

(R,S)-2-aminoacetyl-4,4,4-trifluorobutyric acid was dissolved in water to give a
solution with a final concentration of 50 mM. The pH of the solution was first
adjusted to 11 with 1 M NaOH, and then adjusted with 10% AcOH to 7.0. Acylase I
(from porcine kidney, grade II, Sigma-Aldrich) was added (for each 100 mg amino
acid, 5 mg enzyme). The pH of the solution was adjusted again to 7 with 0.1% AcOH
and 0.01 M NaOH. The solution was stirred at 37 °C overnight. The enzymatic
reaction was quenched by adjusting the pH to 4 with 10% AcOH. Ion-exchange
beads (8 g, Dowex 50 W x 8, 100-200 mesh, Acros Organics) were added and the
mixture stirred for at least 4 hours. Afterward, the resin was packed into a small
column and washed with water until a neutral pH was reached. The amino acid was
eluted with 1 M ammonium hydroxide solution. Appropriate fractions, which were
determined by a ninhydrin test, were pooled together and lyophilized to give 361.2
mg (2.3 mmol, 6%) of the product as a white powder. TH NMR (500 MHz, D-0) &:
2.68-3.02 (m, 2H), 3.97 (dd, 1H, | = 5Hz, ] = 10Hz), 4.64-4.92 (m, 2H); 1F NMR (500
MHz, D>0O) &: -63.96 (t, 3F, | = 10 Hz).

9-fluorenylmethoxycarbonyl (S)-2-amino-4,4,4-trifluorobutyric acid

(5)-2-amino-4,4,4-trifluorobutyric acid was dissolved in 10% Na2COs solution and
incubated on ice. Dioxane was added (1 mL per 100 mg amino acid), and the
mixture stirred in an ice bath while 1.1 equivalents of 9-fluorenylmethyl N-
succinimidyl carbonate (Acros Organics) was added. The mixture was initially stirred
for 2 hours on ice, then overnight at room temperature. Afterward, the mixture was
diluted with water and extracted once with diethyl ether. The aqueous solution was

acidified with concentrated HCI and extracted three times with DCM. The combined
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organic layer was washed once with water, dried over MgSOs, and concentrated
under reduced pressure. The product was purified by RP-HPLC to give a white
solid. TH NMR (500 MHz, D-2O) &: 4.22 (t, 1H, | = 5 Hz), 4.36-4.48 (m, 2H), 5.61 (d, 1H,
J=5Hz), 735 (dt,4H, J=10 Hz | =5 Hz), 7.56 (td, 2H, | =5 Hz), 775 (d, 2H, | = 5
Hz); 9F NMR (500 MHz, D2O) 8: -62.99 (t, 3F, | = 10 Hz); mass spectrum (ESI-TOF),
m/z 378.91 (M-H)- (C19H16FsNOs, calculated m/z 379.10).

5.4.3 Peptide synthesis and purification

5.4.3.1 Synthesis of BPTI C-terminal fragment

The C-terminal peptide segment of BPTI, amino acid residues 38-58, was
synthesized on preloaded Fmoc-Ala-NovaSyn®TGT resin (0.2 mmol/g,
Novabiochem) by using a SyroXP-I peptide synthesizer at a 0.05 mmol scale according
to standard Fmoc/tBu chemistry. For standard couplings a four-fold excess of
amino acids and coupling reagents (TBTU/HOBt), as well as an eight-fold excess of
DIPEA relative to resin loading, was used. All couplings were performed as double
couplings for 30 minutes each. Cleavage and removal of the side chain protecting
groups was carried out by treatment with 4 mL of cleavage cocktail A. The peptides
were precipitated with cold diethylether. The peptide was purified by RP-HPLC
using a gradient of 0-80% MeCN in water (with supplement of 0.1% TFA) over a

period of 30 minutes at flow rate of 20 mL/minute (monitoring at 220 nm).

5.4.3.2 Synthesis of BPTI N-terminal fragment; preparation of x-thioester

The peptide fragment of BPTI, residues 16-37, was first synthesized on a preloaded
H-Gly-2-Chlorotrityl resin (~0.69 mmol/ g, Novabiochem) by using a SyroXP-I peptide
synthesizer at a 0.1 mmol scale according to standard Fmoc/tBu chemistry. For

standard couplings, a four-fold excess of amino acids and coupling reagents

(TBTU/HOBYt), as well as an eight-fold excess of DIPEA relative to resin loading,

144



5.4 Methods and experimental produces

were used. All couplings were performed as double couplings for 30 minutes each.
Product was analyzed by test cleavage using cleavage cocktail B. The precipitated

peptide was subsequently analyzed by RP-HPLC (0-80% B over 30 min) and ESI-MS.

Afterward, the Fmoc-protected non-canonical amino acid was incorporated into the
peptide by means of hand coupling following the standard HOBt/DIC protocol. 1.25
equivalent of Fmoc-L-amino acid/HOBt/DIC relative to resin loading was used and
incubated overnight. The efficiency of manual coupling was analyzed by test
cleavage, RP-HPLC, and ESI-MS. If the first coupling was not complete, a second
coupling was performed. Elongation of the peptide fragments that contained Fmoc-
Abu and Fmoc-DfeGly were carried out on the Activo P11 Synthesizer. 10
equivalents of Fmoc-L-amino acids/HOBt/DIC were used. Because the sequence of
BPTI is extremely difficult, the duration and number of coupling were set up
according to an optimized protocol (Table 5.4-1).192 The sequence elongation of BPTI
15-37 containing Fmoc-TfeGly was carried out on a SyroXP-I peptide synthesizer.
The coupling conditions were as described above but with double coupling of 60

minutes each. Boc-Arg (Pbf) (Sigma-Aldrich) was used for coupling of the last residue.

Table 5.4-1 Protocol for elongation of peptide fragment BPTI 1-nAA15-37

Cgf)l.e Residues Coupli(rrl;lgi;dl;lration Cgf)l.e Residues Coupli(rrl;lgi;dl;lration
0 BPTI 15-37 - 12 72
1 Cl14 90 13 L6 72
2 P13 90 14 72
3 G12 90 15 C5 120
4 T11 90 16 F4 120
5 72 17 D3 120
6 Y10 72 18 P2 72
7 P9 72 19 72
8 72 20 R1b 240
9 P8 72 21 72
10 72 22 72
11 E7 72 72

a) Amino acid in 1-letter abbreviation, b) Boc-Arg (Pbf) (Sigma-Aldrich) was used for coupling of last
residue.
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The peptide fragment was first analyzed by test cleavage with cleavage cocktail B.
The precipitated peptide was analyzed by means of RP-HPLC and MS. The
successfully assembled fully protected peptide was cleaved from 2-Cl-Trt resin by
treating the resin with a solution containing acetic acid/ TFE/DCM (1:1:8 v/v/v). In
order to remove the acetic acid, cleavage solution was extracted with half-saturated
NaHCO; three times. The DCM phase containing the fully protected peptide
fragment was pooled together and concentrated under vacuum. A small amount of
oil-like residue was taken for side chain deprotection using cleavage cocktail B and
analyzed by HPLC/ESI-MS. The fully protected peptide fragment was dissolved in
about 5 mL DCM (for ~0.1 mmol) and treated with 5 equivalent of p-
acetamidothiophenol (98%, Alfa Aesar), DIEPA (Acros), and benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, Novabiochem) and
stirred overnight. The thioesterification reaction was monitored by RP-HPLC and
MS (side chain protecting groups were removed by the use of cleavage cocktail B).
Once the reaction was complete, the organic solvent was evaporated. Side chain
protecting groups were removed by treatment with cleavage cocktail B. The BPTI 1-
nAA15-37-a-thioester is poorly soluble in H,O/MeCN. A suitable amount of
dimethyl sulfoxide (DMSO) was added to completely dissolve the thioester in
H>O/MeCN for the purification Purification was performed on a RP-HPLC (C18
column) using a gradient of 5-70% MeCN in water at a flow rate of 20 mL/minute

over a period of 30 minutes (monitored at 260 nm).

