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ABSTRACT

Non-canonical amino acids provide a new set of building blocks and a potential
route to new chemistries that extend beyond those achieved through the 20 common
amino acids. Among various methods developed for this purpose, residue-specific
incorporation in vivo has the potential to economically engineer proteins of various sizes
with altered physical and chemical behavior. The work presented in this thesis explored
the incorporation of fluorinated aliphatic residues and their effect on protein structure,
stability, and function.

In Chapter 2, two fluorinated amino acids, 5,5,5-trifluoroisoleucine (5TFI) and
4.4 4-trifluorovaline (4TFV), were incorporated in vivo into mutant GCN4 proteins. Both
5TFI and 4TFV showed replacement levels higher than 88%, as indicated by quantitative
amino acid and MALDI-MS analysis. The incorporation of STFI into a-positions of the
coiled-coil protein raised the thermal denaturation temperature (Ty,) by 27 °C from that of
its isoleucine counterpart. However, when valines were replaced by 4TFV in the same
positions, Ty, only increased by 4 °C. Similar trends were observed in response to
chemical denaturation by guanidine hydrochloride; AAGgding Upon incorporation of STFI
and 4TFV was -2.1 and -0.3 kcal/mol, respectively. Secondary and higher order
structures as well as biological activity were retained in the presence of both STFI and
4TFV. These results indicate that, even when introduced into the same positions within
the protein, the effect of fluorination differs depending on which amino acid is

fluorinated.
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In Chapter 3, the stereochemical effects of 5,5,5-trifluoroleucine (STFL) were
studied using (28, 4R)-5°,5",5 -trifluoroleucine and (2, 45)-5°,5°,5 -trifluoroleucine.

The results from in vitro activation assays correlated well with efficiency of their
incorporation in vivo. The (28, 4S) isomer, whose k.,/Kn was100-fold lower than that of
leucine, was incorporated at high levels, with 91% replacement of the encoded leucine
residues in a de novo engineered coiled-coil protein Al. The (25, 4R) isomer exhibited 9-
fold lower k../K, than the (28, 45) isomer, resulting in a slightly lower level of
incorporation, 80%. The secondary structure of A1 was undisturbed upon the
incorporation of either isomer and their impact on thermostability was similar, with an
increase of 11 °C in Ty, as compared to that of Al containing leucine. However, the
equimolar mixture of Al containing (28, 45)-TFL and Al containing (25, 4R)-TFL
displayed a further increase in Ty, of 3 °C. Although this further enhancement in
thermostability was modest, it may be attributed to the ability of the coils to pack more
compactly into dimers due to the stereochemical differences.

In Chapter 4, laboratory evolution was utilized to recover the catalytic activity of
chloramphenicol acetyltransferase (CAT) after replacement of isoleucine by STFI. Upon
global incorporation of STFI into CAT, the catalytic efficiency, ke./Knm, was reduced by
more than 2-fold, from 10.2 + 0.8 pM'l t03.9+0.5 pM‘l min”. Four rounds of random
mutagenesis, enrichment, and screening were performed, yielding a 7-fold fluorinated
mutant, tfi-G4, whose activity in fluorinated form was 2.8-fold higher than that of the
fluorinated parent enzyme, tfi-WT. The total number of isoleucines decreased only by
one in the 7-fold mutant, and the gap in activity between the hydrogenated (ile-G4) and

fluorinated (tfi-G4) forms narrowed.  Despite similar secondary structure, the
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incorporation of fluorinated amino acids decreased the stability of CAT for both the wild-
type and G4 pairs based on both functional and structural analysis. Fluorinated forms
were more sensitive towards thermal and chemical denaturation. However, both forms of
G4 enzymes had increased stabilities as compared to their wild-type counterparts. This
resulted in tfi-G4 exhibiting similar thermostability as that of ile-WT. Although
structural changes were noted at both high and low pH, the pK, of the catalytically
essential histidine (His-193) was not affected by the incorporation of STFI. Based on
these results, the incorporation of STFI appears to be adversely affecting protein folding,
which resulted in decreased activity and stability. However, laboratory evolution
effectively recovered these losses and yielded a fluorinated enzyme that performed
similarly to the wild-type.

Finally, in Chapter 5, the effect of fluorination on sensitivity to proteolytic
degradation was explored. GCN4 proteins containing either STFI (tfi-INL) or 4TFV
(tfv-VNL) as well as CAT proteins containing either STFI (tfi-G2) or STFL (tfl-L2A1)
were treated with two proteases, trypsin and elastase. As evidenced by gel
electrophoresis and densitometry analysis, the half life of tfi-INL in the presence of
elastase was 4 times that of its hydrogenated counterpart INL. The increased resistance
was less significant upon incorporation of 4TFV as well as in response to trypsin. The
opposite trend was observed in the analysis of CAT mutants. Both of the fluorinated
CAT mutants were more susceptible to elastase and trypsin as compared to their
hydrogenated counterparts. Upon incorporation of fluorinated amino acids, two factors

that affect proteolytic degradation are altered, the stability of the protein as well as
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substrate recognition and hydrolysis by the protease. It appears that changes in both of
these factors contributed to the observed rates of proteolysis.

The work explored in this thesis has expanded our understanding of fluorinated
amino acids and their effects on proteins. Based on these insights, we are continuing to
expand the use of fluorinated amino acids (and other non-canonical amino acids) to

control protein structure, function, and stability.
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Chapter 1

Protein Engineering through

In Vivo Incorporation of Non-Canonical Amino Acids



1.1 Biosynthesis of Polymeric Materials

Synthetic polymer chemistry is a widely used method for creating a variety of
materials with interesting structural and chemical properties. The diversity and versatility
of synthetic polymers arise from the broad spectrum of monomers from which they are
formed. However, polymers lack structural uniqueness. More specifically, they are
characterized by heterogeneity in chain length and conformation as well as
stereochemistry. Nature, through billions of years of evolution, has refined the task of
precise structural control over macromolecules through the method of template-directed
polymerization. Proteins are the products of nature’s polymer factory and they form the
basis for the host organism’s survival. They perform complex chemical reactions;
provide organisms with structural integrity; function in transport of mass, energy, and
information; and frequently exhibit performance properties superior to man-made
materials." Fortunately, recombinant DNA technology has allowed us to tap into this
robust set of machinery to generate improved materials with control both on microscopic
and macroscopic levels.

Through this approach of protein engineering, our laboratory has been successful
in developing protein-based materials with monodispersity and stereoregularity. In
general, our method of material synthesis involves the insertion of a chemically
synthesized piece of DNA that encodes the desired pattern of amino acids into a cloning
plasmid. Once the necessary ligations of oligonucleotides are completed, the sequenced
artificial gene is inserted into the expression plasmid and transformed into an E.coli
expression host. After the accumulation of biomass, expression of the artificial protein is

turned on through an inducible promoter. This method has yielded, among others,
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smectic liquid-crystalline structures with exact layer spacing,” hydrogels that undergo pH
or temperature-controlled reversible gelation,’ and artificial extracellular matrix proteins

that exhibit biological signaling capabilities.*”

1.2 Incorporation of Non-Canonical Amino Acids

Despite a number of advantages that recombinant DNA technology has over the
traditional chemical synthesis of polymeric materials, one main drawback lies in the
limited number of naturally existing amino acids, the monomeric building blocks of
proteins. In order to expand the scope of protein engineering through the introduction of
novel functional groups, our laboratory has been exploring a variety of non-canonical
amino acids for incorporation into proteins using nature’s machinery. Technology has
been available to synthesize peptides through solid-phase multistep synthesis outside the
realm of biological systems. However, the peptides are limited to a length of around 50
amino acids, and therefore most of the interesting protein materials cannot be synthesized
through this method. Another available technology for the incorporation of artificial
amino acids is through an in vitro expression system utilizing chemical aminoacylation
methods.*'® One of these methods uses chemically acylated suppressor tRNAs to insert
the artificial amino in response to a stop codon in place of the original codon encoding
the residue of interest.” ' Another approach introduces four and even five-base codons
that are read by chemically acylated tRNAs.'"* Since these methods circumvent the use
of an aminoacyl-tRNA synthetase in charging of the analog to the tRNA, they support the
incorporation of a wide variety of non-canonical amino acids that are structurally

divergent from the natural counterpart. On the other hand, since the tRNAs cannot be



4
recharged through the cell’s machinery, a stoichiometric amount of the chemically

acylated tRNAs is required for translation. Worsened by this constraint, these in vitro
approaches suffer in protein yield, which is usually within the microgram range,
motivating us to explore other alternatives.

Our laboratory, along with several others, has developed an in vivo method for the
residue-specific incorporation of non-canonical amino acids."””"7 A key component of
this method is the E. coli auxotroph, i.e., bacterial hosts that have lost the ability to
synthesize the amino acid(s) of interest. Since these bacterial strains rely on the growth
media for obtaining the deficient amino acid (s), one can control the set of amino acids
that is available for the translation of proteins. While the cells are growing up to a
sufficient cell density, the medium contains all 20 amino acids to allow a healthy rate of
growth. However, through a medium shift procedure prior to induction, we provide the
cells with only 19 amino acids and an analog for the deficient amino acid. If the cell’s
machinery, most importantly the corresponding aminoacyl-tRNA synthetase that
normally charges the tRNA with the amino acid, remains functional towards the analog,
incorporation of the analog into the target protein is possible. While some amino acids
are incorporated efficiently without any other modifications to the system, other analogs
require multiple copies of the aminoacyl-tRNA synthetase and some require mutations
in/near the active site. As shown in Figure 1.1, research in our laboratory has
demonstrated the replacement of methionine, leucine, isoleucine, proline, and

phenylalanine with their various analo gs.lg'25



1.2.1 Incorporation of Fluorinated Analogs

Fluorocarbons are used widely in industrial, medical, and home applications in
the forms of plastics, coatings, refrigerants, pharmaceuticals, and agrochemicals, to name
a few. However, fluorine is extremely rare in biological molecules. Since the first
fluorinated natural product was identified more than 50 years ago, only about a dozen
fluorinated compounds have been found in nature.”®  Correspondingly, there are no
canonical amino acids that contain fluorine groups. For protein engineers, several unique
features of fluorocarbons, rendering them attractive for the above uses, have inspired
efforts to incorporate fluorine into proteins.

First, fluorine is the most electronegative element, and therefore the electronic
properties of the C-F bond are quite different from those of a C-H bond. While the C-H
bond has a relatively small dipole, the dipole of the C-F bond is much larger and opposite
in direction. Similarly, fluorine exerts a strong inductive effect that is sufficient to
perturb the reactivity of atoms several bonds away. Since polarity strongly influences
acidity or basicity of nearby functional groups, the pK, can be shifted up to several log
units.”’ In addition, organofluorine compounds possess the ability to act as hydrogen-
bond acceptors.28 Since hydrogen bonds are indispensable features in protein structure,
and thus their biological function, the ability to incorporation of fluorinated amino acids
has the potential to be a powerful protein engineering tool.

Another important characteristic of fluorocarbons is their increased hydrophobic
character. Many fluorinated organic compounds display lower solubility in water as
compared to their hydrogenated counterparts. The increased hydrophobicity can also be

evidenced by partitioning measurements. The partition constant for the trifluoromethyl
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2 At the same time,

group is 1.07, which is more than twice that of a methyl group.
perfluorinated molecules also exhibit poor solubility in hydrocarbon solvents. When
water, hexane, and perfluorohexane are mixed, the result is three separate layers, each
compound being mutually immiscible with the other two.”® Therefore, based on this
fluorous effect, perfluorocarbons are characterized as fluorophilic. The well known
polymer Teflon takes advantage of the fluorous effect, preventing the interaction with
both hydrophilic and lipophilic compounds. The increased hydrophobicity as well as
fluorophilicity could have significant effects on protein folding and protein-protein
interaction.

Fluorine also has the potential to serve as a probe in spectroscopic analysis of
protein structure and dynamics. The aforementioned lack of fluorine in biological
molecules allows the use of '°F NMR spectroscopy as a powerful and sensitive tool in
protein analysis. With no naturally occurring background and a large range of chemical
shift values, even minor differences in the environment of the 19F label can be detected.”
For example, domain-domain interactions in the E. coli chaperone protein PapD?* and
conformational changes in the chromophore of a GFP variant® were analyzed throughlgF
NMR using 4-, 5-, and 6-fluorotryptophan as probes.

Another crucial feature of fluorine is its size; fluorine atoms are extremely small,

with a van der Waals radius (1.35 A) closely resembling that of a hydrogen atom (1.20

A). Although the C-F bond is 0.4 A longer than a C-H bond, the substitution of a

fluorine for a hydrogen is very often sufficiently conservative, as evidenced by the
recognition of various fluorinated amino acid analogs by their cognate amino acyl-tRNA

. 25, 31, 34-36 . . . . .
syn‘chetases.22 25313 This feature, in a practical sense, is one of the most important
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characteristics of fluorinated amino acids that make them attractive for in vivo
incorporation into proteins.

Successful in vivo incorporation of fluorinated analogs using endogenous
synthetases has been shown to be possible for aromatic as well as aliphatic residues. The
first reported examples involved the incorporation of monofluorinated phenylalanine and

. . .37, 38
tryrosine analogs into E. coli.””

A few years later, Rennert and coworkers
demonstrated nearly quantitative substitution of leucine by 5,5,5-trifluoroleucine
(5TFL).* More recently, Duewel et al. showed that both low (31%) and high (70%)
levels of trifluoromethionine incorporation at methionine sites are possible in lysozyme
through the use of an auxotrophic E. coli strain and the media shift procedure.”® This
protein was further analyzed using F NMR. In our laboratory, Yoshikawa and
coworkers showed 95-100% replacement of phenylalanine with p-fluorophenylalanine

0

(pfF) in repetitive protein -[(Ala-Gly)s.pfF .Gly]13.*  Shortly thereafter, Tang and

coworkers demonstrated in vivo incorporation of STFL with up to 92% efficiency into the

coiled-coil peptide domain.*®

Tang followed this work with the incorporation of
hexafluoroleucine into a similar peptide using E. coli hosts that over-expressed LeuRS
and therefore exhibited increased LeuRS activity.'® Most recently, Wang and others have
shown the incorporation of 5,5,5-trifluoroisoleucine (5TFI, via endogenous leRS)* and
(2S,3R)-4,4,4-trifluorovaline (via over-expression of IleRS or ValRS)* into murine
DHEFR in E. coli.

