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Abstract

TRYPTOPHANYL-TRNA SYNTHETASE AND ITS ROLE
IN THE INCORPORATION OF NEW INTRINSIC
FLUORESCENT PROBES INTO PROTEINS.
Christopher Warren Victor Hogue
Department of Biochemistry, University of Ottawa, 1994

Fluorescence spectroscopy can reveal insights into the structure, function and
dynamics of proteins using the intrinsic fluorescence of tryptophan (Trp) residues.
Time-resolved fluorescence is uniquely sensitive to the local microenvironment of Trp
residues. This methodology is widely used, yet extensions allowing the further study
of protein interactions are desired. Tryptophan analogs are targeted as new intrinsic
probes, since their structures may camouflage them sufficiently to trick the relevant
protein synthesis mechanisms to ailow their incorporation into proteins. The specificity
of a single enzyme, tryptophanyl-tRNA synthetase (TrpRS; E.C. 6.1.1.2), is the key to
success for biosynthetic Trp analog incorporation. TrpRS catalyzes the ATP activation -
of Trp, and the subsequent aminoacylation of tRNATTP, prior to ribosomal protein -
synthesis.

Bacillus subtilis TrpRS has a single conserved and essential Trp-92 residue in
each of its symmetrical -2 subunits. The fluorescence of this Trp was very useful for
investigating the TrpRS mechanism, together with the nonfluorescent isomorphous
analog 4-fluorotryptophan as substrate. A -tryptophanyl-5'-adenylate dependent
quenching of Trp-92 fluorescence was observed, consistent with a local a-helix
formation, placing a conserved Cys residue in quenching proximity to the Trp-92
.. fluorophore. This corresponds with the recent crystal structure of the homologous B.
Stearothermophilus TrpRS. Titrations while monitoring Trp-92 fluorescence revealed
that the TrpRS dimer undergoes a concerted conformational change, virtually complete
with the reaction of one subunit. This change seems necessary since this very small
-enzyme could only bind the relatively large tRNAT™ substrate through interactions
with both subunits.

: Potentially useful Trp analogs for fluorescence studies were examined to
determine if they were TrpRS substrates. 5-hydroxytryptophan (SHW) and 7-
azatryptophan (7AW) were studied both as TrpRS substrates, and as biosynthetically
incorporated replacements of Trp-92. Methodology for efficient incorporation of these
normally toxic Trp analogs is demonstrated. 7AW was shown to be very sensitive to
solvent exposure, as its inclusion into a buried region of the protein causes large
increases in its fluorescence yield. 7AW is recognized as having particular utility for
the study of protein folding. Observations of the time-resolved fluorescence behaviour
of Trp and 5SHW in the same protein microenvironment are of consequence for
fluorescence theory, as they indicate that the current assumptions regarding radiative
properties may require modification.

By combining insights from both the crystal structure and these intrinsic
fluorescence studies with both Trp and the analogs, a clearer picture of the mechanism
of TrpRS was obtained. Prior to this study, the role of the essential Trp-92 was not
understood in terms of the mechanism of TrpRS. This study demonstrates Trp-92 is
crucial for both TrpRS conformational stability and for its very dynamic mechanism
which involves large, substrate-dependent conformational changes.
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INTRODUCTION

This work is concerned with the biosynthetic incorporation of alternative amino
acids, selected to change the optical spectroscopic pfoperties of proteins. These
changes will enhance the study of protein structure, function, dynamics and interactions
using fluorescence spectroscopic techniques. Bacterial protein synthesis can be used to
incorporate some unnatﬁral amino acids into recombinant proteins. The relevant
portion of the protein synthesis pathway will be studied as it relates to the incorporation
of these alternative amino acids. This introductory chapter provides a framework for
understanding proteins, the machinery of protein synthesis, and how previous work
with amino acid analogs relates to the current study. The next chapter will describe in
detail the spectroscopic; techniques and the spectroscopic features of the amino acids

and analogs used in this work.

1.1 Proteins

Proteins are typically described by their characteristic roles as biological
catalysts or enzymes. Yet proteins also serve organisms in other ways, to send signals,
to store nutrients, to form supporting structures, and to provide defence mechanisms.
In general, proteins posses properties and functions that are related to their structure.
Protein structure is hierarchical in nature, therefore any understanding of protein
structure begins with the structural elements held in common.

Proteins are linear biopolymers comprised of ordered sequences of the 20
naturally occurring amino acids (Fig. 1.1). A protein is formed as a condensation
polymer of these monomer units. The a-carboxyl group of one amino acid forms an

amide bond with the o-amino group of the next, with the elimination of water.
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Figure 1.1: General structure of a zwitterionic L' amino acid. R represents the amino
acid side chain.