5.4.4 Native chemical ligation

4-mercaptophenylacetic acid (MPAA, 97% Alfa  Aesar), and tris-(2-
carboxyethyl)phosphine hydrochloride (TECP, Carl Roth) were added into 5 mL of
freshly prepared NCL buffer: 50 mM MPAA and 20 mM TECP containing 6 M
GdmCl and 0.1 M NaHPOs. This NCL buffer was degassed with argon for 2
minutes. The pH of this buffer was adjusted to 7.0 with 2 M NaOH solution (pH
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meter). C-terminal and N-terminal fragments of BPTI were added to this solution to
give a final concentration of peptides between 1-5 mM. The pH of the reaction
mixture was adjusted to 7.0 if necessary with diluted NaOH solution (0.2 M). The
reaction mixture was incubated and stirred at room temperature. Aliquots of 10 pL
from the reaction were taken at time points O h, 1 h, 2 h, 4 h, 8 h, 16 h and diluted to
100 pL with MeCN/H2O (1/1, v/v, 0.1 % TFA) for analysis by RP-HPLC and ESI-
MS. After the formation of product halted, the NCL reaction mixture was directly
loaded onto a PD-10 desalting column (Sephadex G-25 M, GE Healthcare) to remove
small compounds such as MPAA, which give a huge peak in the RP-HPLC
chromatogram and hinder downstream purification. Afterward, full-length peptides
were purified by RP-HPLC on a C 18 column using a gradient of 5-70% MeCN in
water at a flow rate of 20 mL/minute over a period of 30 minutes (monitored at 260

nm).

5.4.5 Refolding of synthetic mutant BPTI variants

Reduced full-length BPTI variants were dissolved in folding buffer containing 0.6 M
Tris-HCl, 6 mM EDTA and 6 M GdmCl at pH 8.7 to a final protein concentration of 1
mg/mL. This solution was diluted 6-fold with water all at once and stirred in an
open-air container for 1-2 days. Aliquots of 10 uL were taken at certain time points
and diluted to 100 pL with MeCN/HxO (1/1, v/v, 0.1 % TFA) for HPLC/ESI-MS
analysis. Refolding was generally complete after two days. Folded BPTI mutants
were purified by RP-HPLC on a C 18 column using a gradient of 5-70% MeCN in
water at a flow rate of 20 mL/min over a period of 30 minutes (monitored at 260

nm).
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5.4.6 Determination of protein concentration

BPTI variants were dissolved in the appropriate buffer for CD measurements or
enzyme inhibition assays and dialyzed overnight against the same buffer. -
chymotrypsin and B-trypsin were also dissolved in the appropriate buffer. Protein
concentration was determined with a Nanodrop 2000 (Thermo) by entering the
corresponding molecular weights and extinction coefficients. Extinction coefficients
were calculated using the online ProtParam tool into which the protein sequence
was entered (http://web.expasy.org/protparam/, ExXPASy Bioinformatics Resource
Portal). € (BPTI) = 6335 M-1lcm, € (¢-chymotrypsin) = 50585 M-lcm?, € (B-trypsin)
= 37650 M-lem™.

5.4.7 Protein structural analysis and thermal stability analysis by
circular dichroism

5.4.7.1 Basis of circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a valuable technique that is widely used for
determining protein secondary structure elements, as well as studying the folding
and binding properties of proteins. In order to understand the principle of CD, some
physical background is first to be contemplated. Electromagnetic radiation consists
of a magnetic and an electric field, which oscillate perpendicular to each other and to
the propagating direction. Linearly polarized light refers to the case in which the
electric field vector oscillates only in one plane. In CD spectroscopy, light is first
polarized by passage through suitable prisms and filters. This plane-polarized light
is further spilt into two circularly polarized components.'”® The differential
absorption of these circularly polarized light components is measured. When this
light source interacts with asymmetric molecules, the CD signal gives the difference
in absorbance of the left-handed and right-handed components as AA = AL-Ar or as
the ellipticity (E) in degrees (6)(tan 8 = (Er-Er)/ (Er+EL)).

148



5.4 Methods and experimental produces

collagen structure. (Adapted with permission from
Greenfield et al,1%a Copyright ®2007, Nature
Publishing Group)

-
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In protein structure analysis, the most important chromophore for CD spectroscopy
is the amide group. In the far ultraviolet region, the spectrum of the protein is
dominated by the dipolar transition of the amide group, which is influenced by the
geometry of the protein backbone.' Figure 4.5-1 presents typical CD spectra

indicating certain secondary structure elements in proteins.

5.4.7.2 Structural analysis of BPTI variants by use of CD

CD spectra were recorded on a Jasco J-715 spectropolarimeter at 25°C. Overall
peptide concentrations were 20 uM at pH 7.4 (10 mM Tris buffer). CD-spectra were
obtained in the far-UV range (190-240 nm) using an 0.1 cm Quartz Suprasil cuvette
(Hellma) equipped with a stopper. The nitrogen flow rate was set to 3.0 L/min. The
spectra were recorded using 0.2 nm intervals, a 2 nm bandwidth, and a response

times of 3 per sec. After baseline correction, the measured ellipticities were

converted to molar ellipticities per residue (degree cm” dmol” residue™) by
normalizing for the concentration of the peptide, the number of amino acids in the

sequence, and the path length.
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5.4.7.3 Thermal stability analysis of BPTI variants

The thermal stability of BPTI variants was determined by means of CD

spectroscopic measurements. Protein samples were dissolved in buffer either

containing 10 mM Tris-HCL and 6 M GdmHCI at pH 2 or 10 mM Tris-HCL and 8 M

urea at pH 2. Melting curves were recorded using the signal at 222 nm applying a

heating rate of 3 K/min from 20 °C to 100 °C. Each sample was measured

independently three times and the melting curves were averaged.
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Figure 5.4-2 Schematic
representation of a reversible
denaturation of BPTI

Denaturation and renaturation
curves were recoded by the use
of a CD-spectroscopy, here
shows BPTliysistrecly in  the
presence of GAmCI as example.

Thermodynamic parameters were determined by non-linear least square fitting of

the normalized CD melting curves with six parameters (a, b, AHm, Tm, [6]f, and [6]u)

as a two-state folding-unfolding equilibrium.® The fits were performed in Microsoft

Excel as follows:1%

At any temperature, T, the folding constant, K, is:
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K= [F]/ [U] (1)

[F] and [U] are the concentration of the folded and unfolded proteins, respectively.

The free energy of folding is
AG = -RTInK (2)

R is the Boltzmann Gas constant = 1.986 cal mol'K-1, T is the absolute temperature

(Kelvin, K).

The fraction unfolded at any temperature is fu.

fo=1[U1/ ([F]+[U]) (3)
fu=([6lo- ([6]F) / ([6]F + ([6]v) (4)

Where [8], is the observed ellipticity at any given time, [f]u is the linear temperature
dependence of the ellipticity of the fully unfolded proteins, [f]r is the linear
temperature dependence of the ellipticity of the fully folded proteins:

[6]o = fux ([6] + [6]u) + [6]r ()
[6r=ax T+ [6] (at 0 K) 6)
[6lu=bx T +[6lu (at0K) 7)

To fit the change in intensity at 222 nm in the CD spectra as a function of
temperature, T, the Gibbs-Helmholtz equation is used to describe folding as a
function of temperature. The following equations are appropriate for the unfolding

of a monomer:

AG=AH (1-T / Tw) - ACp ((Tx - T) + TIn (T / Tw)) 8)
K= exp (-AG / (RT)) ©)
fu=K/(1+K) (10)
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Tm (melting temperature, also referred to as Tden, denature temperature) is the

temperature where fu = 0.5 and AG; is the change in heat capacity in going from a

folded to an unfolded state. AC; is usually assumed to be zero for initial calculations

of the thermodynamics of the folding of monomeric proteins. Equations (5) - (10)

were combined and the data fitted directly.

07
0 20 40 60 80 100 120

2 [8)y=bxT+[8]y{at 0K}

* Series1

[6];=axT+[6]; (at 0 K)

Figure 5.4-3 Schematic
representation of a melting curve
showing the linear baseline for
folded and denatured state of
protein

The linear temperature dependence
of ellipticity is according to equations
(6) and (7).