Our interest in incorporating fluorinated amino acids into proteins stemmed from

the hypothesis that we could access some of the previously described properties of

fluorine-containing compounds and polymers. Initial confirmation of this hypothesis
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came when genetically engineered protein films containing fluorinated leucines were
shown to support a hexadecane contact angle similar to that of Teflon (70°), an increase
of 53° from that of the hydrogenated counterpart (unpublished work). Further work
demonstrated that the increased hydrophobicity of fluorinated amino acids could enhance
the strength of hydrophobic interactions that serve as the main driving force for protein
folding and protein-protein interaction. In this work, Tang and coworkers chemically
synthesized GCN4-p1,* a leucine zipper peptide from a yeast transcription factor, using
5TFL in place of leucine. The result was an elevation in thermal denaturation
temperature of 13 °C. A similar trend was observed when 5TFL was incorporated in vivo
into de novo engineered A1, while the incorporation of hexafluoroleucine through over-
expression of LeuRS gave rise to a 22°C increase in melting temperature.'® >

The fluorophilic nature of fluorinated molecules was also captured in peptides

through the use of hexafluoroleucine.*> **

A leucine zipper peptide system with
hydrophobic cores composed entirely of leucine or 5,5,5,5,5°,5’-a-S-hexafluoroleucine
was chemically synthesized. At equilibrium, the homodimeric assembly was greatly
preferred over the heterodimer form as indicated by a disulfide-exchange assay. The
authors suggested that the instability of the heterodimer and the hyperstability of the
fluorinated dimer provided the driving force for preferential homodimer formation. This
study clearly demonstrates the ability to engineer specific protein-protein interaction
through the incorporation of fluorinated amino acids.

The effects of fluorination on the biological activity of proteins are also of great

interest. Upon incorporation, changes in activity could arise because fluorine produces a

global change in protein structure or conformational dynamics. It may also be that a
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particular aspect of catalysis is altered by the presence of fluorine near the active site. As

expected, the change in activity varies widely, from no effect to both an increase and a
decrease in activity, depending on the fluorinated amino acid, target protein, and the

.. . . 1. 34
position(s) of 1ncorporat10n.3 -3

For example, when STFL was incorporated in GCN4
peptides, the DNA binding activity as well as specificity were not affected.*” Similarly,
when 5TFI was incorporated into murine interleukin-2, the same maximal response as the
wild-type was observed.”> On the contrary, the global replacements of tyrosine by 2- and
3-fluorotyrosine in mutants of Aequorea victoria green fluorescent proteins resulted in
altered biophysical properties.*® As evidenced by these studies, the impact of fluorinated

amino acids on protein function is difficult to predict due to complexities still not well

understood.

1.3 Directed Evolution as a Complementary Tool

The effects of non-canonical amino acids are complex and in some cases can lead
to the perturbation of one or more properties. Therefore, a general technique, used in
conjunction with non-canonical amino acids, that recovers the lost property could
enhance the versatility of non-canonical amino acids. Among the numerous protein
engineering methods, directed evolution is one of the most effective and generalizable.*”
* Mirroring natural evolution, directed evolution aims to generate proteins with new or
improved properties by screening or selecting for the desired function from a large pool

. . 49-51
of protein variants.*"

By exploring the sequence space composed of 20 natural amino
acids, directed evolution has been used successfully to engineer proteins with enhanced

activity, thermostability, altered substrate specificity, and improved protein function in
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5255 Extending laboratory evolution to non-canonical amino

non-natural applications.
acids could yield functional proteins outfitted with novel chemistries.

There are a few key reasons why directed evolution has the potential to be an
excellent complement to the in vivo incorporation of non-canonical amino acids. First,
both techniques utilize recombinant DNA technology for the in vivo expression of target
proteins. Therefore, the two techniques can readily be performed concurrently. Diversity
is introduced at the DNA level through various genetic manipulations, which can then be
translated into protein variants containing non-canonical amino acids using auxotrophic
E. coli hosts and the medium shift procedure. Another attractive feature is that structural
information is not necessary to yield successful outcomes. Unlike other “rational” design
techniques that try to predict the amino acids responsible for key properties based on
structural information, directed evolution assumes no prior knowledge. This is important
since rarely is the structure known for proteins containing non-canonical amino acids.
Finally, directed evolution is very effective when used to obtain proteins that perform
“unnatural” tasks or function in “unnatural” environments. Clearly, nature did not evolve
proteins to include amino acids with fluorines, azides, ketones, etc. Therefore, when we
ask proteins to fold and function with “unnatural” amino acids, directed evolution has the
potential to provide significant improvements.

A preliminary study in our laboratory has shown promise in this regard. When
5TFL was incorporated into 11 leucine positions in chloramphenicol acetyltransferase,
the half life (/) of thermal inactivation of the enzyme at 60 °C was reduced by 20-fold.
Through two rounds of random mutagenesis and screening, a more thermostable,

fluorinated CAT was found, exhibiting 27-fold improvement in ¢,,,.
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1.4 Proteins of Interest

In this thesis, two types of model proteins are explored for the incorporation of
fluorinated amino acids. The first set of proteins belongs to the leucine zipper family
while the other is based on the enzyme chloramphenicol acetyltransferase. The following

sections briefly describe these two types of proteins.

1.4.1 Leucine Zipper Proteins

Leucine zippers constitute a subcategory of coiled-coils,”” widespread structural
motifs found both as the dominant structures in fibrous proteins and as oligomerization
domains in a variety of proteins.”® The existence of the leucine zipper motif was first
hypothesized by Landschultz, McKnight, and coworkers based on the study of C/EBP, an
enhancer binding protein found in rat liver.” %" They noted that a segment within the
DNA binding domain of C/EBP shared notable sequence similarities with regions of
Myec, Fos, and Jun transforming proteins as well as that of the yeast transcription factor
GCN4. When the sequences from these regions were displayed on an idealized a-helix,
Landschultz et al. discovered a periodic repetition of leucine residues at every seventh
position, forming an array of at least four leucine repeats in eight helical turns, hence the
name leucine zipper.

Frequently, the seven residue module is characterized by positions a through g,
where a and d positions are occupied by hydrophobic residues and e and g positions are
occupied by charged residues (Figure 1.2). The hydrophobic interactions of a and d
positions drive the intermolecular association of amphipathic a-helices.”!  Therefore,

leucine zipper proteins are ideal models for the study of fluorinated amino acids and their
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effect on protein structure and stability. The exaggerated hydrophobic and fluorophilic

nature of fluorocarbons can be examined in a protein context through the incorporation of
fluorinated amino acids into a and/or d positions. Since the roles of a and d positions
have been extensively studied and shown to primarily participate in hydrophobic
interactions, the analysis of the fluorination effects can be simplified. Furthermore,
several studies have already demonstrated the utility of leucine zippers in elucidating the

. . . . . 43. 4 2
effects of incorporating fluorinated amino acids.>® # 4% ©

Therefore, in this thesis,
leucine zipper proteins again served as the context in which to further our understanding

of fluorination of proteins.

1.4.2 Chloramphenicol Acetyltransferase
The effects of fluorination in the hydrophobic core of coiled-coils have been

. 36, 43, 45, 62-
explored by several laboratories.*® o4

However, the impact on global
incorporation of fluorinated amino acids into larger, more complex proteins has yet to be
studied in depth. Therefore, in order to extend the versatility of fluorinated amino acid
incorporation, analysis of proteins with different sizes, structures, and functions is
necessary. For this purpose, chloramphenicol acetyltransferase (CAT) was chosen.

CAT confers chloramphenicol resistance in bacteria by catalyzing acetyl-group
transfer from acetyl coenzyme A to the hydroxyl groups of the antibiotic.” Unlike
simple coiled-coil structures, CAT is comprised of a mixed six-stranded parallel and
antiparallel B-pleated sheet supported by six a-helices.’® As shown in Figure 1.3, CAT,

with a monomeric molecular weight of 27 kDa, assembles into a trimer where each

subunit extends its f-strand across the subunit interface to interact with its neighbor.
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Chloramphenicol binds in a deep pocket that is located at the interface between the

adjacent subunits of the trimer. CAT is readily expressed in E. coli and can be easily
assayed for activity and stability.®> ¢ ®® Furthermore, CAT has been previously evolved
successfully for various purposes.”® > ® Based on these factors, CAT is a suitable target

protein to explore fluorinated amino acid incorporation as well as directed evolution.

1.5 Thesis Objectives

Although numerous studies have begun to explore the effects of fluorination on
proteins, in order to fully capture the potential of fluorinated amino acids in protein
engineering, a more thorough understanding in a wider context is necessary. Also, the
ability to complement this technology with other protein engineering techniques would
further enhance its versatility. In addition, the insights gained through the exploration of
fluorinated amino acids could provide general understanding of non-canonical amino
acids and their impact on protein behavior. The work described in this thesis makes

important progress towards these goals.
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Figure 1.1 Non-canonical amino acids incorporated in vivo by the Tirrell laboratory.
Amino acids in black are accepted by the wild-type E. coli biosynthetic machinery.
Those in blue require the overexpression of wild-type E. coli aminoacyl-tRNA
synthetase. Amino acids in green require mutations in the editing site whereas those in
red require mutations in the active site of the aminoacyl-tRNA synthetase.
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Figure 1.2 Description of the leucine zipper motif. A: The linear sequences of leucine
zippers are characterized by repeats of heptads. The a and d positions are usually
occupied by hydrophobic residues such as leucine, valine, or isoleucine. The view down
the helix axis of a dimer leucine zipper indicates that the burial of a and d positions
drives the coiled-coil interaction. B: The crystal structure of GCN4-bZIP protein bound
to DNA containing the AFT/CREB recognition sequence.’’

‘{AD




16

Figure 1.3 The crystal structure of type III chloramphenicol acetyltransferase from E.
coli.” The ribbon representation is colored according to secondary structure succession.
The white balls correspond to chloramphenicols, which are located at the boundary
between adjacent subunits of the trimer.
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Chapter 2

Stabilization of bzip Peptides through

Incorporation of Fluorinated Aliphatic Residues

This chapter appeared as a full paper in Son, S., Tanrikulu, I. C., and Tirrell, D. A.
ChemBioChem 2006, 7, (8), 1251-1257.
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2.0 Abstract

Two fluorinated amino acids, 5,5,5-trifluoroisoleucine (5TFI) and 2S,3R-4,4,4-
trifluorovaline (4TFV), which have been shown to serve as isoleucine surrogates in
protein synthesis in Escherichia coli, have been incorporated in vivo into basic leucine
zipper (bzip) peptides derived from GCN4. The extents of residue-specific incorporation
of 5TFI and 4TFV were 90% and 88%, respectively, of the encoded isoleucine residues
as evidenced by MALDI mass spectrometry and amino acid analysis. Both circular
dichroism and equilibrium sedimentation studies of the fluorinated bzip peptides
indicated preservation of secondary and higher-order protein structure. Thermal
denaturation experiments showed an increase of 27 °C in melting temperature when
isoleucine was replaced by STFI. However, as compared to the peptide containing
valine, that containing 4TFV exhibited an increase in T, of only 4 °C. Similar trends
were observed in chemical denaturation studies where AAGynrq In water was determined
to be 2.1 and 0.3 kcal/mol upon incorporation of 5TFI and 4TFV, respectively. When the
fluorinated peptides were tested for DNA binding, both affinity and specificity were
similar to those of the respective hydrogenated peptides. These results suggest that
fluorinated amino acids, even when introduced into the same positions, can have
markedly different effects on the physical properties of proteins, while having little

impact on secondary and higher-order structure.
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2.1 Introduction and Background

The incorporation of non-natural amino acids into recombinant proteins has
enhanced the power and versatility of protein engineering.' In particular, introduction
of non-natural amino acids in multi-site fashion allows systematic engineering of the
overall physical behavior of recombinant proteins. Multi-site incorporation is easy to
implement and yields protein products in amounts sufficient for detailed physical
characterization.”? Fluorinated amino acids have been incorporated successfully at high
levels into several different proteins in vivo."”"> Fluorine atoms have slightly larger van
der Waals radii than hydrogen atoms (r(F) = 1.35 A, r(H) = 1.20 A), and the C-F bond is
0.4 A longer than the C-H bond.'® " Despite these differences, fluorinated amino acids
serve as excellent substrates for the natural biosynthetic machinery and generally cause

13, 18, 19

minimal structural perturbation. Fluorine atoms exhibit low polarizability, and

fluorocarbons yield higher contact angles with water than their hydrocarbon counterparts,

suggesting enhanced hydrophobic character.”

In light of the fact that hydrophobic
forces play key roles in protein folding and protein-protein interactions, incorporation of
fluorinated amino acids might be expected to alter protein stability and binding behavior.
Indeed, Marsh and coworkers found that the AAGynsiq increase resulting from the
incorporation of L-5,5,5,5°,5°,5’-hexafluoroleucine (hFLeu) into a four-a-helix bundle,
0.3 kcal/mol per hFLeu, could be attributed to the increase in hydrophobicity of the side
chain, determined experimentally to be 0.4 kcal/mol per hFLeu from partitioning

measurements of hFLeu and leucine.?’ Similar trends were reported in recent work by

Kumar and coworkers and by this laboratory, wherein fluorinated aliphatic residues were
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inserted into the interhelical interfaces of coiled-coil peptides, resulting in enhanced

stability with respect to thermal and chemical denaturation.'® 181922 1 addition, we
have found that protein function can be retained following introduction of fluorinated
amino acids, as shown by the DNA binding affinity and specificity of fluorinated
peptides derived from GCN4, as well as by preservation of the activity of murine
interleukin-2 activity following replacement of isoleucine by 5,5,5-trifluoroisoleucine.'>

18

Fluorination has also been shown to serve as a tool for engineering of protein-

.. . 4
protein interactions.”* *

Kumar and coworkers found that mixtures of hydrogenated and
fluorinated coiled-coil peptides exhibited striking self-sorting behavior with a strong
preference for homodimeric assembly.

In order to explore more fully the prospects for using fluorinated amino acids to
control protein folding and protein-protein interaction, we have examined the
consequences of introducing 2S,3R-4,44-trifluorovaline (4TFV) and 5,5,5-
trifluoroisoleucine (STFI) into coiled-coil peptides derived from GCN4. We find striking

differences in the effects of these two amino acids on the stability of the coiled-coil

assembly.

2.2 Materials and Methods

2.2.1 Fluorinated Amino Acids

4,4,4-DL-trifluorovaline was purchased from Matrix Scientific (Columbia, SC)

and used without further purification. We have shown previously that only the 2S,3R-
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isomer of 4,4,4-trifluorovaline is incorporated into recombinant proteins expressed in E.
coli.”® 5,5,5-DL-trifluoroisoleucine was synthesized according to published procedures

with slight modifications.'? ¥

2.2.2 Cloning of the Mutant bzip DNA Construct

The DNA sequence used to encode the mutant bzip peptides was derived from the
yeast transcription factor, GCN4. The peptides include the DNA binding domain as well
as the dimerization (zipper) domain, which together account for 56 residues in the C-
terminal region of GCN4.* Apart from the valine/isoleucine substitutions in the a-
positions of the heptad repeats, the DNA sequences closely resemble the S. cerevisiae
sequence encoding the C-terminal region of GCN4 with a few silent mutations to reflect
preferred codon usage of E. coli. To facilitate purification, an N-terminal His-tag was
fused to the bzip peptides, resulting in sequence 1a.