The 20 amino acids which are most frequently found in proteins show a
diversity of chemical structures. Nature has provided this library of amino acids,
Figure 1.2, with a variety of volumes, charge, polarity, and bonding forces. The
properties of a functional protein are dominated by these side chains and their spatial
organization. Proteins may also contain other organic or inorganic components, known
as prosthetic groups or coenzymes.

The hierarchical nature of protein structure is best described by example. First,
the sequence of amino acids (primary structure) is characteristic of a particular protein.
Figure 1.3 shows the primary sequence for the enzyme tryptophanyl-tRNA synthetase
(TrpRS) from B. stearothermophilus (Winter and Hartley, 1977; Barstow et al, 1986).
Most of the covalent bonds in a protein are uniquely described by such a primary
sequence. Different organisms may have similar proteins - with the same functions.
These often have many similarities in primary sequence, and they will often share
structural similérities and spatial organization.

The second level of hierarchy of protein structure comprises the organization of
amino acids which are close neighbors in the linear sequence of the protein. These are
classified by recognizable patterns. A right-handed coiled polypeptide chain stabilized
by intrachain hydrogen bonding between backbone carbonyl and amide groups is
known as an o-helix. The o-helix most often observed involves hydrogen bonding
between the CO of residue N, and the NH of residue N+4. There are 3.6 amino

residues in each turn of the c-helix, and its diameter is approximately 5 A. A flat
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1 5 10 15 ‘ 20
Met Lys Thr Ile Phe Ser Gly Ile GIn Pro Ser Gly Val Ile Thr Ile Gly Asn Tyr Ile

25 30 35 40
Gly Ala Leu Arg GIn Phe Val Glu Leu GIn His Glu Tyr Asn Cys Tyr Phe Cys Ile Val

45 50 55 60
Asp GIn His Ala Ile Thr Va) Trp GIn Asp Pro His Glu Leu Arg Gln Asn Ile Arg Arg

65 70 75 80
Leu Ala Ala Leu Tyr Leu Ala Val Gly Ile Asp Pro Thr GIn Ala Thr Leu Phe Ile Gln

85 90 95 100
Ser Glu Val Pro Ala His Ala GIn Ala Ala Trp Met Leu GIn Cys Ile Val Tyr Ile Gly

105 110 115 120
Glu Leu Glu Arg Met Thr Gln Phe Lys Glu Lys Ser Ala Gly Lys Glu Ala Val Ser Ala

125 130 135 140
Gly Leu Leu Thr Tyr Pro Pro Leu Met Ala Ala Asp Ile Leu Leu Tyr Asn Thr Asp Ile

145 150 155 160
Val Pro Val Gly Glu Asp GIn Lys GIn His Ile Glu Leu Thr Arg Asp Leu Ala Glu Arg

165 170 175 180
Phe Asn Lys Arg Tyr Gly Glu Leu Phe Thr Ile Pro Glu Ala Arg Ile Pro Lys Val Gly

185 190 195 200
Ala Arg Ile Met Ser Leu Val Asp Pro Thr Lys Lys Met Ser Lys Ser Asp Pro Asn Pro

‘ 205 210 215 220
Lys Ala Tyr 1le Thr Leu Leu Asp Asp Ala Lys Thr Ile Glu Lys Lys Ile Lys Ser Ala

225 230 235 240
Val Thr Asp Ser Glu Gly Thr Ile Arg Tyr Asp Lys Glu Ala Lys Pro Gly Ile Ser Asn

245 250 255 260
Leu Leu Asn Ile Tyr Ser Thr Leu Ser Gly GIn Ser Ile Glu Glu Leu Glu Arg Gln Tyr

265 270 275 280
Glu Gly Lys Gly Tyr Gly Val Phe Lys Ala Asp Leu Ala GIn Val Val Ile Glu Thr Leu

285 290 295 300
Arg Pro Ile GIn Glu Arg Tyr His His Trp Met Glu Ser Glu Glu Leu Asp Arg Val Leu

305 310 315 320
Asp Glu Gly Ala Glu Lys Ala Asn Arg Val Ala Ser Glu Met Val Arg Lys Met Glu GlIn

325 328
Ala Met Gly Leu Gly Arg Arg Arg

Figure 1.3: The amino acid sequence of B. stearothermophilus TrpRS as an example
of primary structure. (Winter and Hartley, 1977; Barstow et al, 1986). The underlined

Sequences correspond to sequences with homologies with other aminoacyl-tRNA
synthetases.



stretch of protein chain stabilized by hydrogen bonds between neighbofing chains is
known as a B-sheet. The directions of the polypeptide strands forming a B-sheet can be
oriented parallel or antiparallel to one another. Turns with recognizable patterns are
also considered secondary structures. For example a hairpin turn with a hydrogen bond
between the CO of residue N and the NH of residue N+3 is known as a B-turn.