Table 5.4-2 Fitting parameters for thermodynamic characterization

BPTI Variant a b [6]F [6lu Tm (0°)  AHn (KJ/mol) AG°
BPTlysiswiidype ~ 0.002  -0.007  -6529  -1.625  66.48 191.92 11.99
6M  BPTILsamu 0002 -0.012  -6272 -1129  63.44 177.94 11.26
GAmCl BPTL specry  0.009  -0.028  -8.634  -0208 6877 196.47 12.42
BPTILystteGly15 0.020 -0.040 -12.545 -0.248 6827 193.22 12.05
BPTlysiswiaype 0010 -0.002  -6.595  -2.083  75.78 236.11 14.62
§M  BPTIsabu 0013 -0.015 -8862 -1.664  71.68 228.00 13.78
4red  BPTliysprecly 0011 -0.001  -8238 -2.841 7475 229.35 14.25
BPTILysi51teGly 0011 -0.023 -7.691 -0.707  73.80 24497 14.64

a) in 10° deg cm? dmol! residue, b) T, is defined as the temperature at which the fraction of folded
is 0.5. Errors are typically not higher than 0.5 °C, c) Errors are typically not higher than 1 kcal/mol, d)
AG® values were calculated for standard conditions of a 1 M solution at 25 °C, errors are not higher

than 0.2 kcal /mol.

BPTI undergoes unfolding with a very small heat capacity change. An approximate

value for AC, was calculated from a plot of the AHm against the melting temperature

Tm (Van't hoftf plot). The slope of the plot was calculated to be 3.29 kcal mol-'K-! for
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denaturation in the presence of 6 M GdmCl, and 1.31 kcal mol'K-! for denaturation
in the presence of 8 M urea, respectively. These values are in agreement with the
range reported in the literature with a AC;, of 3.0 at 25 °C, 2.6 at 50 °C, 2.1 at 75 °C,
and 1.3 at 100 °C.63

Van't Hoff Plot
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Figure 5.4-4 Van't Hoff plot of AHn against T, for BPTI variants

The slope of which yields AC, denaturation in the presence of 6 M GdmCl (red), denaturation in the
presence of 8 M urea (green).

5.4.8 Binding studies of BPTI variants with proteases

5.4.8.1 Competitive inhibition assay

The inhibitory activities of synthetic BPTI variants and wild-type BPTI (Sigma-
Aldrich) were tested by means of a well-established enzymatic assay relying on
continuous spectrophotometric determination. To optimize enzymatic activity, the
appropriate amounts of enzyme and BPTI were first determined. A series of
mixtures in which the protease concentration was held constant and the inhibitor
with varied concentration were prepared and well mixed. After incubation for 45
min, the enzyme’s substrate was added and the reaction quickly mixed. Absorbance
was recorded on a photometer (BioPhotometer Eppdendorf) every 15 seconds over four

minutes. The enzymes, assay buffers, substrates, and absorption coefficients are
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listed below (based on the protocol of Sigma-Aldrich and the Worthington Enzyme

Online Manual):

o-chymotrypsin (Cat. 27272, Lot. 543979058, Fluka) assay:

Assay buffer: 0.08 M Tris-HCl and 0.1 M CaCl,, pH 7.8

Substrate: N-Benzoyl-L-tyrosine ethyl ester (BTEE, Sigma-Aldrich) was dissolved in a

solution containing 50% methanol in water (v/v) to a final concentration of 1 mM
Wavelength of detection: 260 nm
Absorption coefficients: € = 964 M-lcm-11%

Plasmin from human plasma (Sigma-Aldrich) assay'?7:

Assay buffer: 0.05 M Tris-HCl, pH 7.4

Substrate: D-Ile-Phe-Lys p-nitroanilide (Sigma-Aldrich) was dissolved in a solution of

10% methanol in H>O (v/v) to a final concentration of 0.5 mM
Wavelength of detection: 405 nm
Absorption coefficient: € = 10600 M-lcm! for plasmin assay

B-trypsin (DPCC-behandelt, Cat. 93611, Lot. S39283258, Fluka) assay:

Assay buffer: 0.046 M Tris-HCl and 0.0115 M CaCl,, pH 8.1

Substrate: Ng-Benzoyl-L-arginine 4-nitroanilide hydrochloride (Sigma-Aldrich) was
dissolved in a solution of 1:1 (v/v) acetone and water to a final concentration of 1

mM
Wavelength of detection: 260 nm
Absorption coefficient: € = 8800 M-1cm11%

The residual activity of the enzyme was calculated as described below.
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According to the Beer-Lambert law: A =€ *[ *¢ (1)

A refers to absorbance, € is the absorption coefficient, c is the molar concentration, !

is the path length. The equation (1) can be written as

c=A/(e*]) @
Ac=AA/(g*]) 3)
In an enzymatic reaction, given that the reaction is independent of the concentration

of substrate and product, the velocity (V) is
V==xdc/dt (4)

Combining equations (3) and (4), the velocity of an enzymatic reaction can be

written:

Ac/At=AA/ (g *1* At) )
Equation (5) can be written as

residual activity in terms of volume

Ac/At=AA*V /(e *1* At*v) (U/mL) (6)

Where V is the total volume of the enzymatic reaction and v is the volume of

enzyme.

In order to calculate the association constant, the experimental data were fitted to

the following equation:®°

(£]- o.sx{[Eo]_Fx[zo]_K; e (B P x[1]+ k) —4x[E0]xe[IO]} %
Where [Eo] and [Io] are the final concentrations of enzyme and inhibitor, respectively,

[E] is the residual concentration of the enzyme, and F is the enzyme-inhibitor

equimolarity factor (F = 1).
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5.4.8.2 Binding studies by means of isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a powerful experimental method to
investigate protein-ligand and protein-protein interactions. Among the methods that
can be used to determine the parameters of molecular interactions, ITC is the only
one that enables direct determination of the thermodynamic parameters AG, AH, AS,

and AG,.

ITC makes use of two identical lollipop-shaped cells, which are contained within an
adiabatic jacket that is made of a material that is a highly efficient thermal conductor,
yet chemically inert. One of the cells is a sample cell used for titration of the
interaction partner, the other cell acts as a reference cell. Low power is applied to
continuously heat the reference cell. As long as the interactions take place in the
sample cell, the thermopile/thermocouple detectors sense the difference in
temperature between the sample and reference cells. Depending on the type of
interaction, whether it is exothermic or endothermic, a feedback circuit will reduce
or increase the power supplied to the sample cell to maintain an equal temperature
with the reference cell. The heat per certain unit of time provided by the sample cell

is directly measured (Figure 5.4-5).190,19

Compound in stirring syringe

Figure 5.4-5 Schematic representation of the
ITC set up

Protein in

sample cell Reference cell

(Adapted with permission from Zhou et al.,200
copyright ® 2011, Nature Publishing Group)

For our binding studies, the proteases and wild-type BPTI were extensively dialyzed
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against a buffer containing 25 mM Tris-HCl and 10 mM CaCl; at pH 7.5 for three
days (dialysis buffer changed for twice). Samples at the appropriate concentration
were introduced into the sample cell and filled in stirring syringe for titrant. In
general, the concentration of titrants was ten-fold higher than that of the sample. The
ITC instrument was operated according to the manual, set up for 20 injections of 2

uL titrant each, except the first injection of 0.2 uL, conducted as a test.

5.4.9 Protein crystallographic analysis

5.4.9.1 Purification of proteins and protein complexes for crystallization

The synthetic BPTI variants were purified by dialysis for 2-3 days with buffer
change (3 kD standard grade regenerated cellulose dialysis membrane, Spectra/Por®).
Purification of the o-chymotrypsin-BPTILysiswild-type and B-trypsin-BPTILys15wild-type
complexes was performed by means of size-exclusion (gel filtration)
chromatography with a Superdex 75 10/300 GL column (GE Healthcare) in buffer
containing 10 mM Tris and 200 mM NaCl at pH 7.4. Appropriate fractions were
analyzed by means of SDS-PAGE. Protein solutions were concentrated by using
Amicon® Ultra-4 and Amicon® centrifugal filter devices (3 kD, Millipore) for large

volumes, and Ultra-0.5 devices for small volumes.