Oligonucleotides (prepared in the Caltech DNA Synthesis Facility) were annealed
to yield DNA duplexes that encode both the basic and zipper regions. Following
phosphorylation and purification, the duplex was ligated into Sacl/HindIll digested
pQE30 (Qiagen) and used to transform E. coli cloning strain XL1-Blue. The expression
plasmid pQE30 contains a TS promoter and two /ac operator sequences that allow tight
regulation of expression. The plasmids isolated from the transformants, designated pQE-
INL, were verified by sequencing.

Cloning of the DNA construct VNL was facilitated by the original design of the
pQE-INL, which allowed simple replacement of the zipper domain through a restriction

site. Oligonucleotides encoding the new zipper domain were synthesized and annealed.
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Following purification and phosphorylation, the duplex was ligated into Pstl/HindIll

digested pQE-INL. This digestion allowed release of only the zipper domain of INL, and
insertion of a new zipper with Val replacing Ile at each of the a-positions of the heptad
repeats. The resulting plasmid, designated pQE-VNL, was transformed into XL1-Blue
and verified by sequencing.

To enhance incorporation of 4TFV into the mutant peptide tfv-VNL, an isoleucyl-
tRNA synthetase (11eRS) gene, cloned directly from E. coli genomic DNA, was inserted

into Nhel digested pQE-INL.>> The resulting plasmid was designated pQE-INL-IRS.

2.2.3 Construction of the Protein Expression System

An isoleucine auxotrophic derivative of E. coli strain BL21(DE3), designated Al
(E. coli B F ompT hsdS(rg mp) gal dem A(DE3) ilvD691), constructed in our laboratory,
was used as the host strain for protein expression.”” The repressor plasmid pLysS-IQ was
constructed by Sharma in our laboratory, and carried the lacl? gene for lag repressor.7
The AI strain with the repressor plasmid pLysS-IQ was designated AI-IQ. The final
expression system AI-IQ[pQE-INL] for the expression of INL and tfi-INL was obtained
by transformation of pQE-INL into AI-IQ. The expression strains for VNL and tfv-VNL
were constructed similarly and designated AI-IQ[pQE-VNL] and AI-IQ[pQE-INL-IRS],

respectively.

2.2.4 Protein Expression and Incorporation of STFI and 4TFV into Mutant bzip Peptides
M9 minimal medium (1 L) supplemented with 1 mM MgSQO,, 1 mM CaCl,, 0.4

wt% glucose, 1 mg/L thiamine, and the antibiotics ampicillin (100 mg/L) and
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chloramphenicol (35 mg/L) was inoculated with 10 mL of fresh overnight culture (M9)

of the expression strain. After the culture had grown to ODgg of 1.0, a medium shift
procedure was performed. Cells were sedimented by centrifugation for 8 minutes at 6000
g at 4 °C. The supernatant was removed and the cell pellets were washed twice with
0.9% NaCl. The cell pellet was then resuspended in 1 L M9 medium supplemented with
5TFI or 4TFV (200 mg/L or 300 mg/L, respectively). IPTG (1 mM) was added after 10
minutes to induce protein expression. Cells were collected after 4 hours by centrifugation

(6000 g, 10 min, 4 °C).

2.2.5 Protein Purification

Harvested cells were resuspended in Buffer A, pH 8.0 (30 mL; 6 M GuHCI, 0.1
M NaH,PQO,, 0.01 M TrisCl) and stored at -80 °C overnight. The cells were thawed on
ice and shaken slowly at room temperature for 30 minutes to effect complete lysis. Cell
debris was sedimented (10,000 g, 30 min, r.t.), and the supernatant was applied to a Ni-
NTA column. Following a series of washes with Buffer A ranging from pH 7.0 to 5.9,
target protein was eluted at pH 4.5. The purified protein was subjected to matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS) and amino acid analysis.
Amino acid analysis was performed at W. M. Keck Facility at Yale University using a
Beckman Model 7300 ion-exchange instrument following a 16 hour hydrolysis at 115 °C
in 100 pl of 6 N HCI, 0.2% phenol that also contains 2 nmol norleucine. Because both
5TFI and 4TFV coeluted with either a natural amino acid or standards used in the

analysis, the percent incorporation was calculated by the absence of natural Ile.
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2.2.6 Analytical Ultracentrifugation

Sedimentation equilibrium analysis was performed on a Beckman XLI Analytical
Ultracentrifuge, recording radial absorbance at 236 nm. Initial peptide concentrations
ranged from 10 to 50 uM and data were collected at 20 °C. The peptides were prepared
in and dialyzed against PBS buffer (137 mM NaCl, 2.7 mM KCl, 43 mM
Na,HPO47H;0, pH 7.4). Data were collected at three speeds (32,000, 38,000, and
45,000 rpm for VNL and tfv-VNL; 34,000, 40,000, and 47,000 rpm for INL and tfi-INL)
until equilibrium was reached as verified by the program WinMatch.”® Equilibrium was
reached within 24 hours in all experiments. The program WinReedit was used to select
the ranges of data for further analysis and the equilibrium distributions were then fit
globally using the software Winnl106.>' The program Sednterp was used to calculate the
solvent density and the protein partial specific volume from the amino acid composition
of each protein, substituting leucine and valine for 5TFI and 4TFV, respectively, in the

fluorinated peptides for lack of available data. >

2.2.7 Circular Dichroism Spectroscopy

Circular dichroism spectra were recorded on an Aviv 62DS spectropolarimeter.
All experiments were performed in a rectangular cell with path length of 1 mm with a
thermostatically controlled cuvette. Protein concentrations were determined using the
Bradford assay (BioRad, Hercules, CA). Guanidine hydrochloride (GuHCI)
concentrations were based on dry weight of 99.8% UltraPure guanidine hydrochloride

(Sigma, St. Louis, MO). In preparing GuHCl solutions of various concentrations, an 8 M
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GuHCI solution was prepared and diluted with appropriate amounts of PBS buffer, pH

7.0.

Wavelength scans were performed at 4 °C from 255 to 195 nm. Data points were
collected every 1 nm with an averaging time of 5 seconds at each wavelength. For each
sample, the scan was performed three times and averaged. The CD deconvolution
software, CDNN, was used to calculate the helical content from the mean residue
ellipticity vs. wavelength data.>

Temperature scans were performed at 222 nm from 0 °C to 100 °C with points
taken every 1 °C. Two scans were performed on a single sample and averaged. Each
data point was collected after 1 minute of thermal equilibration at the desired temperature
with an averaging time of 20 seconds at each temperature.

Thermodynamic quantities were estimated from the thermal melts by fitting the
denaturation curves to a monomer-dimer equilibrium according to procedures published
by Schneider and coworkers.”* Mean residue ellipticity at 222 nm was fit as a function of
temperature and total peptide concentrations using Origin7 software (Northampton, MA)
using a 1 M peptide standard state. The data were obtained from global fits of thermal
denaturation data at peptide concentrations of 20 and 50 pM. All thermodynamic
quantities were calculated on a per mole of monomer basis.

Chemical denaturation curves were obtained from guanidine hydrochloride
titration experiments. Two stock solutions of 20 uM peptide concentration were prepared
for each peptide, one in 0 M GuHCI (PBS, pH 7) and the other at 8 M GuHCI (pH 7).
For each desired GuHCI concentration, appropriate amounts of each stock solution were

mixed and allowed to reach equilibrium at the set temperature of 25 °C.
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Thermodynamic quantities were estimated from chemical denaturation

experiments as described above, except the fitting was done at a particular concentration
(rather than as a global fit). The apparent free energy difference between folded dimer
and unfolded monomer states is assumed to be linearly dependent on the GuHCl

concentration.!® Therefore, AG® can be written as

AG® = AGY,, — m|GuHCI]

All thermodynamic quantities reported are per mole of monomer.

2.2.8 Gel Retardation Assay

Oligonucleotides  containing the CREB binding site (CREB, 5’-
TGGAGATGACGTCATCTCCT-3") and the non-specific sequence (NON, 5°-
GATCCCAACACGTGTTGGGATC-3") were synthesized at the Caltech DNA Synthesis
Facility. The oligonucleotides were labeled with y-[**PJATP using polynucleotide
kinase, annealed, and purified. Serially diluted solutions of peptides (0 to 100 nM, in
PBS) were made from a single stock and a constant concentration of labeled DNA (< 480
pM) was added. The reactions were incubated at 4 °C for 30 minutes, and 8 uL of each
reaction was loaded onto a running 5% polyacrylamide gel and run at 2 watts, 5 °C for
1.5 hours. Free and protein-bound DNA was visualized by autoradiography. The relative

intensities of the bands were measured by densitometry.



31
2.3 Results and Discussion

2.3.1 Design Principles

The current study explores the effects of fluorination on two mutant bzip peptides
derived from the yeast transcription factor GCN4. These two peptides are identical to the
56 residues in the C-terminal region of GCN4, except for the amino acids in the a-
positions of the heptad repeats. As shown in Figure 2.1, four of the five amino acids in
the a-positions have been mutated to either isoleucine or valine, to yield peptides
designated INL and VNL, respectively. Three of the five a-position amino acids are
valines in wildtype GCN4. The conserved asparagine in the a-position of the third
heptad repeat was retained in the design of all target proteins because of its important role
in determining oligomerization state, orientation specificity, and the overall geometry of

the coiled-coil.>>>8

2.3.2 Expression of Mutant bzip Peptides and Their Fluorinated Counterparts

The four peptides of interest, INL, VNL, tfi-INL, and tfv-VNL, were expressed in
E. coli according to established procedures.'>* All four proteins expressed in good yield
and were purified cleanly by nickel-affinity chromatography (Table 2.1). The
incorporation of STFI and 4TFV into tfi-INL and tfv-VNL, respectively, was confirmed
by MALDI-TOF mass spectrometry and quantitative amino acid analysis. The results
indicate that the incorporation level was 88% or higher in all samples (Table 2.1, Figure

2.2), with STFI being incorporated at slightly higher levels than 4TFV. These results are
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consistent with previous reports of incorporation of STFI and 4TFV into recombinant

. 13,25
proteins.

2.3.3 Equilibrium Sedimentation of Mutant bzip Peptides

Equilibrium sedimentation experiments showed all four mutant bzip peptides to
be predominantly dimeric in the concentration range of interest in this study. The
equilibrium profiles were fit to a model assuming a single species to yield an average
molecular weight that corresponds to the dimeric form of each peptide (VNL and tfv-
VNL: 17,400 + 300, INL and tfi-INL: 17,300 + 300). In all fits, the square root of the
variance ranged between 5x10° and 8x107. These results indicate that the incorporation
of 5TFI and 4TFV into mutant bzip peptides preserves the oligomerization state and

dimerization affinity characteristic of the coiled-coil region of GCN4.

2.3.4 Spectroscopic Characterization

All four proteins are highly helical at 4 °C as evidenced by strong minima at 222
and 208 nm in the CD spectrum (Figure 2.3). At 20 uM peptide concentration, the molar
ellipticity at 222 nm indicates 45 to 48% helical content.” The spectra of the
hydrogenated and fluorinated peptides are essentially coincident, suggesting nearly
identical secondary structures. These results are consistent with our expectation that
incorporation of 5TFI and 4TFV would not disrupt the folding of the coiled-coil
structure.'® '

Thermal stability was determined by monitoring the molar ellipticity at 222 nm as

a function of temperature. The melting experiments were performed in PBS for VNL and
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tfv-VNL, while INL and tfi-INL experiments required 3 M guanidine hydrochloride

(GuHC)) in order to observe complete melting of the peptides. Incorporation of either
4TFV or STFI into mutant bzip peptides gave rise to increased dimer melting
temperatures (Figure 2.4); however, the difference in thermal denaturation temperature
between INL and tfi-INL (27 °C) is much greater than that between VNL and tfv-VNL (4
°C) at 20 uM peptide concentration. Based on global analysis of the thermal unfolding
curves at two different concentrations (20 uM and 50 pM), the free energy of unfolding
at 25° C of tfi-INL is estimated to be 2.3 kcal/mol greater than that of INL. The
corresponding change in unfolding free energy is only 0.4 kcal/mol when valine is
replaced by 4TFV in tfv-VNL.

The stability of each peptide toward chaotropic reagents was determined through
GuHCI titration experiments. The results of the chemical denaturation study were
consistent with those of the thermal unfolding experiments. At 25 °C, the concentration
of GuHCI needed to unfold 50% of the sample was higher for both of the fluorinated
peptides as compared to their hydrogenated counterparts (Figure 2.5). The apparent free
energy of folding in the absence of GuHCI (AG®) calculated at 25 °C was 16.6 + 0.5
kcal/mol for tfi-INL vs. 14.5 + 0.5 kcal/mol for INL. The corresponding values for tfv-
VNL and VNL were determined to be 8.7 + 0.3 kcal/mol and 8.4 + 0.4 kcal/mol,
respectively. Literature values for AG® of GCN4-p1, the 33-residue leucine zipper region
of GCN4, range from 8.0 to 10.5 kcal/mol at temperatures of 4 to 25 °C.'* 1340

The enhancement in stability caused by replacement of valine by 4TFV was much
smaller than that caused by replacement of isoleucine by STFI. The smaller stabilizing

effect of 4TFV can be inferred from previous results as well. Tang and coworkers found
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an increase of 13 °C in the melting temperature of GCN4-pl when the four d-position

leucine residues were replaced by‘ trifluoroleucine.”® When Kumar and coworkers made
the further substitution of three valine residues by trifluorovaline, a nearly identical (15
°C) increase in melting temperature was observed.'” Although quantitative comparison
may be frustrated by differences in experimental conditions, these results suggest that
most of the stability enhancement observed by Kumar and coworkers arose from
fluorination of the d-position leucine residues.