Efforts have been made to correlate amino acid sequences with a propensity to
form certain types of secondary structure (Chou and Fasman, 1974a) and to predict
protein secondary structure using the primary sequence and these data (Chou and
Fasman, 1974b; Fasman, 1989). Webster and coworkers, (1987) have carefully
considered the sequence of our example protein, B. stearothermophilus tryptophanyl-
tRNA synthetases with homologous sequences from the same eniyme from E. coli
(Hall et al., 1982) and B. subrilis (Chow and Wong, 1988). They predicted the
secondary structure of a portion of this enzyme (Fig. 1.4) (1991 unpublished
communication, T. Webster). However the overall three-dimensional structural
organization and conformation of a protein cannot yet be inferred from this information
alone (Fasman, 1989).

The third level of the protein structure hierarchy, the tertiary structure, is the
functional three-dimensional configuration which the protein backbone and side chains
adopt. Tertiary structure forms through a Combination of covalent and noncovalent
stabilizing bonds between the amino-acid side chains, including disulfide bonds,
hydrophobic interactions, hydrogen bonds, and ionic pair interactions (Dill, 1990).
This level of structural detail is obtained through painstaking and laborious experiments
involving the formation of pure protein crystals. Carter Jr., and Carter (1979) were
able to produce single protein crystals of B. stearothermophilus TrpRS. The x-ray
crystallographic structure of this protein was reported in 1993 (Doublié and Carter Jr.).
Different levels of detail of this tertiary structure are shown in Figure 1.5, togeﬂ}ef

with a schematic showing how the secondary structure of the protein is organized.
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Figure 1.4: Schematic of Webster's predicted secondary structure of bacterial
tryptophanyl-tRNA synthetase. Cylinders represent o-helicies, flat arrows represent B-
sheets. The assignment is based in part on sequence similarities with methionine-tRNA
synthetase. Two consensus sequences common to some aminoacyl-tRNA synthetases,
"HIGH" and "KMSKS" assist in orienting the prediction. These sequences and the
secondary structural elements BA, oB, 8B, and oC, form the Rossman nucleotide-
binding fold, common to these proteins. The F-helix was not strongly predicted, hence
it appears with dashed lines. The D a-helix was an unexpected prediction since it did
not appear in other homologous enzymes. The structure of the Connective Polypeptide

1 region was not predicted, since this region varies amongst this family of proteins.
(T. Webster, unpublished communication).



Figure 1.5: Tertiary structure of the monomer subunit of B. stearothermophilus
tryptophanyl-tRNA synthetase. (Doublié and Carter Jr., 1993) A. Schematic showing
the approximate arrangement of secondary structural elements in the tertiary fold.
Some of the w«-helicies and B-sheets as predicted by Webster (Fig 1.4) are labelled.
The -F helix is missing from the tertiary structure, and the o-D helix is present, both
as predicted by Webster. The consensus sequences "HIGH" and "KMSKS" are within
the circle. These are neighbors in space, unlike the representation in the previous
secondary structure schematic. B. The polypeptide backbone of the enzyme is shown,
omitting the side chains for clarity. The substrate tryptophanyl-5'-adenylate is shown
in bold with the adenine ring at left within the Rossman fold. C. Complete structure
showing side chains, using a "stick" representation. D. Complete structure using a
space-filling "sphere" representation.






A fourth level of protein structure is described for those proteins Which consist
of more than one polypeptide chain. How these chains fit together in the molecule is
known as the quaternary structure. The forces stabilizing this association of
polypeptides, or subunits are largely the same as those responsible for tertiary
structure.  The protein TrpRS exists as a functional enzyme through a noncovalent
association of two identical polypeptide chains. Two views of this dimeric protein,
together with its complexed substrate tryptophanyl-5'-adenylate, are shown in Figure
1.6.

In order to understand the role of any given protein and how its function relates
to its structure, the protein must be purified, and interrogated by chemical and physical
methods, such as sequencing and X-ray crystallography. These help establish its
primary, secondary and tertiary structure. However finding an unknown function of a
known protein may be more difficult to establish, even with the structural information.
Since the structures obtained through crystallography are static, the dynamic
information relating to how a protein may carry out its role is often missing.
Information of how a protein interacts with substrate or other cellular components may
also be missing from a static structure. Additional information can be obtained by
other methods, such as kinetic studies, chemical modification, site-directed
mutagenesis, optical and NMR spectroscopy. These are invaluable in integrating our

understanding of the interrelationships of protein structure, function and dynamics.