5.4.9.2 Crystallization of protease-BPTI complexes

Crystallization screening was performed by means of a sitting drop vapor diffusion
method using the AmSQO; Suite Kit (Qiagen). Drops of 100 nL protein solution and a
100 nL reservoir were dispensed by a robot with eight channels into 96-well crystal
screening plates (SWISSCI) and incubated at room temperature. Purification
methods, ratios of protease to BPTI, and final concentrations of complexes used for

crystal screening are summarized in Table 5.4-3.
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Table 5.4-3 Preparation of crystallization screening for protease-BPTI complexes

Protein Concentration Ratio of Buffer Purified Robot
complex (mg/mL) protease/BPTI method
B-trypsin-BPTI
Wild-type 56.0 1:1.1 1
Lys15Abu 25.6 a . S 2
25 mM Tris, 10 mM CaCl» Dialysisb
Lys15DfeGly 54.6 a 2
Lys15TfeGly 314 1:1.1 2
&-chymo- 57.7 1:1.1 25 mM Tris, 10 mM CaCl, Dialysisb 1
trypsin-BPTI 29.7 1:1.1 25 mM Tris, 10 mM NaCl  Gel-filtration 2
(wild-type) 26.9 1:1.1 25 mM Tris, 200 mM NaCl  Gel-filtration 2

1. Cartesian Dispensing System (GENOMIC Solution®, a Harvard Bioscience Company) equipped with
an EYELA CCA-1110 low temperature circulator (EYELA). 2. MICROSYS Liquid Handling
(DIGILAB®) equipped with an EYELA CCA-111a low temperature circulator (EYELA). a) Samples of
trypsin-BPTI (Abu 15) and trypsin-BPTI (DfeGly 15) were taken from ITC measurement, ratio of
protease:BPTI were greater than 1. b) Trypsin and chymotrypsin were purchased as lyophilized
powders and dissolved in buffer. Synthetic mutant BPTI variants were purified by means of RP-
HPLC. Proteases and BPTI variants were dialyzed against buffer.

5.4.10 Data collection, structural refinement, and data analysis

Dr. Bernhard Loll performed data collection, structural refinement, and crystallographic data

analysis.

Well-formed crystals were soaked in 30% glycol plus reservoir solution and frozen in liquid
nitrogen. Data was collected in Berlin on the BESSYII synchrotron, beamline 14-2. X-ray
data collection was performed at 100 K. Diffraction data were processed with the XDS in
space group 1222.°°! The structure of the wild-type trypsin/BPTI complex was solved by
molecular replacement with the coordinates of single polypeptide chains of trypsin and BPTI
(PDB: 2FTL; **%) as search models using PHASER.*” The structure of protein complexes
were determined by isomorphous replacement. For calculation of the free R-factor, a
randomly generated set of 5 % of the reflections from the diffraction data set was used and
excluded from the refinement. The structure was initially refined by applying a simulated
annealing protocol and in later refinement cycles by maximum-likelihood restrained

refinement using PHENIX** followed by iterative, manual model building cycles with
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COOT>”. Model quality was evaluated with MolProbity*”. Figures were prepared using
PyMOL2%7,

Table 5.4-4 Data collection and refinement statistics!

Data collection Trypsin/BPTI ~ Trypsin/BPT Trypsin/BPTI ~ Trypsin/BPTI
wt Abu DfeGly TfeGly
PDB entry? XXXX XXXX XXXX XXXX
Space group 1222 1222 1222 1222
Wavelength [A] 0.91841 0.91841 0.91841 0.91841
Unit cell a; b; ¢ [A] 74.8;81.5;124.2 749;82.3;123.4 74.7;81.9;123.6 75.0;82.1;123.6
o; B; v [°] 90.0; 90.0; 90.0 90.0; 90.0; 90.0 90.0; 90.0;, 90.0  90.0; 90.0; 90.0
Resolution [A] 50.00 - 1.25 50.00 - 1.37 50.00 - 1.37 50.00 - 1.30
(1.28 - 1.25) (1.45-1.37) (1.48 -1.37) (1.38 - 1.30)
Unique reflections 104119 (7297) 79271 (12329) 79871 (12620) 92992 (14647)
Completeness 2 99.4 (94.8) 98.4 (95.6) 99.6 (98.6) 99.3 (97.9)
<I/o(l)>a 18.7 (1.7) 16.4 (1.9) 19.2 (2.4) 16.81 (1.9)
Rineas P 0.043 (0.880) 0.067 (1.118) 0.072 (1.004) 0.052 (1.920)
CC1/2a 100.0 (66.2) 99.9 (69.6) 100.0 (81.8) 99.9 (74.4)
Redundancy 2 4.8 (3.3) 5.9 (5.9) 8.0 (8.0) 44 (4.1)
Refinement
Non-hydrogen atoms 2698 2669 2602 2605
Rwork & ¢ 0.139 (0.304) 0.133 (0.244) 0.138 (0.229) 0.1334 (0.260)
Rfree 4 0.157 (0.319) 0.160 (0.289) 0.166 (0.261) 0.1565 (0.290)
Average B-factor [A?] 20.7 21.3 19.6 21.2
Trypsin residues 243 / 21.6 243 / 21.8 243 / 20.2 243 / 22.5
BPTI residues 58 / 19.2 57 /189 57 /17.6 57 /194
Water molecules 344 / 31.00 347 / 33.8 346 / 31.2 301 / 32.0
Buffer molecules 10 / 35.00 13 / 33.9 11/ 31.3 12 / 32.5
ram.s.d.e bond le 0.016 0.016 0.018 0.016
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bond ¢ 1.731 1.657 1.756 1.687
Ramacha?dran 0.0 0.0 0.0 0.0
outliers [%]

Ramachandran 98.7 98.4 98.6 98.3

favoured [%]

1) Refinement and crystal structure analysis was done by Dr. Bernhard Loll. 2) The PDB codes for
protein complexes are available after the submission of coordinates to protein data bank.

a values in parentheses refer to the highest resolution shell.

P Rineas = Zh [0/ (0-1)]Y/2%; | In - Ini| / Zulilni.where I is the mean intensity of symmetry-equivalent
reflections and # is the redundancy.

¢ Rwork = Zn |Fo- Fc|/ = Fo (working set, no o cut-off applied).
d Rfree is the same as Reryst, but calculated on 5% of the data excluded from refinement.

e Root-mean-square deviation (r.m.s.d.) from target geometries.
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6 Summary and outlook

6.1 Site-specific incorporation of fluorinated amino acids
into BPTI by amber suppression

In order to incorporate fluorinated amino acids into proteins to study the
fundamental effects of fluorine within a native protein environment, in vitro amber
suppression has been tested for the non-canonical amino acids Abu, DfeGly, and
TfeGly. These non-canonical amino acids were successfully chemically misacylated
onto yeast suppressor tRNAPhecys by means of T4 RNA ligase mediated semi-
synthesis. From practical work experience, the misacylation of fluorinated amino
acids is more difficult than in the case of Abu; this may be due to the strong
electronegativity of fluorine, which could destabilize the aminoacyl bond.
Furthermore, the T4 RNA ligation reactions were occasionally incomplete. The
stability of misacylated full-length suppressor aa-tRNAs was characterized under
different buffer conditions at 37 °C. These results indicate that our misacylated
suppressor aa-tRNAs should maintain their integrity under these buffer conditions,

at least for a 1-hour incubation time.