The 27-28 °C increase in thermal melting temperature associated with
fluorination of the four isoleucine residues in the a-positions of INL is remarkable.
Although we do not know why STFI yields a larger increase in Ty, than 4TFV, we
suggest that the difference may arise from both entropic and packing effects. Upon helix
formation, valine loses substantial side chain entropy through steric clashes between its -
methyl groups and the helix backbone.”!  Given the increased steric bulk of the
trifluoromethyl group, it is reasonable to propose that 4TFV suffers further loss of
conformational entropy, and that the entropy loss largely negates the stabilizing effect of
the increased hydrophobicity of 4TFV. An alternative, and perhaps complementary,
explanation may be found in the unique stabilizing effect of the homotypic interaction
between isoleucine residues in the a- and a’-positions of the dimeric coiled coil.*?
Vinson and coworkers attribute this effect to special packing properties of the isoleucine
side chain — packing properties that may allow more complete burial of the

trifluoromethyl group in 5TFI as compared to that in 4TFV.
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2.3.5 DNA Binding Studies

One of the goals of protein engineering is create proteins that resist denaturation
but exhibit normal or enhanced activity.”> ** In that context, it was of interest to us to
determine whether tfi-INL and tfv-VNL can bind DNA with affinities and specificities
similar to those of their hydrogenated counterparts. Qualitative determination of DNA
binding activity was performed by CD analysis. Because the DNA-binding domain of
GCN4 is conformationally disordered in the absence of DNA and becomes helical only
when bound to target DNA, monitoring of the helical content of the peptide serves as an
indicator of DNA binding.*>* As mentioned earlier, in the absence of DNA-binding
partners, the peptides of interest were 45 to 48% helical. When oligonucleotides
containing the CREB target binding sequence were added, all four peptides showed more
intense CD minima at 208 and 222 nm, corresponding to increases in helical content to
56 to 58% (Figure 2.6). The similarity of the spectroscopic changes observed for the
fluorinated peptides and their natural counterparts upon addition of target DNA implies
similar DNA binding behavior.

Gel-retardation assays were used to explore the affinity and specificity of DNA
binding. The mobility shift assay indicated that the binding affinity and specificity do not
change upon incorporation of fluorinated amino acids (Figure 2.7). Based on
densitometric analysis, the values of K4 were found to be indistinguishable for tfi-INL
and INL (12.0 + 0.6 nM and 12.8 + 0.6 nM, respectively) and for tfv-VNL and VNL
(12.1 + 0.5 nM and 12.3 + 0.6 nM, respectively). These values are similar to those of a
control peptide with a wild-type GCN4 sequence (11.3 + 0.9 nM), and correlate well with

previous measurements on GCN4.%> 4> 03 At concentrations up to 100 nM, none of the
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peptides showed detectable binding to a non-specific oligonucleotide sequence. These

results indicate that the DNA binding affinity of bzip peptides can be maintained upon
introduction of fluorinated amino acids, consistent with previous studies of fluorinated

variants of GCN4-p1.'®

2.4 Conclusions

The fluorinated aliphatic amino acids STFI and 4TFV are both incorporated
efficiently into bzip peptides in vivo and both yield coiled-coil dimers of enhanced
stability. Surprisingly, when introduced into the same positions within the protein, STFI
gives rise to an increment in the free energy of unfolding of ca. 2.3 kcal/mol, while 4TFV
incorporation results in a much smaller increase (ca. 0.3 kcal/mol) in stability.
Incorporation of STFI or 4TFV into mutant bzip peptides leaves DNA binding affinity
and specificity unchanged. We are continuing to explore the use of fluorinated amino
acids (and other non-canonical amino acids) to control protein structure, function, and

stability.
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Table 2.1 Protein yield and extent of amino acid replacement in mutant bzip peptides.
Molecular weight was measured by MALDI-TOF analysis. The theoretical molecular
weights of tfi-INL and tfv-INL were calculated by assuming 100% replacement of all
four isoleucines by fluorinated amino acids. The extent of replacement was determined
both by amino acid analysis and by MALDI-TOF analysis of tryptic fragments.

Protein Yield Molecular Weight % Replacement
(mg/L) (Measured, Theoretical) (AAA, MALDI)
INL 41 8586.3, 8584.9 N.A.
tfi-INL 30 8803.7, 8800.9 90.0, 90.1
VNL 38 8530.5, 8528.8 N.A.
tfv-VNL 27 8744.0, 8744.8 87.8, 88.0
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Figure 2.1 Description of the model system: 1a amino acid sequences of bzip peptides
INL and VNL, 1b chemical structure of (25, 3R)-5,5,5-trifluoroisoleucine (5TFI), 1c
chemical structure of (25, 3R)-4,4,4-trifluorovaline (4TFV), 1d schematic of the coiled-
coil region of the zipper peptides with four a-positions highlighted based on the x-ray
crystal structure of GCN4.>*

la MRGSHHHHHHGSACELMDPAALKRARNTEAARRSRARKLQR I/V
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Figure 2.2 MALDI analysis of mutant bzip peptides following trypsin digestion. A
fragment of sequence NYHLENEIAR (residues 56-65), yields the spectra shown. (A)
fragments digested from tfv-VNL, (B) fragments digested from tfi-INL.

1298.5
(A)
NYHLENEV*AR
NYHLENEIAR A m/z=39.9
1258.6 * >
1200 1240 1280 1320 1360 1400
(B) 1312.6
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NYHLENEIAR
1258.6 Am/z =54.0
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Figure 2.3 Circular dichroism spectra of 20 pM INL (closed circles), tfi-INL (open
circles), VNL (closed triangles), and tfv-VNL (open triangles) in PBS (10 mM
phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4) at 4 °C. The minima at 222 and 208 nm
indicate that all peptides are a-helical.
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Figure 2.4 Thermal denaturation of mutant bzip peptides monitored by CD ([6222]). (A)
Thermal unfolding profiles for VNL and tfv-VNL at 20 pM (open symbols) and 50 pM
(closed symbols) in PBS (10 mM phosphate, 137 mM NaCl, 2.7 mM KCI, pH 7.4). At
20 uM, the values of Ty, for VNL and tfv-VNL are 57 and 61 °C, respectively. (B)
Thermal unfolding profiles for INL and tfi-INL at 20 pM (open symbols) and 50 uM

(closed symbols) in 4 M GuHCl, 10 mM phosphate, pH 7.0 solution. At 20 uM, the
values of Ty, for INL and tfi-INL are 33.5 and 60 °C, respectively.
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Figure 2.5 Guanidinium hydrochloride (GuHC]) titration of (A) VNL (closed circles)
and tfv-VNL (open circles), and (B) INL (closed squares) and tfi-INL (open squares).
Data were recorded at 25 °C. The ellipticity was monitored at 222 nm at a peptide
concentration of 20 uM.
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Figure 2.6 CD spectra for INL (squares), tfi-INL (triangles), VNL (circles), tfv-VNL
(diamonds) with (open symbols) and without (closed symbols) CREB at 4 °C. Based on
the molar ellipticity at 222 nm, the peptide helicity increased from ~45-48% to 56-58%
upon DNA binding. Both the DNA and protein concentrations were 20 uM in PBS.
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Figure 2.7 Mobility shift assay of VNL (closed triangles), tfv-VNL (open triangles),
INL (closed squares), and tfi-INL (open squares) binding to oligonucleotides containing
the CREB binding site (5-TFGAGATGACGTCATCTCCT-3’). Similar binding
affinities were observed for all four peptides. No binding to the non-specific sequence

(5°-GATCCCAACACGTGTTGGGATC-3’) could be detected in this concentration
range (data not shown).
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Chapter 3

Biosynthesis of Stable Coiled-Coils Bearing (25, 4R)-5°,5°,5-

Trifluoroleucine and (28, 45)-5°,5’,5°-Trifluoroleucine

The synthesis of (28, 4R)-5°,5’,5’-trifluoroleucine and (28, 45)-5°,5,5-trifluoroleucine
was performed by Ginevra Giorgi and Krishna Kumar. The remaining work was

completed in collaboration with Jin Montclare.
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3.0 Abstract

Stereochemical effects on two trifluoroleucine isomers were explored with respect
to their ability to support protein biosynthesis as well as their effects on protein structure
and function. In a leucine-auxotrophic E. coli expression host, in vivo incorporation
assays showed efficient translation of A1, a de novo engineered coiled-coil protein, in the
presence of either stereoisomer. /In vitro activation assays using the wild-type E. coli
leucyl-tRNA synthetase revealed 100- and 900-fold slower activation rates for SS- and
SR-TFL, respectively, as compared to leucine. Jn vivo incorporation levels were
consistent with the in vitro kinetic results, with higher levels of replacement (91%) for
SS-TFL than for SR-TFL (80%), as determined by quantitative amino acid analysis.
Upon incorporation of either stereoisomer, secondary structure was unaffected while an
11 °C increase in Ty, was observed. However, an equimolar mixture of SS- and SR-A1
exhibited a further increase of 3 °C in Ty, as compared to that of the homodimers,

suggesting improved packing between stereochemically different trifluoroleucines.
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3.1 Introduction and Background

Non-canonical amino acid incorporation into proteins provides a powerful
technique for the creation of macromolecules with novel properties.' In particular,
5°,57,5 -trifluoroleucine (TFL, 2), has been utilized as a hyperhydrophobic leucine
surrogate in various contexts (Scheme 3.1).>® When incorporated into the hydrophobic
cores of certain coiled-coil proteins, TFL triggers an increase in stability, rendering
proteins more resistant toward both thermal and chemical denaturation.” ® Furthermore,
due to its nearly isosteric nature as compared to leucine, native protein folds and
biological activity are retained in many circumstances.” The canonical amino acid,
leucine (1), contains no other stereogenic centers besides C,. However, replacement of a
methyl group by a trifluoromethyl group at C, introduces an additional stereogenic

center, resulting in two possible stereoisomers, (25, 45)-5°,5°,5 -trifluoroleucine (3) and

(28, 4R)-5°,5°,5’-trifluoroleucine (4).

Scheme 3.1 Structures of leucine and its fluorinated analogs. * designates both S and R
forms.

O

COOH  HoN COOH HaN COOH HoN COOH

The fidelity of translational incorporation is governed in part by the activation of

the amino acid by the aminoacyl-tRNA synthetase (AARS). Although some AARSs
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have been known to be tolerant to non-canonical substrates, they also can demonstrate

stereoselectivity for particular amino acids and analogs. Isoleucine is one of two
canonical amino acids that contain two chiral centers: one at the o carbon and another at
the p carbon. The (25, 3S) stereoisomer of 2-amino-3-methyl-heptanoic acid is
incorporated into proteins naturally. The (25, 3R) isomer is not incorporated into
proteins, although there is evidence that it is bound and activated by isoleucyl-tRNA
synthetase (I1eRS).">"* The importance of stereochemistry also carries over to non-
canonical amino acids in determining their possible fate as a substrate for protein
synthesis in E. coli. Recent results demonstrate that the isoleucine analog 2-amino-3-
methyl-4-pentenoic acid is accepted only in its (25,35) form, while 4,4,4-trifluorovaline
(4TFV) is accepted only in its (25,3R) form,'* '* indicating that stereochemistry can
influence incorporation levels. Since stereochemistry can be critical for protein
translation, we sought to explore whether the leucyl-tRNA synthetase (LeuRS) exhibited
a stereochemical preference for either of the trifluoroleucines.

Here, we investigate the effects of TFL stereochemistry on protein synthesis and
stability. We demonstrate that both 3 and 4 are activated and incorporated into
recombinant proteins prepared in Escherichia coli. Coiled-coil homo- and heterodimers
bearing 3 or 4 exhibit improved stability, with the heterodimer showing enhanced thermal

stability relative to the homodimers.

3.2 Materials and Methods

3.2.1 Fluorinated Amino Acids
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The amino acids 3 and 4 were obtained from Prof. Krishna Kumar, while the

mixture of D,L-trifluoroleucine was purchased from Oakwood Products (West Columbia,

SC).

3.2.2 Protein Biosynthesis and Purification

Leucine auxotrophic E. coli strain LAM1000 transformed with pREP4 (Qiagen)
was used as the host to express Al, which was encoded within pQEA1 under the control
of a T5 promoter. Protein expression and purification were performed as described

previously.”

3.2.3 Protein Characterization

CD data were collected on an Aviv 62DS spectropolarimeter (Lakewood, NJ)
using a 1 mm path length cell. Protein solutions, all at 10 uM concentration, were
prepared in phosphate buffered saline, pH 7.4. Wavelength scans were taken from 195 to
250 nm with points taken every 1 nm. Temperature scans were performed from 0 to 95

°C in 1.5 °C steps. Each plot represents an average of three scans.

3.2.4 Activation Kinetics

An N-terminal hexahistidine-tagged LeuRS fusion was expressed and purified as
previously reported.'® Measurement of the rates of activation of leucine and analogs was
performed by an ATP-PP; exchange assay. The assay buffer conditions were 30 mM
HEPES, pH 7.4, 10 mM MgChL, 1 mM DTT, 2 mM ATP, and 2 mM [**P]-PPi (0.5

TBg/mol). A fixed concentration of 75 nM of Hiss-LeuRS was used. Depending upon
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the activity of the enzyme toward the substrate, the following concentration ranges were

chosen for kinetics (1: 0.6-312.5 uM; 2, 3, 4: 6.1-6250 uM). At various time intervals,
the reaction mixture was quenched by addition of 200 mM PP;, 7% w/v HCIO4 and 3%
activated charcoal. The charcoal was washed twice with 10 mM PP; and 0.5% HCIOy,
and the absorbed ATP was counted via liquid scintillation counting. Kinetic parameters
(keqr and K,;) were determined by nonlinear curve fitting of the data to a Michaelis-

Menten model.

3.3 Results and Discussion

3.3.1 Biosynthesis of Al in the Presence of 3 and 4

The stereoisomers 3 and 4 were evaluated for incorporation into the de novo
engineered leucine zipper protein, Al1'7, using an E. coli auxotrophic strain. As a control,
Al was also expressed in the presence of 1. SDS PAGE results show that both 3 and 4
efficiently supported protein synthesis as indicated by the strong bands in lanes d and e,
respectively (Figure 3.1). The enhanced electrophoretic mobility of the fluorinated
proteins relative to the control lane (b) was consistent with earlier observations of the
behavior of Al prepared in cultures supplemented with 2.” Following purification on a
Ni-NTA affinity column, protein yields were determined to be 18 + 4 mg/L and 9 + 3
mg/L for proteins bearing 3 (SS-Al) and 4 (SR-A1), respectively, compared to 45 + 6

mg/L for Al prepared with 1 (Leu-Al).
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3.3.2 Determination of Replacement Levels of 3 and 4

MALDI mass spectrometry analysis of tryptic Al fragments was performed to
detect the extent of substitution by 3 or 4. The fragment,
LKNEIEDLKAEIGDLNNTSGIR, corresponding to residues 46-67 of Al with expected
mass of 2442.7 Da, contains three leucine sites. Fragments that correspond to 0, 1, 2, and
3 sites of replacement of leucine by either 3 or 4 were observed (Figure 3.2). The
expected mass difference of 57 Da was observed for each leucine substitution. MALDI
and quantitative amino acid analysis indicated extents of incorporation of 81 + 4 % for

SR-A1 and 89 + 4 % for SS-Al.

3.3.3 In Vitro Kinetic Assays

The rates of activation of 1 and fluorinated analogs 2-4 by LeuRS were
characterized by an in vitro ATP-PP; exchange assay. The kinetic parameters are shown
in Table 3.1. The k../K,, values demonstrated that 3 was a better substrate for LeuRS
than 4, by approximately nine fold, consistent with the slightly higher yields and
incorporation levels mentioned above. As expected, kc./Kn, for 2 fell between the values
of 3 and 4. The activation rates for both 3 and 4 were within the range of rates that have
been shown to support protein synthesis in conventional hosts for other non-canonical
amino acids.'® The fact that both 3 and 4 are incorporated into proteins in E. coli is also
consistent with a previous study that demonstrated the incorporation of hexafluoroleucine
into proteins when E. coli LeuRS was overexpressed.16 Fluorination at either of the Cs

positions is tolerated by LeuRS with a slight preference for the SS stereoisomer.
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3.3.4 Characterization of SS-A1 and SR-A1

The secondary structures of the fluorinated and leucine forms of Al were
examined by circular dichroism (CD) spectroscopy. Because the proteins can form
dimers, Leu-Al, SR-Al, and SS-Al represent homodimers, whereas the equimolar
mixture of SR-A1 and SS-Al might form the heterodimer. All four spectra overlapped
with one another, exhibiting greater than 90% helical content as determined from molar
ellipticity at 222 nm (Figure 3.3A). Incorporation of TFL does not affect the secondary
structure of the proteins.

Previous studies illustrated that the incorporation of fluorinated amino acids into
the hydrophobic core enhanced the thermostability of coiled coils.® > ¥ However the
extent of stabilization varied depending on what type of fluorinated amino acid was
used.!® " To establish if stereochemistry influenced the stability of coiled coils, thermal
denaturation experiments were conducted and monitored via CD spectroscopy (Figure
3.3B). Both SR-Al and SS-A1l displayed melting temperatures (Tr) 11 °C higher than
that of Leu-Al. However, the equimolar mixture of the SR-A1 and SS-A1 heterodimer
showed an additional 3 °C increase in Ty, beyond that of the pure SS-Al or SR-Al
homodimers. Although this further enhancement in thermostability was modest, it may
be attributed to the ability of the coils to pack more compactly into dimers due to the
stereochemical differences.” As a reference point, when 2 was used in the expression of
Al, the AT,, was 13 °C.” This melting temperature was similar to the melting

temperature observed here for the heterodimer.
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3.4 Conclusions

Contrary to previous studies with isoleucine and valine analogs, this work
demonstrates a limited stereochemical preference by LeuRS with respect to fluorination
of C,.'> " Both the SR and SS stereoisomers of TFL are incorporated into the protein
where 3 is activated more rapidly than 4 by 9-fold. This is supported by evidence of
higher protein yields for SS-Al relative to SR-Al and increased incorporation levels
when Al is expressed in media supplemented with 3 versus 4. Neither stereoisomer
appears to alter the coiled-coil structure, and substitution of leucine with either 3 or 4
equally enhances the thermostability of the homodimers. The heterodimer shows an
additional increase in stability. Further exploration of stereochemical effects on protein

stability is underway.



Table 3.1 Kinetic parameters for activation of 1-4 by E. coli LeuRS?

Substrate Ko (uM) keat 57) | keadKem (vel)
1 169+4.5 |4.22+0.35 1
2 659 +103 1 0.40+0.03 1/412
K] 252+ 92 0.59 + 0.05 1/107
4 708 280 | 0.19+0.02 1/933

* Substrate 1 was used as the L-isomer; 2 as the mixture of (25, 45), (25, 4R), (2R, 45),
and (2R, 4R) forms with the concentration referring only to the 2§ forms; 3 as (25, 45)
and

form

4

as

the
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Figure 3.1 SDS-PAGE evidence of incorporation of 3 and 4 into recombinant protein
Al. Lane a: uninduced, lane b: 20 amino acids (+L), lane ¢: 19 amino acids (-L), lane d:
19 amino acids (-L) plus 3 (250 uM), lane e: 19 amino acids plus 4 (250 uM).
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Figure 3.2 MALDI mass spectra of the tryptic fragment corresponding to residues 46
through 67 from Al expressed in media supplemented with either 1 A), 3 B), or 4 C).
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Figure 3.3 Circular dichroism spectra of Leu-Al (0), SR-Al (£), SS-Al (+), and

equimolar mixture of SR-A1 and SS-A1 (). A: Wavelength scan at 1 °C, 10 uM protein
concentration, PBS buffer, pH 7.4. B: Thermal denaturation (1.5 °C interval, 1 minute

equilibration time, 10 second averaging time) at 10 pM protein concentration, PBS
buffer, pH 7.4.
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Chapter 4

Laboratory Evolution of Chloramphenicol Acetyltransferase

Containing Trifluoroisoleucine

Portions of this chapter are adapted from a paper in preparation by Soojin Son and David

A. Tirrell.
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4.0 Abstract

Laboratory evolution was utilized to generate a fluorinated chloramphenicol
acetyltransferase (CAT) whose activity was comparable to that of the wild-type enzyme.
Upon in vivo incorporation of 5,5,5-trifluoroisoleucine into nine isoleucine positions
within CAT, the enzyme’s catalytic efficiency (kce/Kn ) dropped from 10.2 + 0.8 uM™
min™ to 3.9 + 0.5 uM'l min'. Four rounds of random mutagenesis, enrichment, and
screening were performed, yielding a seven-amino acid fluorinated mutant (tfi-G4)
whose activity was 2.8-fold higher than the fluorinated parent CAT (tfi-WT). The total
number of isoleucine codons decreased only by one, resulting in an active, yet still highly
fluorinated enzyme. Characterization of the wild-type hydrogenated and fluorinated (ile-
WT, tfi-WT) counterparts as well as the G4 pair (ile-G4, tfi-G4) of enzymes showed that
the fluorinated enzyme is less stable than its hydrogenated counterpart.  The
thermostability of the G4 pair was higher than that of the wild-type pair, resulting in a
fluorinated enzyme (tfi-G4) with similar thermostability as the wild-type. The pKa of the
catalytically essential histidine was not affected upon incorporation of 5TFI. This study
deepens our understanding of protein behavior upon introduction of fluorinated amino
acids and demonstrates the effectiveness of laboratory evolution as a tool complementary

to incorporation of non-canonical amino acids.
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4.1 Introduction and Background

The ability to incorporate non-canonical amino acids into proteins has expanded
the realm of engineered proteins.l'4 In particular, through residue-specific incorporation,
where all-or a fraction-of a particular canonical amino acid is replaced by the non-
canonical analog, substantial changes in the overall physical and chemical properties of
proteins could be obtained.”'® Among the numerous non-canonical amino acids that
have been incorporated in vivo through the use of auxotrophic E. coli hosts, fluorinated
hydrophobic amino acids have been shown to be excellent analogs of their hydrogenated

6,9, 11
counterparts.

When trifluoroleucine, trifluoroisoleucine, and trifluorovaline, were
incorporated into peptides derived from the yeast transcription factor GCN4, protein
structure was not disturbed, while an increased resistance to chemical and thermal
denaturation was observed. In addition, these fluorinated GCN4 proteins maintained
their wild-type DNA-binding affinity as well as specificity. However, as expected, in
other instances, the incorporation of non-canonical amino acids can lead to decreased

activity and/or thermostability.> '>

In these circumstances, we may turn to other
protein engineering techniques to recover or even enhance the lost function or property.
Directed evolution was chosen as that tool.'* '° Mimicking natural evolution,
directed evolution aims to generate proteins with new or improved properties by
screening or selecting for the desired function from large pools of protein variants.'®"®
By exploring the sequence space provided by the 20 natural amino acids, directed
evolution has been used successfully to engineer proteins with enhanced activity,

thermostability, altered substrate specificity, and improved function in non-natural

::1pplicz;1tions.19'22 Recent study from our laboratory has successfully demonstrated using
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laboratory evolution to recover thermostability of a protein, which was lost upon the

incorporation of a non-canonical amino acid.?® When 5,5,5-trifluoroleucine was
incorporated into chloramphenicol acetyltransferase, the half life at 60 °C was reduced
from 101 to 5 minutes. After two rounds of random mutagenesis and screening, a
fluorinated mutant was found that exhibited similar thermostability to the wild-type
enzyme.

In this study, we explore the effects of 5,5,5-trifluoroisoleucine (STFI) on the
activity of chloramphenicol acetyl transferase (CAT). Following the biochemical
characterization of the fluorinated enzyme, we use directed evolution in the presence of
STFI to engineer fluorinated CAT with enhanced activity. Through the use of error-
prone PCR to generate random mutants and an enrichment step that relies on the ability
of mutants to express functional CAT using 5TFI, we found a fluorinated mutant whose
activity is almost 3-fold higher than the fluorinated enzyme with the wild-type sequence.
In addition, the effects of fluorination on sensitivity to thermal and chemical denaturation
as well as to changes in pH were determined in order to expand our understanding of

behavior of the proteins modified with non-canonical amino acids.

4.2 Materials and Methods

4.2.1 Cloning of CAT Expression Plasmid
The CAT expression plasmid was constructed from pQE 80L (Qiagen). In pQE
80L, a silent copy of a CAT gene is present between two transcription terminators.

Although this gene was not being expressed, in order to prevent any complications that
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might have resulted during future experiments, a portion of this gene was eliminated.

The plasmid was digested with restriction enzymes Bpul and Ncol, removing 528 base
pairs from the silent CAT gene. The incompatible ends were blunted using DNA
polymerase I Large (Klenow) Fragment, and a blunt end ligation was performed to
regenerate a circular plasmid.

Into the modified pQES8OL, the isoleucyl-tRNA synthetase (IleRS) gene was
inserted using Nhel restriction sites. The IleRS gene was cloned directly from E. coli
genomic DNA. Within this [leRS gene exists a BamHI site. Since BamHI and HindIIl
restriction sites within the multiple cloning region of pQES8OL will later be used to clone
in the target CAT gene as well as its library members, the BamHI site in the IleRS gene
needed to be removed. This was accomplished through a silent mutation using
Quickchange mutagenesis with the following primers: 5-
GGCGTGCAGTGGATTCCGGACTGGGGCCAG-3" and its complement. The
resulting plasmid is referred to as pQ80E-IRS (7335 bp).

The plasmids pQ80E-IRS and previously prepared pCCAT (3921 bp)> were both
digested with EcoRI and HindlIl to release part of the multiple cloning region C-terminal
to the hexahistidine tag and CAT gene, respectively. The 663 bp CAT gene released
from pCCAT and 7293 bp vector released from pQE80-IRS were isolated, purified, and
ligated together, resulting in pQ80E-CAT-IRS. The TS5 promoter controls the inducible

expression of N-terminally 6xHis-tagged CAT.
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4.2.2 Construction of Protein Expression System

An isoleucine auxotrophic derivative of E. coli strain BL21(DE3), designated
ALV (E. coli B ¥ ompT hsdS(ry mg) gal dem ADE3) ilvD691), constructed in our
laboratory, was used as the host strain for protein expression.6 The final expression
system AIV[pQ80E-CAT-IRS] was obtained by transformation of pQ80E-CAT-IRS into

AlV.

4.2.3 Generation of CAT Library of Mutants

The libraries of mutants were generated by error-prone PCR using Mutazyme 1I
(Stratagene) according to manufacturer’s protocols. The purified insert library was
digested with the BamHI and Hindlll and ligated into BamHV/Hindlll digested pQ80L-
CAT-IRS. The ligation mixture was transformed into AIV cells through electroporation
and transformants were recovered in 2xYT liquid medium supplemented with ampicillin
(200 pg/mL). Approximately 10,000 transformants were generated in the first library
while 100,000-300,000 were generated for each of the next three libraries. Based on the
sequences of 15 randomly chosen transformants, the average mutation rate of the first
library was 0.2 nucleotides per gene while the following three libraries exhibited higher

mutation rates of approximately 2.9 to 3.8 nucleotide mutations per gene.

4.2.4 Enrichment Scheme
M9 minimal medium used in the selection process was always supplemented with

1 mM MgSOs4, 1 mM CaCl,, 0.4 wt% glucose, 1 mg/L thiamine, and ampicillin (100
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ug/mL). Other supplements are described in detail in the following procedure. The

selection scheme described below is also illustrated in Scheme 4.1.

Following transformation, mutants were grown in M9 minimal medium
supplemented with 20 natural amino acids (40 pg/mL each). After the cultures had
grown to ODgg of 0.8, the cells were pelletted through centrifugation (6000 g, 7 min).
Following two washes with 0.9 % NaCl, the cell pellet was resuspended in M9 medium
supplemented with 19 natural amino acids, reduced amounts of isoleucine (1 to 4
ug/mL), and STFI (250 pg/mL). After 10 minutes, IPTG (0.1 mM) was added to induce
expression of CAT. After 15 minutes, chloramphenicol (CAM) was added. The
concentration of CAM was varied from 35 pg/mL to 150 pg/mL depending on the
progress of the enrichment. After 5 hours, a second media shift procedure was applied to
remove IPTG and CAM from the medium. The cell pellets were resuspended in fresh
M9 medium containing 20 natural amino acids. A small aliquot of the culture was added
to fresh M9 medium containing 20 amino acids, without CAM or IPTG, resulting in 1 to
200 dilution based on volume, and allowed to grow overnight. Fresh M9 medium
containing 20 natural amino acids was inoculated with a small aliquot of the overnight
cultures, resulting in 1 to 10 dilution based on volume. Once these cultures reached
ODgoo 0f 0.8, the whole cycle was repeated. Following the second round CAT expression
period, a small aliquot of the expression cultures was plated onto 2xYT plates containing
ampicillin (200 pg/mL). In the first generation, 176 clones were picked from the
enriched library and 880 to 1056 clones were picked from each of the following three

libraries. The kinetics of CAT mutants were analyzed in 96-well plate format.
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4.2.5 Protein Expression in 96-Well Plates

M9 minimal medium used in the protein expression process was always
supplemented with ImM MgSO,4, 1mM CaCl,, 0.4 wt % glucose, and Img/L thiamine.
Other supplements are described in detail in the following procedure. All growth stages
and protein induction were performed in a humidified shaker apparatus (Kumer ISF-1-W)
at 30 °C and 80% humidity.