We designed expression constructs for BPTI containing an N-terminal SUMO fusion
tag to test the incorporation of non-canonical amino acids by the use of misacylated
suppressor tRNAs. Commercially available cell-free protein synthesis kits were used.
Full-length protein SUMO-BPTI was able to be produced on an analytical scale.
Nevertheless, there was very poor evidence for the production of full-length protein
containing the non-canonical amino acids. Several potential explanations may exist
for the poor expression yields and/or unsuccessful incorporation: 1) although the
misacylated suppressor tRNAs are stable under the test buffer conditions, the
stability of these tRNAs in commercial cell lysates, which contain numerous cellular
components and endogenous factors, could be compromised; 2) suppressor
tRNAPrecya has proven to be an efficient carrier for non-canonical amino acids for a
broad range of substrates; however, the incorporation of DfeGly and TfeGly by

means of this suppressor tRNA had not been previously reported.!% 119 121, 167
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Kearney et al. reported the successful incorporation of Abu into nicotinic receptor for
neuron studies by amber suppression through microinjection into oocyte cells.?% The
yield of protein production was not reported. And in general in such neuronal
studies even limited protein expression is enough to record the neuronal
physiological signal; 3) the presence of release factors in the cell-free reaction might
decrease the expression yield of full-length protein. Unfortunately, the PURExpress A
RF123 Kit failed to produce protein, and therefore could not deliver any information
regarding the effects of release factors in our studies; 4) as discussed in section 4.1.1,
though the semi-synthesis of misacylated tRNAs is a crucial step in this method, the
misacylated tRNAs may not deliver the non-canonical amino acids into the ribosome,
and several critical mechanisms in protein synthesis, such as binding affinities of the
aminoacyl-tRNAs to the EF-Tu and the ternary complex formed by aa-tRNA and EF-

Tu to the A-site of the ribosome can strongly influence incorporation efficiency.

In general, in vitro suppression gave very poor yields of full-length proteins in our
hands. This method has been all but replaced by in vivo approaches, in which large
cell culture volumes enable the production of mutant proteins on a preparative scale.
Recently, the misacylation activities of ValRS, LeuRS, and IleRS have been tested for
TfeGly and DfeGly in our group. These results indicate that ValRS and LeuRS can
activate TfeGly with low synthetase specificity.??” Thus, the possibility to generate
novel tRNA /aaRS pairs with specificity for DfeGly and TfeGly should be considered.
Moreover, the tRNAP!/PyIRS from archaea shows very broad specificity toward
non-canonical amino acids. A general selection based on Wang et al. 1264130 might
provide an opportunity to enrich the suppressor efficiency of the tRNAFy!/PyIRS pair

for incorporating our fluorinated amino acids.

The fundamental advantages of cell-free protein synthesis are the accessible
environment of the reaction and the ability to express proteins that are difficult or
impossible to produce in cell hosts; for instance, toxic proteins and membrane
proteins on a large scale. Therefore, in vitro suppression remains an excellent choice

for the production of such proteins containing non-canonical amino acids. The
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expression yield of full-length proteins might be improved by following
considerations: 1) the release factors 1, 2, and 3 should be eliminated from the cell-
free reaction to decrease the competitive effects between these and the suppressor
tRNAs; 2) regarding the instability of the energy-rich aminoacyl bond, depletion of
the pool of misacylated suppressor tRNAs over time may be another big issue that
contributes to poor yields. Because the continuous-exchange cell-free system enables
long reaction times (up to 24 hours), we should consider strategies for spiking the
reaction with this intermediate periodically. Of course, the non-canonical amino
acids must be misacylated onto suppressor tRNAs through more promising methods
than the tedious semi-synthesis method. The optimization of the flexizyme system

and its combination with cell-free expression system might be considered.

6.2 Total chemical synthesis and full characterization of
BPTI containing fluorinated amino acids

Three mutant BPTI variants containing non-canonical amino acids Abu, DfeGly, and
TfeGly at a “hot spot” position were synthesized by means of SPPS, native chemical
ligation, and renaturation. Thermal stability measurements, inhibitory assays, and
biochemical structural analyses were performed to characterize the synthetic BPTI

variants and compare their properties to wild type BPTIL

Interestingly, our results show that the incorporation of DfeGly and TfeGly into a
solvent exposed position can enhance protein stability of BPTI compared to Abu.
This result is actually contrary to the generally accepted view in protein design that
fluorination increases protein stability by virtue of its greater hydrophobicity.
Because there are not many studies based on the incorporation of fluorine into
solvent exposed positions, we cannot draw conclusions regarding whether the
phenomena we observed are common properties of fluorine or particular to the case

of BPTIL.
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We believe that our results indicate the existence of an alternative strategy to enhance
protein stability by fluorination at solvent exposed positions, and we propose to
continue this line of investigation by broadening our systematic studies on fluorine’s
effect at solvent exposed positions in proteins. BPTI contains 4 Lys residues, all of
which are located in the loop element, not within an &-helix or B-sheet structure.
Moreover, the charged side chains of these four Lys residues are oriented into the
solvent (Figure 6.2-1). Given that the substitution of Lys15 with fluorinated amino
acids does not perturb the overall conformation of BPTI, it would be very interesting
to explore the substitution effects by replacing Lys with fluorinated amino acids one
by one, in a sort if “fluorine scan”, and by global substitution. Thus, a series of
fluorinated BPTI mutants could be generated and their thermal stabilities, structures,

and inhibitor activities determined and compared.

¥ LYS15.A

Figure 6.2-1 Ribbon representation of BPTI

The lysines located in the loop structure are
labeled. The picture was generated with UCSF
Chimera with crystal data from the protein data
bank, (PDB code 1bpi).6!

Our studies have shown that fluorine is able to restore inhibitory activity in a mutant
BPTI background in which Lys15 has been replaced by Abu; this was true for both
DfeGly and TfeGly variants. Crystallographic analysis revealed that fluorine

interacts weakly to the water molecule in S1 pocket and team up with water
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molecules to maintain the protease-inhibitor interaction. This type of binding
interaction has not previously been described. Because the crystallization procedures
for complexes between BPTI and B-trypsin and o-chymotrypsin have been
optimized and established in the course of this thesis, this line of investigation can be
continued and the crystallographic data used to determine how general this type of
fluorine and water mediated protein-protein interaction may be. The structural water
molecules mediated protease-BPTI interaction can be also analysis in gas phase by

means of mass spectrometry.

Moreover, due to the unique effects of fluorine, it may be also interesting to
rationally incorporate these amino acid analogues into the S; pocket of the protease,

to study a potential fluorine-fluorine interaction in a native inhibitor-enzyme context.

In brief summary, our studies of the single replacement of an amino acid at a key
position in BPTI indicate that fluorine is a powerful tool for rational protein design
with the goal of enhancing stability and modulating protein-protein molecular

recognition.
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APPENDIX

RP-HPLC spectrum of chemical aminoacylation of non-canonical
amino acids
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Minutes

Analytic HPLC of n-tetrabutylammonium-pdCpA on C18 column (capcel pak,
Shisheido), washed with 10-80% CH3CN in 50 mM NHsOAc (pH 4.5) over a period of
45 minutes at a flow rate of 1 mL/minute (monitoring at 260 nm).
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Analytic HPLC of misacylation of N-pentenoyl-TfmAla-pdCpA on C18 column
(capcel pak, Shisheido), washed with 10-80% CH3CN in 50 mM NH4sOAc (pH 4.5) over
a period of 45 minutes at a flow rate of 1 mL/minute (monitoring at 260 nm); peak 1:
N-pentenoyl-TfmAla-pdCpA.
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Analytic HPLC of misacylation of N-pentenoyl-Abu-pdCpA on C18 column (capcel
pak, Shisheido), washed with 10-80% CHsCN in 50 mM NHiOAc (pH 4.5) over a
period of 45 minutes at a flow rate of 1 mL/minute (monitoring at 260 nm); peak 1:
N-pentenoyl-Abu-pdCpA, peak 2: bis-N-pentenoyl-Abu-pdCpA.
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Analytic HPLC of misacylation of N-pentenoyl-DfeGly-pdCpA on C18 column
(capcel pak, Shisheido), washed with 10-80% CH3CN in 50 mM NH4OAc (pH 4.5) over
a period of 45 minutes at a flow rate of 1 mL/minute (monitoring at 260 nm); peak 1:

N-pentenoyl-DfeGly-pdCpA.
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Analytic HPLC of misacylation of N-pentenoyl-TfeGly-pdCpA on C18 column
(capcel pak, Shisheido), washed with 10-80% CH3CN in 50 mM NHsOAc (pH 4.5) over
a period of 35 minutes at a flow rate of 1 mL/minute (monitoring at 260 nm); peak 1:
N-pentenoyl-TfeGly-pdCpA, peak 2: bis-N-pentenoyl-TfeGly-pdCpA.
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DNA, protein sequences, cloning site of vectors used for in vitro
suppression

Sequence of yeast phenylalanine suppressor tRNA:

5-GTA CCG CTG CAG TAA TACGACTCA CTA TAG CGG ATT TAG CTC

3'- CAT GGC GACGTC ATT ATG CTG AGT GAT ATC GCCTAA ATC GAG

T7 Promoter

AGT TGG GAG AGC GCC AGA CTC TAA ATC TGG AGG TCC TGT GTT CGA
TCA ACC CTC TCG CGG TCT GAG ATT TAG ACC TCC AGG ACA CAA GCT

amber stop codon

TCC ACA GAA TTC GCA CCA GGT GAT CCA TCC AAGCT-¥
AGG TGT CTT AAG CGT GGT CCA CTA GGT AGGTTCGA -5

BstN I'site  Fokl recognition site

Designed SUMO-BPTI sequence:

ATG TCT GAC CAG GAG GCA AAA CCT TCA ACT GAG GAC
M S D Q E A K P S T E D
TTG GGG GAT AAG AAG GAA GGT GAA TAT ATT AAA CIC
L G D K K E G E Y I K L
AAA GTC ATT GGA CAG GAT AGC AGT GAG ATT CAC TIC
K \Y I G Q D S S E I H F
AAA GTIG AAA ATG ACA ACA CAT CTC AAG AAA CTC AAA
K \Y K M T T H L K K L K
GAA TCA TAC TGT CAA AGA CAG GGT GIT CCA ATG AAT
E S Y C Q R Q G \Y P M N
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TCA CTC AGG TIT CTC TIT GAG GGT CAG AGA ATT GCT

S L R F L F E G Q R I A
GAT AAT CAT ACT CCA AAA GAA CTG GGA ATG GAG GAA

D N H T P K E L G M E E
GAA GAT GTIG ATT GAA GIT TAT CAG GAA CAA ACG GGG

GGT CAT TCA ACA GIT CGG CCT GAC TTC TGC CTA GAG

CCT CCA TAT ACG GGT CCC TGC TAG GCC AGA ATT ATC

AGA TAC TTC TAC AAC GCC AAG GCT GGG CTIC TGC CAG
R Y F Y N A K A G L C Q
ACC TIT GTA TAT GGC GGC TGC AGA GCT AAA AGA AAC
T F \% Y G G C R A K R N
AAT TTC AAG AGC GCA GAG GAC TGC ATG AGG ACC TGT
N F K S A E D C M R T C
GGT GGT GCT TAA
G G A Stop

Protein sequence of Homo sapiens trypsin 1 (UniProtKB: P07477):

MNPLLILTFV AAALAAPFDD  DDKIVGGYNC EENSVPYQVS
LNSGYHFCGG SLINEQWVVS AGHCYKSRIQ VRLGEHNIEV
LEGNEQFINA AKIIRHPQYD RKTLNNDIML IKLSSRAVIN
ARVSTISLPT APPATGTKCL ISGWGNTASS GADYPDELQC
LDAPVLSQAK CEASYPGKIT SNMFCVGFLE GGKDSCQGDS
GGPVVCNGQL  QGVVSWGDGC  AQKNKPGVYT  KVYNYVKWIK
NTIAANS
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Protein sequence of Homo sapiens chymotrypsinogen B1 (UniProtKB: P17538):

MAFLWLLSCW  ALLGTTFGCG VPAIHPVLSG LSRIVNGEDA
VPGSWPWQVS  LOQDKTGFHFC GGSLISEDWV VTAAHCGVRT
SDVVVAGEFD QGSDEENIQV LKIAKVFKNP KFSILTVNND
ITLLKLATPA RFSQTVSAVC LPSADDDFPA GTLCATTGWG
KTKYNANKTP DKLQQAALPL LSNAECKKSW GRRITDVMIC
AGASGVSSCM GDSGGPLVCQ KDGAWTLVGI VSWGSDTCST
SSPGVYARVT KLIPWVQKIL AAN

Vector diagram of pCMV6-XL4/XL5 vectors:

http:/ /www.origene.com/cdna/vectordiagram.mspx (Accessed 20 March 2014)

Cloning and expression region of expression vectors:

T7 promoter ribosome binding site

—_—
TAATACCACTCACTAT — GAAATATTTTCTTTACTTTAAGAAGGACGATATACATATGGCTAGCATCGACTCCTGCACAGCAAATGGGTCGCGGAT

CAATGGATCC - insert - CTCGAGCACCACCACCACCACCACTGA --- CTAGCATAACCCCTTGGGGCCTCTAAACCGGGTCTTCGAGGGGTTTTTIG
BamHI Xhol His-tag Stop codon T7 terminator

pET21cHx cloning/expression region

17 promoter EcoRI g10 € ribosome binding site start His-tag

TAATACCGACTCACTAT ---GAATTCCCTCTGAATATTTTGTITAACTTTAAGAAGGAGATATACCATCGGCCATCACCATCACCATCACGACTAC

GACATCCCGACTACCGAAAACCTGTACTTCCAGGGATCC - insert - CTCGAG -CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGG
BamHI Xhol T7 terminator

GGTTTTTTG

pBH4 cloning/expression region
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T7 promoter g10 € ribosome binding site  start Sall  Xhol Smal

TAATACGCGACTCACTAT --- GAATATTTAGTITACTTTAAGAAGCGAGATATACATATCAGCCGCCGCGTCCACTCCAGCCAGCTCCCCCGGGGGT

His-tag EcoRI BamHI

GAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGCCGCCTCTAAACCGGTCTTGAGGGGTTTTTTGCTGAAAGGA

T7 terminator

PIVEX cloning/expression region

Cleavage site of restriction endonucleases used in the studies:

BstNI recognition and cleavage site: FoklI recognition and cleavage site:
5..CCYX GG...% 5...GGATG (N)*... 3
3...GG X . CC...5 3...CCTACN)3,... 5

BamHI recognition and cleavage site: ~ Xhol recognition and cleavage site:
5. G'GATCC..3 5. C'TCGAG...3
3..CCTAGG..5 3..GAGCT,.C...5

Dpnl recognition and cleavage site:
5..GYATC..3
3...CTAG..5 Theadenine is methylated.

Manual of commercially available kits used for studies:

Run-off in vitro transcription Kkit:
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AmpliScribeTM T7 High Yield transcription Kit (EPICENTRE® Biotechnologies)

http:/ /www.epibio.com/docs/ default-source/ protocols/ampliscribe-t7-high-yield-
transcription-kit.pdf?sfvrsn=6 (Accessed 20 march 2014)

DNA purification kit:

peqGOLD Plasmid Mini Kit (PEQLAB Biotechnologie GmbH):
http:/ /www.peqlab.de/wcms/de/pdf/12-6942-02_m.pdf (Accessed 20 march 2014)

peqGOLD Gel Exraction Kit (PEQLAB Biotechnologie GmbH):
http:/ /www.peqglab.de/wcms/de/pdf/12-2501-02_m.pdf (Accessed 20 march 2014)

Pure® HiPure Plasmid Midprep Kit (Invitrogen):

http:/ /tools.invitrogen.com/ content/sfs/manuals/ purelink_hipure_plasmid_dna_p
urification_man.pdf (Accessed 20 march 2014)

Cell-free protein synthesis Kkits:

S30 T7 High-Yield Protein Expression System (Promega):

http:/ /www.promega.de/~/media/Files/Resources/Protocols/ Technical %20Manu
als/0/530%20T7 %20High %20Yield %20Protein % 20Expression % 20System % 20Protoco
L.pdf (Accessed 20 march 2014)

RTS™ 100 E.coli Disulfide Kit (5 PRIME)

http:/ /www.5prime.com/media/404635/rts %20100%20ecoli % 20disulfide % 20manu
al_5prime_1059726_%20091210.pdf (Accessed 20 march 2014)