Following two rounds of enrichment as described above, selected clones were
transferred to 96 deep-well plates containing M9 medium supplemented with 20 amino
acids (40 pg/mL) and antibiotics (ampicillin 200 pg/mL). To serve as controls, eight
colonies of AIV[pQE80-CAT-IRS] were also picked and transferred into each deep-well
plate under the same conditions. Cultures were grown overnight. The resultant starter
culture plates were then used to inoculate new 96 deep-well plates containing M9
minimal medium supplemented with 20 amino acids (40 pg/mL) and antibiotics
(ampicillin 200 pg/mL) via pin transfer. After 12 hours, the media shift procedure was
applied through centrifugation (5000 rpm, 10 min, 4 °C) and resuspension of cells in
0.9% NaCl using Multimek 96-Channel Automated Pipettor (Beckman). Following two
wash steps, the cell pellet was resuspended in M9 minimal medium supplemented with
19 amino acids (40 pg/mL each, minus Ile), plus TFI (250 pg/mL), and 1.0 mM IPTG.
After 6 hours, cells were harvested by centrifugation (5000 rpm, 10 min, 4 °C). The cell
pellets were stored at —80 °C overnight and thawed at room temperature in 100 mM Tris,
pH 7.8, and 1.0 mg/mL lysozyme (Sigma). Cells were lysed through repeated pipetting
using Multimek 96. Cellular debris was pelleted by centrifugation (5000 rpm, 10 min, 4

°C) and aliquots of the supernatant were used for analysis.
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4.2.6 Protein Expression and Purification in Larger Scale

M9 minimal medium (200 mL) supplemented with I1mM MgSO,, 1mM CaCl,,
0.4 wt% glucose, 1 mg/L thiamine, and ampicillin (100 pg/mL) was inoculated with 4
mL of fresh overnight culture (M9) of the expression strain. After the culture had grown
to ODggo of 1.0, the media shift procedure was applied. The cell pellet was then
resuspended in 200 mL M9 medium without isoleucine. Following resuspension, 50 mL
of the culture was added to a flask containing isoleucine (40 pg/mL) and the remaining
150 mL was aliquoted into a flask containing STFI (250 pg/mL). IPTG (1 mM) was
added after 10 minutes to induce expression of CAT. Cells were collected after 3 hours
by centrifugation (6000 g, 8 min, 4°C) and frozen at —80 °C.

The cell pellets were thawed on ice and resuspended in 50 mM Tris (pH 7.8) plus
lysozyme (0.5 mg/mL, Sigma). Following sonication for 1 minute, cell debris was
sedimented (10,000g, 30 min, 4 °C). P-mercaptoethanol (10 mM, Sigma) was added to
the supernatant, which was spbj ected to Ni-NTA chromatography according to
manufacturer’s protocols under native conditions (Qiagen). After binding the protein to
the resin and loading the sample onto the column, the column was subjected to wash
buffer 1 (50 mM Tris pH7.8, 10 mM imidazole, 10 mM f-mercaptoethanol), wash buffer
2 (50 mM Tris pH7.8, 10 mM imidazole, 10% ethanol v/v), wash buffer 3 (50 mM Tris
pH 7.8, 20 mM imidazole), and wash buffer 4 (50 mM Tris pH 7.8, 40 mM imidazole).
Purified CAT was eluted with elution buffer (50 mM Tris, pH 7.8, 200 mM immidazole).
CAT concentrations were determined by Bradford assay (BioRad) with bovine serum

albumin (BSA) as the standard.
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4.2.7 CAT Activity Assay

The CAT activity assays were performed according to literature procedures in
buffer containing 50 mM Tris pH 7.8, 1 mM 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB,
Pierce), 0.4 mM acetyl coenzyme A (MP Biomedicals), 0.25 mg/mL BSA, and varying
concentrations of CAM (0.78 to 100 uM).>* All kinetic measurements were performed
with saturating acetyl coenzyme A. The initial rates were measured by monitoring the

absorbance change at 412 nm as a function of time using a 96-well spectrophotometer

(Safire 2, TECAN).

4.2.8 Effect of Temperature on CAT Activity

Purified CAT samples were incubated at various temperatures for 30 minutes
using a Thermomixer (Eppendorf), then immediately cooled on ice. CAT activity was
assayed at 25 °C in buffer containing 50 mM Tris pH 7.8, 1 mM DTNB, 0.4 mM acetyl

coenzyme A, 0.25 mg/mL BSA, and 100 uM CAM.

4.2.9 Effect of Chemical Denaturant on CAT Activity

Purified CAT samples were equilibrated at a given concentration of GuHCI
(99.8% UltraPure guanidine hydrochloride, Sigma) for 30 minutes at room temperature.
CAT activity was assayed in buffer containing the given concentration of GuHCI, 50 mM
Tris pH 7.8, 1 mM DTNB, 0.4 mM acetyl coenzyme A, 0.25 mg/mL BSA, and 100

uM CAM.
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4.2.10 pKa of the Catalytic Histidine Residue

In order to examine the pH-dependence of CAT activity, the following buffers (50
mM) were used over the specified pH ranges: Mes/NaOH pH 5.1-6.7; Mops/NaOH, pH
6.7-7.5; Hepes/NaOH, pH 7.5-8.5. Activity was determined in both buffers at pH values
where the buffer ranges overlap. No significant buffer effects were observed. The assay
mixture contained 0.4 mM acetyl coenzyme A, 0.2 mg/mL BSA, and 100 uM CAM. At
each time interval, 40 uL of the reaction mixture was removed and added to 120 pL of 6
M GuHCl, 50 mM Tris, pH 8.0, which immediately stopped the reaction. Each time
point mixture was assayed at room temperature in the presence of 1 mM DTNB. Control
incubations were performed concurrently at each pH value in the absence of CAT in

order to correct for any background rate.

4.2.11 Circular Dichroism Spectroscopy

In order to perform structural studies of CAT proteins using circular dichroism
spectroscopy, purified proteins were subjected to dialysis (Pierece, Slide-A-Lyzer
Dialysis Cassette, 3500 MWCO) for the removal of imidazole. Concentrations of all
dialyzed proteins in 50 mM Tris, pH 7.8, were determined using the Bradford assay
(BioRad) with BSA as the standard. Circular dichroism spectra were recorded on an
Aviv 62DS spectropolarimeter. All experiments were performed in a rectangular cell
with path length of 1 mm with a thermostatically controlled cuvette. All measurements

were completed at 5 uM protein concentration.
Wavelength scans were performed at 25 °C from 250 to 195 nm. Data points

were collected every 1 nm with an averaging time of 5 seconds at each wavelength.
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Temperature scans were performed at 222 nm from 25 °C to 89.5 °C with points taken
every 1.5 °C. Each data point was collected after 1 minute of thermal equilibration at the
desired temperature with an averaging time of 10 seconds at each temperature. Chemical
denaturation curves were obtained from guanidine hydrochloride titration experiments.
Protein samples were prepared in varying concentrations of GuHCI, 50 mM Tris, pH 7.8
and allowed to equilibrate for 30 minutes. Data was collected at 222 nm, 25 °C, with
averaging time of 30 seconds. The pH unfolding experiment was performed using the
following buffers: 50 mM glycine (pH 2.0), 50 mM citric acid (pH 3.0), 50 mM acetic cid
(pH 4.0, pH 5.0), 50 mM MES (pH 6.0), 50 mM NaH,PO, (pH 7.0, pH 8.0), 50 mM
H;BO; (pH 9.0), 50 mM CAPS (pH 10.0, pH 11.0). Data was collected at 222 nm, 25

°C, with averaging time of 30 seconds.

4.3 Results and Discussion

4.3.1 Characterization of ile-CAT and tfi-CAT

Purified CAT activities were assessed colorimetrically by monitoring the
absorbance at 412 nm in the presence of the enzyme, acetylcoenzyme A, DTNB, and
CAM.** BSA was also added to the reaction mixture in order to prevent adhesion of the
proteins to the microwells, which has been shown to be a significant source of protein
loss in low concentrations of proteins, and also is more problematic in the case of the
fluorinated plroteins.25 The level of 5TFI replacement was determined to be 85 + 4 %
based on MALDI mass spectrometry and quantitative amino acid analysis. Steady-state

kinetic analysis was used to calculate K, and k¢ values CAT expressed in media
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containing 20 canonical amino acids (ile-CAT) and fluorinated CAT containing STFI (tfi-
CAT). Based on the crystal structure, none of the nine isoleucine residues is near the
substrate binding pocket or participates directly in catalysis (Figure 4.2). The recognition
of and the affinity to the substrate, CAM, were not disturbed upon the incorporation of
5TFI as indicated by similar K, values, 17.1 + 1.2 uM for ile-CAT and 16.9 + 1.5 uM for
tfi-CAT. However, due to a lowered turnover number, k../K,, was reduced by more than
two-fold of the wild-type upon fluorination, 10.2 + 0.8 uM™ min™ to 3.9 + 0.5 uM'?
min‘l, resulting in a decreased overall efficiency of the enzyme. The measured k.. and

K, values were within the range reported in literature.”® %’

4.3.2 Enrichment and Screening

In order to recover the activity of the tfi-CAT, mutants were generated using
random mutagenesis, and enriched and screened for those exhibiting increased activity
after incorporation of 5TFI. In the first generation, approximately 10,000 mutants with
an average mutation rate of 0.2 were generated and subjected to the enrichment process.
The enrichment process, shown in Scheme 4.1, was designed to enrich for those mutants
that are able to express functional CAT in the presence of STFI. With CAM in the
medium during the protein induction period, only those mutants with functional
fluorinated CAT will grow. The rate of cell growth is limited in medium containing STFI
(less than 2-fold increase in ODgg over the course of 5 hours). Therefore, to increase the
viability of the cells and their growth rates, small amounts of isoleucine were added to the
medium. Since CAM is a bacteriostatic antibiotic,” the enrichment process does not kill

those cells with nonfunctioning CAT. Following the protein induction step in the
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presence of STFI and CAM, which leads to a 2.5- to 3-fold increase in ODgq, the cells

are returned back to rich medium lacking IPTG. During this growth phase in rich
medium, further enrichment takes place of those mutants that had been expressing
functioning fluorinated CAT. Presumably, those cells that were stalled in their protein
synthesis and cell division due to the lack of functioning fluorinated CAT require
additional time to return to normal activity and start dividing. To quantify the extent of
enrichment, a mixture (1:1) of wild-type CAT and L116S mutant, whose activity is less
than 1% of that of the wild-type, was put through two rounds of enrichment. Plasmids
isolated from 25 resulting clones were sequenced. Based on the sequences,
approximately 10-fold enrichment of the wild-type CAT was realized.

Following the enrichment process, individual clones were screened in a 96-well
format. After a screen and a rescreen of the best 24 clones, those clones showing the
highest activity were expressed on a larger scale and kinetics were determined on purified
proteins. The best one or two clones, i.e., those showing the highest increase in activity,

were subjected to the next round of evolution.

4.3.3 Progress of Evolution: Identification of Improved Clones

Figure 4.1 shows the progress of four rounds of evolution based on the kinetics of
purified proteins while Table 4.1 provides more detailed characterization of the CAT
mutants. The catalytic activities of the fluorinated enzymes steadily increase through
four generations to finally arrive at tfi-G4, which exhibits a slightly higher activity, 11.0
+ 1.1 uM" min™, than the wild-type CAT. Another important trend is that the gap

between the isoleucine and fluorinated forms of the same sequence continued to decrease,
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resulting in relative activity of tfi-G4 to ile-G4 of 0.86. This indicates that the protein

sequence has become more accommodating for STFI. The average replacement level of
5TFI for all fluorinated mutants of CAT was 85 + 5%, ensuring that the observed CAT
activities are contributed by those proteins that are highly fluorinated.

Because more than one mutation was found in clones resulting from generations 2
through 4, it is difficult to make conclusions about the individual mutation effects.
However, some possible explanations can be provided for a few of the mutations that are
depicted in Figure 4.2. First, it is important to note that the total number of isoleucine
positions only decreased by one, with the removal of two (I41V, 1119V) and the addition
of one (V94I). Presumably, the two positions were less tolerant to fluorination, and
therefore, upon mutation to valine, activity was enhanced. However, in general, it
appears that accommodating mutations could be found that allow for proper functioning
in the presence of 5STFI. The residue flanked by two of the remaining isoleucine
positions, H61, was a hotspot in the evolution process, where it was first mutated to a
tyrosine in the first generation, and then again to a tryptophan in the second generation.
Since it was the only mutation in the first generation, it is clear that H to Y mutation
enhanced the fluorinated activity. H61 resides between two isoleucine positions where
the two isoleucines are pointing in toward the core and the H61 faces the solvent-exposed
surface. We could imagine that because STFI exhibits exaggerated hydrophobicity, it
may pack more tightly inwards, creating a bigger space for H61 to fill. Therefore, a
larger tyrosine residue may allow for better filling of the space, which may explain the
further mutation to tryptophan. Three of the mutations, V941, F95L, and F134L, are in

proximity to the catalytic site, with F134 actually lining the intersubunit CAM binding
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pocket. F134 is a well conserved residue; among 14 variants of CAT, the position

corresponding to residue 134 is occupied by phenylalanine in 12 of them, glutamic acid
in the other two.”* 2’ Consequently, F134L is likely to cause some change in catalytic

activity, presumably enhancing it in the presence of STFI.

4.3.4 Secondary Structure Analysis via Circular Dichroism Spectroscopy

In order to determine the effect of fluorination on the secondary structure of CAT,
circular dichroism spectroscopy was performed. At 5 uM protein concentration, the
secondary structures of ile-WT, tfi-WT, ile-G4, and tfi-G4 are similar as evidenced by
overlapping curves in Figure 4.3. Although slight differences may exist, the overall
secondary structure remains undisturbed by the incorporation of STFI for both the wild-
type and G4 proteins. Furthermore, the mutations introduced into G4 appear to have

limited effects on the secondary structure.

4.3.5 Thermostability of CAT Mutants

The thermostability of the final mutant tfi-G4 along with its isoleucine
counterpart, ile-G4, were compared to the wild-type pair of enzymes (ile-WT and tfi-WT)
through both structural and catalytic analysis. The trends observed from monitoring the
remaining activity following incubation at elevated temperatures mirrored those obtained
from circular dichroism spectroscopy (Figure 4.4). Both of the isoleucine variants are
more thermostable than their fluorinated counterparts. A similar trend was observed
when 5,5,5-trifluoroleucine was incorporated into CAT.”® However, the difference in

thermostability between tfi-G4 and ile-G4 was reduced as compared to the wild-type pair.
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In addition, the G4 pair exhibited higher thermostability as a whole, resulting in

comparable thermostability between the wild-type enzyme (ile-WT) and the fluorinated
mutant (tfi-G4). Although the evolution process was not designed to select or screen for
enhanced thermostability, the increase in structural stability may contribute towards more
efficient catalysis, and therefore be favorable. Furthermore, the increased stability may
have led to enhanced evolvability of the mutants, a concept demonstrated both through

simulations and experiments in recent work by Arnold and coworkers.*

4.3.6 Stability toward Chemical Denaturant

The sensitivity of CAT proteins towards chemical denaturant, specifically
guanidine hydrochloride, was similarly analyzed, through both circular dichroism and
activity assays. Trends observed in thermostability experiments were again observed in
these set of experiments. As shown in Figure 4.5, the fluorinated CAT mutants were
more sensitive than their hydrogenated counterparts toward guanidine hydrochloride.
The wild-type pair of enzymes was more sensitive than the G4 pair. At 1 M GuHC], both
of the fluorinated variants had lost essentially all activity, while 2 M GuHCI] was
necessary to abolish the activity of their hydrogenated counterparts. At 2.5 M GuHCI
both of the fluorinated variants were essentially unfolded as reported by CD
spectroscopy, while 3 M GuHCl was required to unfold the hydrogenated CATs.
Furthermore, the evolved G4 pair exhibited higher resistance toward denaturation by
GuHCl than the wild-type pair. Based on these results, as well as those from
thermostability experiments, it appears that compromised protein folding is a significant

factor in the lower catalytic efficiency of tfi-WT. Consequently, improving the stability
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of the protein fold may account for much of the observed 3-fold enhancement in the

activity of tfi-G4.