TNT® Quick Coupled Transcription/ Translation System (Promega)

http:/ /www.promega.de/~/media/Files/Resources/Protocols/ Technical %20Manu
als/0/TNT %20Quick %20Coupled %20Transcription %20Translation % 20Systems %20
Protocol.pdf (Accessed 20 march 2014)

PURExpress® ARF123 Kit (New England Biolabs)

https:/ /www.neb.com/products/e6850-purexpress-rf123-kit#tabselect2 (Accessed
20 march 2014)

Protein purification and analysis kits:

Ni-NTA Spin Columns (Qiagen)
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http:/ /www.giagen.com/resources/Download.aspx?id={3FC8C76D-6D21-4887-

9BF8-F35F78FCC2F2}&lang=ené&ver=1 (Accessed 20 march 2014)

QI Aexpress® Detection and Assay Handbook for Anti-His HRP Conjugates

http:/ /www.giagen.com/resources/Download.aspx?id={A8D20BF6-B88C-436B-

A7BE-DE66B5DD70FD}&lang=en&ver=1 (Accessed 20 march 2014)

Table Peptide fragments of SUMO-BPTI detected by protein fingerprinting

lon Score
Start | End | Observed | Mr(expt) Mr(calc) Miss Sequence Abu TfeGly
31 39 481.229 | 960.444 960.440 0 K.PSTEDLGDK.K 67 66
31 40 545.274 | 1088.533 1088.535 1 K.PSTEDLGDKK.E 51 50
31 46 603.635 | 1807.883 1807.884 2 K.PSTEDLGDKKEGEYIK.L 45 70
40 46 433.734 | 865.453 865.455 1 K.KEGEYIK.L 20 15
41 48 490.276 | 978.538 978.539 1 K.EGEYIKLK.V 40 42
47 60 534.294 | 1599.860 1599.862 1 K.LKVIGQDSSEIHFK.V 58 62
47 62 610.015 | 1827.022 1827.025 2 K.LKVIGQDSSEIHFKVK.M 54
49 60 453.901 | 1358.682 1358.683 0 K.VIGQDSSEIHFK.V 54 59
49 62 529.622 | 1585.844 1585.846 1 K.VIGQDSSEIHFKVK.M 43
61 68 479.281 956.547 956.548 1 K.VKMTTHLK.K 51 48
63 69 429.747 | 857.480 857.479 1 K.MTTHLKK.L 30 29
63 69 437.743 | 873.472 873.474 1 K.MTTHLKK.L Oxidation 26 27
69 77 404.545 | 1210.612 1210.613 2 K.KLKESYCQR.Q Carbamidomethyl 30
70 77 513.755 | 1025.496 1025.496 1 K.LKESYCQR.Q 43 38
70 77 542.266 | 1082.517 1082.518 1 K.LKESYCQR.Q Carbamidomethyl 52 39
70 77 549.274 | 1096.534 1096.534 1 K.LKESYCQR.Q Propionamide 52 23
72 77 421.678 | 841.341 841.339 0 K.ESYCQR.Q Carbamidomethyl 30 20
72 77 428.686 | 855.358 855.355 0 K.ESYCQR.Q Propionamide 21 27
105 | 110 | 403.198 | 804.381 804.381 0 R.YFYNAK.A 18 9
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lon Score

Start | End | Observed | Mr(expt) Mr(calc) Miss Sequence Abu TfeGly
1 17 626.963 | 1877.866 1877.868 2 -.MSDQEAKPSTEDLGDKK.E 59 52
-.MSDQEAKPSTEDLGDKK.E
1 17 632.295 | 1893.863 1893.863 2 Oxidation (M) 46
2 17 583.283 | 1746.827 1746.827 2 M.SDQEAKPSTEDLGDKK.E 54
55 63 501.263 | 1000.511 1000.512 0 R.QGVPMNSLR.F 47 45
55 63 509.260 | 1016.506 1016.507 0 R.QGVPMNSLR.F Oxidation (M) 56 46
64 70 448.734 | 895.454 895.455 0 R.FLFEGQR.I 46 45
71 78 448.234 | 894.453 894.456 0 R.IADNHTPK.E 54 49
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Left, analytic HPLC of purified BPTI 38-58 (retention time: 13.6 minute, 0-80% B in 30 minutes); right,
ESI-MS analysis of purified BPTI 38-58
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Left, Analytic HPLC of crude BPTI 16-37 (retention time: 19.6 minute, 0-80% B in 30 minutes); right,
ESI-MS analysis of crude BPTI 16-37
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Left, Analytic HPLC of purified BPTI 1-Abu15-37-SR (retention time: 21.0 minute, 5-70% B in 30
minutes); right, ESI-MS analysis of purified BPTI 1-Abu15-37-SR
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Table Observed and calculated mass of synthetic BPTI fragments and BPTI species (11/z)

Peptide fragment [M+2H]>*  [M+3HP* [M+4H]J* [M+5H]* [M+6H]s* [M+7H]7* [M+8H]s*

ob. MS 1160.0386  773.6998 580.5161
BPTI 38-58
ca. MS  1159.5226  773.3510 580.2652
ob. MS 1256.6597  838.1103
BPTI 16-37

ca. MS  1256.1524  837.7708

ob. MS 2161.6754 1441.7001 1081.5269 865.4222 721.5187
ca. MS  2161.1699 1441.1158 1081.0888  865.0726 721.0618

BPTI 1-Abu 15-37-SR

ob. MS 2180.2855 1453.6891 1090.5182  872.8167

BPTI 1-DfeGly 15-37-SR
ca. MS  2179.1299 1453.0892 1090.0688  872.2566

ob. MS 1459.6676  1095.0021 876.2019
BPTI 1-TfeGly 15-37-SR

cal. MS 1459.0892  1094.5688  875.8566

ob. MS 2158.6974 1619.2781 1295.6236  1080.0200
BPTILys15a0u - unfolded

cal. MS 2157.7122  1618.5361 1295.0304 1079.3600

ob. MS 2157.3646  1618.0254 1294.6215 1078.8406
BPTIiys15abu - folded

cal. MS 2156.0138 1617.2623 1294.0114 1078.0511

ob. MS 2170.3577 1628.0231 1302.6204 1085.8510
BPTILys15pfecly - unfolded

cal. MS 2169.6855 1627.5161 1302.2144 1085.3467

ob. MS 2168.6562  1626.9932  1301.7949 1084.8315
BPTIiysisptecly - folded

cal. MS 2167.9872  1626.2423  1301.1954 1084.4975

ob. MS 1633.0153  1306.6120 1089.0096  933.5804 816.7497
BPTIvysi51recly - unfolded

cal. MS 1632.0161 1305.8144 1088.3476  933.0125 816.5119

ob. MS 1305.4994 1088.0709  932.7678
BPTIiysistsecly - folded

cal.MS 1304.6514 1087.3775 932.1818

ob. = observed, cal. = calculated
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Table Crystal screening conditions

.. Trypsin +BPTI

Salt Buffer Precipitant wt Abu Dfe Tfe
Al 2.2 M Ammonium sulfate + v v
B1 0.2 M Ammonium sulfate 2.2 M Ammonium sulfate + + +
C1 0.2 M Ammonium chloride 2.2 M Ammonium sulfate | ¢/ + + v
D1 0.2 M Ammonium phosphate 2.2M Ammonium sulfate | + + + 4
E1l 0.2 M Ammonium fluoride 2.2 M Ammonium sulfate
F1 0.2 M Ammonium formate 2.2 M Ammonium sulfate | ¢/ v + v
G1 0.18 M tri-Ammonium citrate 2.2 M Ammonium sulfate v
H1 0.2 M di-Ammonium phosphate 2.2 M Ammonium sulfate
A2 0.2 M Ammonium iodide 2.2 M Ammonium sulfate | + + v v
B2 0.2 M Ammonium nitrate 2.2 M Ammonium sulfate v v
C2 0.2 M di-Ammonium tartrate 2.2 M Ammonium sulfate + v + +
D2 0.2 M Cadmium chloride 2.2 M Ammonium sulfate | ¢/ v +
E2 0.2 M Cadmium sulfate 2.2 M Ammonium sulfate v v
F2 0.2 M Cesium chloride 2.2 M Ammonium sulfate | ¢/ v
G2 0.2 M Cesium sulfate 2.2 M Ammonium sulfate | ¢/ v
H2 0.2 M Ammonium bromide 2.2 M Ammonium sulfate + v
A3 0.2 M Lithium acetate 2.2 M Ammonium sulfate | ¢/ + +
B3 0.2 M Lithium chloride 2.2 M Ammonium sulfate v + +
C3 0.2 M tri-Lithium citrate 2.2 M Ammonium sulfate
D3 0.2 M Lithium nitrate 2.2 M Ammonium sulfate + + + +
E3 0.2 M Lithium sulfate 2.2 M Ammonium sulfate
F3 0.2 M Potassium acetate 2.2 M Ammonium sulfate v + v
G3 0.2 M Potassium bromide 2.2 M Ammonium sulfate v
H3 0.2 M Potassium chloride 2.2 M Ammonium sulfate
A4 0.2 M tri-Potassium phosphate 2.2M Ammonium sulfate | + v +
B4 0.2 M potassium phosphate 2.2 M Ammonium sulfate + 4
C4 0.2 M Potassium fluoride 2.2 M Ammonium sulfate + + + v
D4 0.2 M Potassium formate 2.2 M Ammonium sulfate
E4 0.2 M di-potassium phosphate 2.2 M Ammonium sulfate
F4 0.2 M Potassium iodide 2.2 M Ammonium sulfate + + + +
G4 0.2 M Potassium nitrate 2.2 M Ammonium sulfate
H4 0.2 M K/Na tartrate 2.2 M Ammonium sulfate + +
A5 0.2 M Potassium sulfate 2.2 M Ammonium sulfate +
B5 0.2 M Potassium thiocyanate 2.2 M Ammonium sulfate + + 4
C5 0.2 M Sodium acetate 2.2 M Ammonium sulfate | + v +
D5 0.2 M Sodium bromide 2.2 M Ammonium sulfate + + +
E5 0.2 M Sodium chloride 2.2 M Ammonium sulfate
F5 0.2 M tri-Sodium citrate 2.2 M Ammonium sulfate + + + +
G5 0.2 M Sodium phosphate 2.2 M Ammonium sulfate v
H5 0.2 M Sodium fluoride 2.2 M Ammonium sulfate + + +
A6 0.2 M Sodium formate 2.2 M Ammonium sulfate + + + v
B6 0.2 M di-Sodium phosphate 2.2 M Ammonium sulfate + +
(€3 0.2 M Sodium iodide 2.2 M Ammonium sulfate | ¢/
D6 0.2 M Sodium malonate 2.2 M Ammonium sulfate | + + v +
E6 0.2 M Sodium nitrate 2.2 M Ammonium sulfate +
F6 0.2 M Sodium sulfate 2.2 M Ammonium sulfate | + v + +
G6 0.2 M di-Sodium tartrate 2.2 M Ammonium sulfate + v
H6 0.2 M Sodium thiocyanate 2.2 M Ammonium sulfate + +
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A7 0.1 M Citric acid pH 4.0 0.8 M Ammonium sulfate v o+ o+ Vv
B7 0.1 M Citric acid pH 5.0 0.8 M Ammonium sulfate v + Vv
Cc7 0.1 M MES pH 6.0 0.8 M Ammonium sulfate + vV oo+ 4
D7 0.1 M HEPES pH 7.0 0.8 M Ammonium sulfate 4 +
E7 0.1M Tris pH 7.0 0.8 M Ammonium sulfate v
F7 0.1 M Bicine pH 9.0 0.8 M Ammonium sulfate + +
G7 0.1 M Citric acid pH 4.0 1.6 M Ammonium sulfate
H7 0.1 M Citric acid pH 5.0 1.6 M Ammonium sulfate + + +
A8 0.1 M MES pH 6.0 1.6 M Ammonium sulfate + o+ o+ o+
B8 0.1 M HEPES pH 7.0 1.6 M Ammonium sulfate vV o+ o+
C8 0.1M TrispH 7.0 1.6 M Ammonium sulfate + Vo4 +
D8 0.1 M Bicine pH 9.0 1.6 M Ammonium sulfate + Vo4 +
E8 0.1 M Citric acid pH 4.0 2.4 M Ammonium sulfate v v
F8 0.1 M Citric acid pH 5.0 2.4 M Ammonium sulfate + +
G8 0.1 M MES pH 6.0 2.4 M Ammonium sulfate 4 4
H8 0.1 M HEPES pH 7.0 2.4 M Ammonium sulfate + 4+
A9 01MTrispH 7.0 2.4 M Ammonium sulfate v
B9 0.1 M Bicine pH 9.0 2.4 M Ammonium sulfate + +
C9 0.1 M Citric acid pH 4.0 3.2 M Ammonium sulfate + + + +
D9 0.1 M Citric acid pH 5.0 3.2 M Ammonium sulfate + + + Vv
E9 0.1 M MES pH 6.0 3.2 M Ammonium sulfate 4 4
F9 0.1 M HEPES pH 7.0 3.2 M Ammonium sulfate + + 4+
G9 01MTrispH 7.0 3.2 M Ammonium sulfate + + + +
H9 0.1 M Bicine pH 9.0 3.2 M Ammonium sulfate + + +
A10 0.1 M tri-Sodium citrate 0.5 M Ammonium sulfate + Vo4 +
1.0 M Lithium Sulfate
B10 1.0 M Ammonium sulfate + +
C10 0.1 M Sodium acetate pH 4.6 1.0 M Ammonium sulfate
D10 0.1 M HEPES sodium salt pH 7.5 2.4 M Ammonium sulfate + Vo4 +
2% (w7v) PEG 400
E10 0.1 M Tris*HCl pH 8.5 1.0 M Ammonium sulfate + + vV
F10 0.05M tri-Sodium citrate 1.2 M Ammonium sulfate + + + +
3% (w/v) Isopropanol
G10 0.1 M TriseHCl pH 8.5 1.6 M Ammonium sulfate v
15% (w/v) Glyerol
H10 0.5 M Lithium chloride 1.6 M Ammonium sulfate
A1l 1.0 M Lithium sulfate 1.6 M Ammonium sulfate + vV o+ Vv
B11 0.2 M Sodium chloride 0.1 M HEPES sodium salt pH 7.5 1.6 M Ammonium sulfate v v v
C11 0.1 M HEPES sodium salt pH 7.5 1.6 M Ammonium sulfate + v vV o+
2% (w/v) PEG 1000
D11 0.1 M MES sodium salt pH 6.5 1.8 M Ammonium sulfate + + + +
E11 2.0 M Sodium chloride 2.0 M Ammonium sulfate + v
F11 0.1 M Sodium acetate pH 4.6 2.0 M Ammonium sulfate + + + +
G11 0.1 M MES sodium salt pH 6.5 2.0 M Ammonium sulfate +
5% PEG 400
Hi11 0.1 M TriseHCl pH 8.5 2.0 M Ammonium sulfate +
A12 2.2 M Ammonium sulfate + vV + o+
B12 2.2 M Ammonium sulfate + o+ Vv
20% (w/v) Glycerol
C12 0.1 M tri-Sodium citrate 2.4 M Ammonium sulfate + + VvV
D12 3.0 M Ammonium sulfate v v v
1% (w/v) MPD
E12 3.0 M Ammonium sulfate + v
10% (w/v) Glycerol
F12 0.1 M HEPES sodium salt pH 7.5 3.5 M Ammonium sulfate + + + +
G12 0.1 M MES sodium salt pH 6.5 3.5 M Ammonium sulfate v + Vv
1% (w/v) MPD
H12 3.5 M Ammonium sulfate
w.t. = wild-type BPTL; Abu, Dfe, and Tfe denotes BPTI variant, “+” indicates the observation of

crystals, “v” indicates the condition resulting in well-formed crystals (Figure 5.3-7).
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