4.3.7 pH Effect on CAT Mutants

The effects of pH on folding as well as on activity were explored. Circular
dichroism spectroscopy was performed over a pH range of 2 through 11. As expected, all
proteins showed the most intense [02,;] near physiological pH (Figure 4.6B). However,
the hydrogenated CATs exhibited a greater tolerance to both lower and higher pH, with
similar [02;] over the pH range of 5 to 10. Again, these results indicate that the
incorporation of 5TFI into CAT destabilizes the protein, and that evolution recovers part
of the loss in stability.

Circular dichroism spectroscopy reports the effect of pH on protein folding.
However, the pH effect on catalytic activity is somewhat different. The mechanism of
catalysis involves His-193, which acts as a base, abstracting a proton from the primary
hydroxyl group of CAM.?® Therefore, the pK, of His-193 limits the range of pH where
CAT is active. To determine the pK,, the pH range from 5.1 to 8.5 was explored for the
wild-type and G4 enzymes. Since the DTNB (which is used to detect the release of free
thiol during catalysis) is sensitive to pH, reactions were stopped by the addition of 6 M
GuHCI, 50 mM Tris, pH 8.0 and analyzed at pH 8.0. As shown in Figure 4.6A, relative
activity decreases with pH as an ionizable group with an apparent pK, between pH 6.2
and 6.6. Similar pK, values between fluorinated and hydrogenated forms suggest that
fluorination does not significantly affect the local environment around the catalytically

essential histidine (Table 4.1). In addition, the mutations introduced into G4 slightly
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lower the pK, value. As a reference, the pK, of His-195 in type I CAT, which

corresponds to His-193 in type I, has been determined to be 6.62 + 0.13, while the pK, of

a free histidine is 6.0.”!

4.4 Conclusions

Through four rounds of laboratory evolution, a fluorinated mutant CAT (tfi-G4)
was found whose activity is 2.8 times that of the fluorinated parent enzyme, tfi-WT. In
all, seven amino acid mutations were found that include 141V, H61W, V941, FO5L,
R114Q, 1119V, and F134L. The number of isoleucine sites decreased only by one,
yielding a more active, yet still fluorinated CAT. The kqo/Kn of tfi-G4 was slightly
higher than that of the wild type enzyme, ile-WT, while the difference in enzyme
efficiency between the fluorinated and hydrogenated forms decreased. These results
indicate that at least some of the accumulated mutations act specifically to accommodate
the remaining eight STFI residues in the enzyme.

The wild-type and the G4 pairs of enzymes were characterized for their folding
and activity in response to thermal, chemical, and pH denaturation. Under physiological
conditions, the secondary structures of all four proteins were similar as evidenced by
circular dichroism. However, their sensitivity towards denaturants differed. In all cases,
the hydrogenated enzymes were more resistant than the fluorinated forms, exhibiting
higher levels of activity and folding. The evolved pair of enzymes also exhibited
increased stability as compared to the wild-type pair, resulting in similar thermostabilities

for tfi-G4 and the wild-type enzyme (ile-WT). Based on these stability results, it appears
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that the initial decrease in activity was in part due to the reduced stability. The pK, of the

catalytically essential histidine was not affected by the incorporation of STFI.

Fluorinated amino acids are complex with respect to their effects on protein
folding and function. Unlike simpler coiled-coil motifs, CAT suffers marked reductions
in activity and stability upon fluorination. However, these altered properties were
successfully recovered using laboratory evolution. The technique of combining non-
canonical amino acid incorporation with directed evolution promises to be a powerful

tool for engineering functional protein-like macromolecules of novel composition.
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Scheme 4.1 The enrichment process is designed to enrich for mutants that express
functional CAT in the presence of 5TFI in order to minimize the number of non-
functional mutants in the screening procedure.
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Figure 4.1 Evolutionary progression of catalytic activity of CAT mutants expressed in
medium supplemented with either isoleucine (open squares) or STFI (closed squares).
The dotted horizontal line indicates the activity level of ile-WT.
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Table 4.1 Characterization of wild-type CAT and resulting mutants through four
generations. The levels of STFI substitution in fluorinated CAT from generation 0 to 4
were determined by MALDI mass spectrometry and quantitative amino acid analysis.
The yields are determined based on the purified protein amounts. All errors represent the
standard deviations of at least three trials. The pK, of the catalytically essential histidine
was determined only for the wild-type and G4 variants.

Yield
Generation Mutations  (mg/L)
Ile,
5TF1
41 + 18,
0 ) 14+ 1.0
48 +22,
! HOIY 1 6+13
H61W, 50 + 25,
2 V941,
F134L 1.2+1.1
141V,
H61W, 47 + 28,
3 V4l
R114Q, 20+1.6
F134L
141V,
H61W,
V4], 49 + 26,
4 F95L,
R114Q, 28+19
I119V,

F134L

% Sub.
of 5STFI

85+4

86+ 3

84 +4

85+5

83+4

PK,
Ile,

5TF1
6.5+0.1

6.6+0.1

62+0.1

6.3+0.1

kCllt

(10° min™)

Ile,
5TFI
17.4+0.7

6.6+03
173+ 0.6
87+03
193+0.8
10.8 0.5

202+1.0

14.1+£ 0.6

220+ 1.1

16.9+0.7

ket Ko
(10* uM 'min™)
Ile,
STFI
102+1.0

39+0.5
11.0+1.2
51406
119+ 1.1
6.8+0.8

12.0+£1.0

87+1.0

128113

11.0+12
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Figure 4.2 Structural model of type I CAT trimer with one of three CAM (depicted in
red) molecule placed in the binding pocket. Isoleucine/STFI residues are highlighted in
blue; mutations from valine to isoleucine/STFI are indicated in green; orange balls
represent isoleucine/STFI to valine mutations; the remaining mutations are highlighted in
yellow.
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Figure 4.3 Secondary structures of ile-WT (open triangles), tfi-WT (closed triangles),
ile-G4 (open circles), and tfi-G4 proteins (closed circles). All proteins are at 5 uM
concentration, in 50 mM Tris, pH 7.8, 25 °C. The curves indicate the average of three
scans.
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Figure 4.4 Thermostability of CAT variants: ile-WT (open triangles), tfi-WT (closed
triangles), ile-G4 (open circles), and tfi-G4 proteins (closed circles). A) Residual activity
versus temperature profiles. Residual activity is the ratio of the activity after incubation
for 30 minutes at the designated temperature divided by the initial activity at 30 °C. Each
point represents an average of three trials. B) Thermal denaturation monitored by
circular dichroism spectroscopy (average of three scans, 1.5 °C interval, 1 minute
equilibration time, 10 second averaging time).

A) 120
1 B . S
5 B NN
Z 80- T
= 80 [N Z\ §
._E N I AN
< 60 & DA
g \‘\ ‘\‘\ _L\\
3 I
3 40 . by
@ A
g -
20 1 s B
A\, Y
2 o8
Ot A%
30 40 50 60 70 80
Temperature (C)
B)
2 -
o jpw——
% 6 AA .XZM
NE A ® 000000000
5 -8 - A Y A o]
> A )
2 0 Lo A
ep ©
é A‘ ®A O
S "12 7 ® A
.%, 4 M.ZZRAA o°
S 14 gt o
= 0000%°
= $OO000000E0ARO 0000
o -16 1
-18 ’ ‘ ‘
25 45 65 85

Temperature (C)



90

Figure 4.5 Stability of CAT variants against chemical denaturation by GuHCI: ile-WT
(open triangles), tfi-WT (closed triangles), ile-G4 (open circles), and tfi-G4 proteins
(closed circles). A) Residual activity versus GuHCI concentration profiles. Relative
activity is the ratio of the activity at designated [GuHCl] divided by the activity at 0 M
GuHCIl. Each point represents an average of three trials. B) GuHCI titration monitored
by circular dichroism spectroscopy (average of three scans, 1 minute equilibration time,
20 second averaging time).
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Figure 4.6 Response of CAT variants to changes in pH: ile-WT (open triangles), tfi-WT
(closed triangles), ile-G4 (open circles), and tfi-G4 proteins (closed circles). A) Relative
activity versus pH profiles. Relative activity is the ratio of the activity at designated pH
divided by the highest observed activity. Each point represents an average of three trials.
The lines describe best-fit theoretical curves”. B) pH effect on protein folding as
monitored by circular dichroism spectroscopy (average of three scans, 1 minute
equilibration time, 20 second averaging time).
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Chapter 5

The Effect of Fluorinated Amino Acids on the Rate of
Proteolytic Degradation

The work with mutant GCN4 proteins were performed with Blair Benham-Pyle.
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5.0 Abstract

The effect of fluorinated amino acids on the sensitivity of recombinant proteins
toward proteolytic degradation was explored. Two types of proteins, coiled-coil proteins
based on GCN4 and mutants of chloramphenicol acetyltransferase (CAT), were subjected
to proteolysis by elastase and trypsin. 5,5,5-trifloroisoleucine (STFI) and 4,4,4-
trifluorovaline (4TFV) were incorporated into the 4 a-positions of INL and VNL,
yielding tfi-INL and tfv-VNL, respectively. The progress of proteolysis was monitored
by Tris-Tricine gel electrophoresis and densitometry analysis. The half life of tfi-INL in
the presence of elastase was 4-fold longer than that of its hydrogenated counterpart. Less
significant effects were seen with tfv-VNL as well as upon exposure to trypsin. On the
contrary, upon incorporation of 5TFI and 5TFL into CAT variants Gl and L2Al,

respectively, the proteins became more sensitive to proteolysis by both elastase and

trypsin.
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5.1 Introduction and Background

For many applications proteins must remain active for an extended period of time
and under a wide range of conditions." Especially when the protein is used for in vivo
purposes, such as in orally administered therapeutics, the ability of the protein to resist
cleavage by proteases is crucial.> Most current techniques for stabilization of proteins
and peptides aim to make them somewhat “unnatural” to avoid recognition by naturally
occurring enzymes. Several chemical modification strategies are possible, including
glycosylation, PEGylation, alkylation of amide nitrogen, and peptide cyclization. In
addition, a-amino acids have been replaced by or mixed in with B-amino acids, resulting
in compounds with increased stability toward proteolytic degradation. >  The
introduction of D-amino acids has also shown promise.®’

Despite their success, these techniques still suffer from some limitations. One of
the most crucial challenges to overcome is the loss of biological activity. Because the
protein sequences have been evolved using the naturally occurring 20 amino acids, such
dramatic changes to the amino acids or further modifications to the proteins often result
in altered activity. Also, most of these techniques require either the chemical synthesis of
the polypeptide or chemical modifications following translation. Chemical synthesis of
peptides limits the size of the protein to less than 50 amino acids while yielding low
amounts. Also, further modifications to proteins could be time and cost intensive.

In vivo incorporation of non-canonical amino acids has the potential to address
these limitations and serve as an effective tool for rendering proteins more resistant to

proteolysis. Since non-canonical amino acids contain atoms and functional groups that
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are not found in the 20 canonical amino acids, the recognition and the catalysis by

proteases may be reduced. Furthermore, because the E. coli cellular machinery could be
utilized for protein expression in vivo, large amounts of proteins could be accessed with
relative ease. Finally, because the non-canonical amino acids that are incorporated in
vivo still maintain the same stereochemistry and configuration at the backbone, biological
activity could be more easily preserved.®'° Based on these hypotheses, some preliminary
studies have been conducted in our laboratory and shown promising results. Specifically,
when 5,5,5-trifluoroisoleucine was incorporated into artificial extracellular matrix
proteins in place of isoleucine, its susceptibility to proteolysis by elastase was greatly
reduced.'"

In light of these studies, we were interested in investigating the effects of
fluorination on the susceptibility of two types of proteins to proteolysis, mutants based on
the bzip protein GCN4 and mutants of the enzyme chloramphenicol acetyltransferase.
The introduction of trifluoromethyl groups into the side chains of valines, isoleucines, or
leucines could potentially alter the proteolysis rate. We explored this hypothesis by
monitoring the status of bzip and CAT variants at various time intervals in the presence
of either elastase or trypsin. The trends observed for bzip and CAT variants were
different. Fluorinated bzip mutants, especially those containing 5,5,5-trifluoroisoleucine
(5TFI) , exhibited an increase in stability with respect to proteolysis by elastase, while
susceptibility toward trypsin was unaltered. In contrast, fluorinated CAT variants
containing either STFI or 5,5,5-trifluoroleucine, were more sensitive to proteolysis than
their hydrogenated counterparts. These results could be understood in the context of the

two main factors determining the rate of proteolysis of folded proteins: the unfolding rate,
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either globally or locally, and the catalytic rate of hydrolysis by the proteases. Both of

these factors are likely to be affected by the incorporation of fluorinated amino acids and
therefore, depending on the magnitude of change in each of these factors, one observes

different net changes in the rate of proteolysis.

5.2 Materials and Methods

5.2.1 Protein Expression and Purification

bzip and CAT proteins were expressed and purified according to the protocols
outlined in Chapters 2 and 4, respectively. The purified protein concentrations were
determined by the Bradford protein assay (BioRad) with bovine serum albumin (Sigma)

as the standard.

5.2.2 Proteolysis of bzip Proteins

Four bzip proteins (INL, tfi-INL, VNL, and tfv-VNL) were analyzed for
digestion with elastase (Sigma, from porcine pancreas) and trypsin (Promega, sequencing
grade modified, porcine). The reported K, values for the susbstrates of porcine elastase
and trypsin are 1.15 mM and 2.76 mM.'>"* Protein samples (400 pg/mL) in phosphate
buffered saline, pH 7.4, were incubated at 25 °C for 30 minutes. Proteases were added to
the protein solutions according to the concentrations listed in Table 5.1. Aliquots were
removed at various time intervals and phenylmethylsulfonyl fluoride (PMSF, Sigma, 500
png/mL) was immediately added to inhibit further proteolysis. Samples were analyzed on

a 15% Tris-Tricine gel, visualized using Coomassie Blue stain, and the progress of
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proteolysis was quantified through densitometry using ImageJ (National Institutes of

Health freeware image analysis program). Control curves indicated a linear relationship
between protein concentration and stain intensity for all proteins within the relevant
protein concentration range. To calculate the half lives, ¢, log of the remaining protein

concentrations was plotted against time and linear fitting was performed.

5.2.3 Proteolysis of CAT Variants

Four CAT variants (ile-G2, tfi-G2, leu-L2A1, tfl-L2A1) were analyzed for
proteolytic degradation using elastase (Sigma, from porcine pancreas), and trypsin
(Promega, sequencing grade modified, porcine). The digestion buffer (50 mM Tris, 100
ug/mL BSA, pH 7.8) was incubated at 37 °C for 30 minutes. BSA was added to the
digestion buffer to prevent protein adsorption to the tube wall during the incubation
period, which has been shown to be significant with dilute protein solutions. CAT
variants were added to the digestion buffer to a final concentration of 0.02 pM (0.55
ug/mL) and incubated for an additional 10 minutes at 37 °C. Proteases were added to the
protein solutions to a final concentration of 5 and 2 pg/mL for elastase and trypsin,
respectively. Controls were also performed where no protease was added. Samples were
taken at selected time intervals and PMSF (Sigma, 100 pg/mL) was immediately added
to prevent further proteolysis. The remaining CAT activity was assayed at room
temperature according to procedures outlined in Chapter 4. The initial rates were
measured by monitoring the absorbance change at 412 nm as a function of time using a

96-well spectrophotometer (SPECTRAmax, Molecular Devices).
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5.3 Results

5.3.1 Proteins of Interest: bzip and CAT Variants

Two types of proteins were of interest in this study. The first is a leucine zipper
protein based on the yeast transcription factor GCN4, which is composed of a disordered
DNA-binding domain and a coiled-coil dimerization domain. Four a-position residues in
the hydrophobic core of the coiled-coil domain, which are isoleucines in INL and valines
in VNL, have been replaced with 5,5,5-trifluoroisoleucine and 4,4,4-trifluorovaline,
respectively, yielding tfi-INL and tfv-VNL. There are no other sites of substitution
within the DNA-binding domain. The sequence, as well as the properties, of these
proteins is described in Chapter 2. The other type of protein is the type I
chloramphenicol acetyltransferase, a trimeric enzyme containing 9 isoleucine and 11
leucine residues dispersed throughout each monomeric unit. Four variants of CAT were
explored: leu-L2A1, tfl-L2A1, ile-G1, and tfi-G1. L2Al is a three amino acid mutant of
CAT which was evolved for higher thermostability in the presence of 5.5,5-
trifluoroleucine.'® As described in Chapter 4, G1 is a single amino acid mutant of CAT,
the first generation mutant in the evolution of CAT evolved for higher activity in the
presence of 5,5,5-trifluoroisoleucine. The progress of digestion of bzip proteins was
monitored by following the amount of intact protein remaining via gel electrophoresis.

CAT variants were monitored by quantifying the remaining catalytic activity.

5.3.2 Proteolysis of bzip Proteins by Elastase and Trypsin
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To examine the time course of degradation of bzip proteins by proteases, gel
electrophoresis was performed and protein bands were visualized using Coomassie Blue
stain. Densitometry analysis yielded the fraction of intact protein. Figure 5.1 displays
the progress of proteolysis by elastase of the INL/tfi-INL as well as the VNL/tfv-VNL
pairs of proteins. Both of the fluorinated proteins exhibit higher resistance toward
cleavage by elastase. The difference is greater when STFI replaced isoleucine residues in
INL. The time required to cleave half of the protein, #;,,, was 4 times longer for tfi-INL
as compared to INL, while the difference was only 1.7-fold between tfv-VNL and VNL.
Similarly, the extent of proteolysis by trypsin was monitored. Although some increased
resistance to trypsin was detected in the fluorinated proteins, the extent was much smaller
than that observed with elastase (Figure 5.2). The ¢, of tfi-INL was 1.6 times longer
than that of its hydrogenated counterpart. No significant difference was seen between

VNL and tfv-VNL.

5.3.3 Proteolysis of CAT Variants by Elastase and Trypsin

Tfl-L2A1 and tfi-G1, as well as their hydrogenated counterparts, leu-L2A1 and
ile-G1, were subjected to proteolysis by elastase and trypsin. The extent of cleavage was
monitored over a period of 180 minutes during which time the samples without any
protease showed a drop in activity of less than 20%. As compared to their hydrogenated
counterparts, both fluorinated mutants undergo higher levels of cleavage by elastase as
evidenced by a sharper drop in activity (Figure 5.3A). All the data points have been
normalized to remove background losses in activity. A similar trend was observed when

the proteins were subjected to trypsin (Fig. 5.3B). However, the differences between the
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hydrogenated and fluorinated forms of CAT were smaller in response to trypsin. The

hydrogenated CAT variants exhibited similar sensitivity to proteolysis by both elastase

and trypsin.

5.4 Discussion

Not only is amino acid sequence important, but the structural stability of the
protein becomes an important factor in determining the proteolysis rate. It is known that
upon denaturation, proteins become more susceptible to proteolysis in vitro.'> '® In fact,

it is believed that effective proteolytic digestion of a protein requires unfolding of the

17, 18

substrate, either globally or locally. Global unfolding of protein depends on the

thermodynamic stability of the folded structure, and therefore, conformational stability

19-21
d.

and proteolytic sensitivity have been inversely correlate Similarly in vivo,

thermodynamic stability has been identified as a major determinant of the rate of

2

intracellular degradation.”? However, global unfolding of proteins isn’t necessary for

proteolysis. Proteolysis can also occur under native conditions through local fluctuation,
rather than global unfolding, with minimal change in solvent accessible surface area.'®?
Based on this mechanism, it has been shown that increasing the flexibility of a protein
enhances its susceptibility to proteases in vitro and in vivo 220

The introduction of fluorinated amino acids into proteins can affect both of the
steps required for proteolysis. First, thermodynamic stability can be shifted in either

direction. In the case of bzip proteins, the introduction of 5TFI and 4TFV increased

stability, although to different extents. On the other hand, the introduction of either STFI
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or STFL into CAT decreased the overall stability, as indicated by thermostability

measurements. Less quantifiable is the effect on local fluctuations. However, it is likely
that, in addition to the global effect, the introduction of fluorinated amino acids can
impact the local fluctuations and instabilities. The enzymatic reaction can also be
affected if the recognition motif and/or the substrate involves the amino acid that is being
substituted by its non-canonical analogs. In the case of elastase, which cuts after small
hydrophobic residues including valine, isoleucine, and leucine, replacement of these
residues by their fluorinated analogues has the potential to affect the binding to the
protease as well as its catalysis. These two effects combine together to give rise to the
observed results.

Among the set of experiments with bzip proteins, the largest difference in the
proteolysis rate between the fluorinated and hydrogenated forms of proteins was found in
the INL/tfi-INL pair when exposed to elastase. ¢;., the time required to cleave half of the
protein, was 4 times longer for tfi-INL than INL. Perhaps this is a result of both factors,
stability and catalysis, contributing towards the observed resistance towards elastase. As
shown in Chapter 2, the thermal melting temperature (Ty,) of tfi-INL is 27 °C higher than
INL; the increased stability hinders access to the protein by the protease. In addition, 4 a
position residues in the leucine zipper have been replaced with STFI. Since isoleucines
and leucines are the largest substrates that elastase recognizes, perhaps the additional
bulk provide by the trifluoromethyl group decreases the efficiency of the catalysis. These
two effects combined to give rise to the observed result. In the case of tfv-VNL, the
increase T, is 4 °C. Furthermore, since elastase efficiently recognizes isoleucine and

leucine, the presence of bulkier trifluromethyl group on valine may not hinder its fitting
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into the larger binding pocket. Therefore, the proteolysis rate is only decreased by 1.7-

fold in the case of tfv-VNL.

Trypsin is a serine protease that cuts after arginine and lysine. Therefore, the
incorporation of 5TFI and 4TFV in place of isoleucine and valine does not directly affect
the chemistry of the proteolysis. The observed changes in the proteolysis rate by trypsin
would be mainly attributed to the stability effect. As hypothesized, the changes are much
smaller as compared to proteolysis by elastase. The largest changes were again observed
between tfi-INL and INL, but this difference was only 1.6-fold in #;,. The difference
between VNL and tfv-VNL was insignificant. In light of these results, the 4-fold
difference in #;,; between tfi-INL and INL in the presence of elastase could not be solely
explained by stability effect; substrate recognition and catalysis must be disturbed
somewhat by 5TFI.

The results from the CAT experiments were quiet different. In response to both
elastase and trypsin, fluorinated CAT wvariants showed higher susceptibility to
degradation. The difference was greater for degradation by elastase, especially for tfi-
G1. This increased sensitivity to proteases may be attributed to the lower stability of
fluorinated CAT variants. Tso, the temperature at which half of the activity is lost after
30 minutes, was 6 °C lower for tfi-G1 as compared to ile-G1 (unpublished data).
However, global stability alone may not fully explain the observed results since tfl-L2A1
exhibits comparable thermostability to leu-L2A1 (ATso = 0.9 °C).'* Local instabilities
and fluctuations, especially near the site of fluorinated amino acid incorporation, could
lead to increased solvent accessible area. This could further contribute to a faster rate of

proteolysis for the fluorinated CAT variants. The fact that a greater difference was seen
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in response to elastase as compared to trypsin also supports this hypothesis. Since

elastase cuts after small hydrophobic residues, the presence of fluorinated amino acids
near these hydrophobic areas could disturb the local packing, allowing faster proteolysis.
As for bzip proteins, because of their simple structure, local fluctuations may be less
significant.

Previous studies in our laboratory showing that incorporation of non-canonical
amino acids reduces the rate of proteolysis are intrinsically different from the current
study. The artificial extracellular matrix proteins used in previous studies are denatured
and/or unstructured. Therefore, the only factors influencing the rate are substrate
recognition and catalysis. Furthermore, artificial extracellular matrix proteins are cleaved
by human leukocyte elastase primarily at isoleucine sites. Incorporation of 5TFI into

those isoleucine sites suppresses the rate of proteolysis.

5.5 Conclusion

Incorporation of non-canonical amino acids affects both steps involved in
proteolysis- unfolding as well as catalysis. The unfolding step is greatly influenced by
the stability of the protein- both by global thermodynamic stability and by local
fluctuations. Incorporation of fluorinated amino acids can increase stability as observed
in bzip proteins or decrease it found for CAT. Furthermore, catalysis by the protease can
be affected directly by the fluorinated amino acid, since the side chains are different from
those of any natural substrate. The additional bulk of the trifluoromethyl group may

further affect catalysis. Therefore, in some cases, incorporation of fluorinated amino
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acids increases susceptibility to proteolysis, while in others, fluorination allows proteins

to be more resistant to degradation by proteases. Balancing these factors in designing
proteins can allow us to take better advantage of non-canonical amino acids in protein

engineering.



Table 5.1 Protease concentrations used in the digestion of bzip proteins.

Protein

INL and tfi-INL

VNL and tfv-VNL

INL and tfi-INL

VNL and tfv-VNL

Protease
Elastase
Elastase
Trypsin

Trypsin

[Protease] (ug/mL)
10
2.5
1.6

0.4
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Figure 5.1 FElastase degradation of bzip proteins as monitored by Tris-Tricine gel
electrophoresis and quantified using densitometry analysis. A) INL (open triangle) and
tfi-INL (closed triangle) and B) VNL (open circle) and tfv-VNL (closed triangle).
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Figure 5.2 Trypsin degradation of bzip proteins as monitored by Tris-Tricine gel
electrophoresis and quantified using densitometry analysis. A) INL (open triangle) and
tfi-INL (closed triangle) and B) VNL (open circle) and tfv-VNL (closed triangle).
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Figure 5.3 Proteolysis of CAT variants determined by residual activity: ile-G1 (open
triangle), tfi-G1 (closed triangle), leu-L2A1 (open circle), and tfl-L2A1 (closed circle).

A) Elastase degradation. B) Trypsin degradation.
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Chapter 6

Conclusions and Future Directions



114
Protein engineering, since first demonstrated more than 25 years ago, has

contributed tremendously to our understanding of protein structure and function."” In
addition to the originally developed technique of site-directed mutagenesis, numerous
other techniques have emerged, providing us with a wide variety of powerful tools to not
only to study proteins, but also to engineer proteins of industrial and medical
importance.”” Among these techniques, the ability to incorporate non-canonical amino
acids has allowed us to introduce novel chemical and physical properties into proteins. In
this thesis, the in vivo incorporation of fluorinated amino acids has been explored. The
results found through these studies have provided further insights into how we can better
control protein structure, stability, and function through fluorination.

In the right context, the incorporation of fluorinated aliphatic residues has the
power to enhance protein stability against thermal and chemical denaturation as well as
proteolytic degradation. To further this effect, multiple fluorinated amino acids could be
incorporated simultaneously, for example, STFI into the a and STFL into the d positions
of coiled-coil proteins. Since both STFI and STFL alone gave rise to significant increases
in thermal denaturation temperature, the combined effect could be dramatic.
Furthermore, the stability against proteases, especially elastase, could be further reduced.
Since elastase cleaves after small hydrophobic residues, fluorinating, if possible, all such
residues has the potential to drastically reduce proteolysis. Incorporating multiple
fluorinated amino acids can also create fluorine-fluorine interactions that can further
stabilize protein folds. Even in cases where fluorination of one amino acid decreases the
stability of a protein, incorporating other fluorinated amino acids could result in favorable

interactions that can reverse the effect on stability.
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The most important conclusion of this work may be that there are no all-

encompassing rules concerning fluorinated amino acids. The replacement of a methyl
group with a trifluoromethyl group, even in the same position within a protein, can
produce different effects depending on which amino acid is fluorinated. In addition, the
stereochemistry of the fluorinated amino acid may or may not be important, again
depending on the amino acid, in determining the efficiency of the incorporation as well as
the effect on protein structure and stability. Furthermore, while the incorporation of a
fluorinated amino acid stabilizes one protein while maintaining function, its incorporation
into another could render it less stable and less active.

Clearly, the effect of fluorinated amino acid incorporation on proteins is complex
and, presently, we lack the ability to accurately predict changes in protein behavior upon
fluorination. This is expected given our limited understanding of the molecular origins of
protein structure and function. The results described here show that directed evolution
can be applied to the introduction of fluorinated amino acids. Therefore, in instances
when a property of the protein is adversely affected upon non-canonical amino acid
incorporation, laboratory evolution can be utilized to recover this loss while maintaining
the advantages that the non-canonical amino acid provides. Through studies explored in
this thesis and those to come in the future, we will continually learn more about the

impact of fluorinated amino acids upon incorporation into proteins.
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