1.2 Protein Synthesis

The flow of information from DNA to RNA to protein sequence has been well
established over the last 30 years. The amino acid order; i.e. the primary sequence of

a protein, is encoded in the sequence of the DNA for each gene. DNA and RNA are
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Figure 1.6: The quaternary structure of B. stearothermophilus tryptophanyl-tRNA
synthetase as an -2 symmetric dimer. (Doubli€ and Carter Jr., 1993). Top and side
views. The substrate trytophanyl-5 '-adenylate is depicted in bold, showing the active
site of each monomer. The substrate Trp rings are closest to the center of the structure.

Portions of each monomer interdigitate within each other. The dimer is 112 A in
length (Scale 1 mm = 1 A).
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linear biopolymers consisting of four monomeric nucleic acid bases (Adams et al.,
1976) as depicted in Figure 1.7. DNA is composed of the deoxyribonucleotide
derivatives of the purines adenine and guanine, and of the pyrimidines cytosine and
thimine.  These deoxyribonucleotides adenosine, guanosine cytidine and thymine
comprise a condensation polymer which arranges itself for storage into a double helix
formed by the pairing of the complementary deoxyribonucleotide bases, abbreviated A-
T and G-C. These two strands are oriented in opposite directions, indicated by the
numbering of the ribose ring 5' and 3' positions (Figure 1.7). The DNA sequence
encodes each amino acid in a protein by means of a code of three deoxyribonucleotides
- known as a triplet codon. This triplet codon is transcribed by enzymes to RNA
(Table 1.1), using the DNA sequence as a template. RNA, is similér to DNA , but is
comprised of ribonucleotide derivatives, with the substitution of the pyrimidine uracil
in place of thymine. Messenger RNA, copied from DNA, serves as the template from
which the protein sequence is translated.

It is simplest to describe protein synthesis within a cell as the ordered
polymerization of activated amino acids. The translation of sequence infqrmation from
the code of mRNA into a protein polymer is carried out in a ribosomal complex.
Amino acids are carried to the ribosome attached to transfer-RNA molecules. tRNA
molecules with specific anticodons carry their specific amino acid, complementing the
mRNA codons detailed in Table 1.1. Hence tRNA molecules provide the physical
translation from each mRNA codon to its corresponding amino acid. Stop and start

signals, which vary amongst different organisms, punctuate the reading frame of the

mRNA.
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Figure 1.7: Structural components of DNA and RNA.
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Table 1.1: The Genetic Code (mRNA).

Stop UAA Gly GGU Pro CCU
UAG GGC CCC
UGA GGA . CCA
GGG CCa
Ala  GCU
: GCC His  CAU Ser  AGU
GCA CAC AGC
GCG ucu
' lle  AUU ucc
Arg  CGU AUC UCA
CGC AUA uca
CGA
CGa Leu UUA Thr  ACU
AGA ulG ACC
AGG Ccuu - ACA
cuc - ACG
Asn  AAU CUA
AAC CUG Trp UGG
Asp  GAU Lys  AAA Tyr  UAU
GAC AAG UAC
Cys UGU Met  AUG Val  GUU
UGC GUC
Phe UWU GUA
Gin  CAA uuc GUG
CAG
Glu GAA
GAG

1.2.1 The Ribosome - Site of Protein Synthesis

The ribosome is a complex molecular assembly, consisting of a small and large
subunit (Prince et al, 1983). The prokaryotic ribosome is made up of three RNAs and
52 proteins. The ribosome has been considered too large to determine its structure
from techniques used for globular proteins. However the structure of the ribosome has .

been revealed by many different experiments including chemical crosslinking, electron

14



microscopy and neutron diffraction techniques. A recent modei of the ribosome
complex is shown in Figure 1.8 (LiIﬁ et al., 1992). Most recently functional crystals
of ribosomes from halophilic bacteria have been found suitable for X-ray
crystallograpic studies (Evers et al., 1994), and more detailed structural elucidation is
in progress.

Initiation of prokaryotic protein synthesis begins with the ribosome's
recognition of the mRNA initiation site. In prokaryotes, the protein begins with an
initiation codon specifying formyl-Methionine, recognized by a special tRNA, fMet-
tRNA,ME (Hunt, 1980). This amino acid may be later cleaved from the protein after
synthesis by the enzyme methionine-aminopeptidase.

Ribosomal protein synthesis proceeds by the addition of  amino acid residues to
the c-terminal end of the growing polypeptide. mRNA in the ribosomal complex is
translated to protein from the 5' to 3' direction. At least two binding sites for tRNA
exist in the ribosome. The elongation of the polypeptide is performed in a three-stage
cycle requiring elongation factor proteins and GTP hydrolysis (Clark, 1980). First the
A site binds the incoming aminoacyl-tRNA. The P site binds the previous molecule of
tRNA that was formerly bound in the A site, and to which the growing polypeptide is
attached. .Then the nascent polypeptide is transferred to the aminoacyl-tRNA in the A
site, with the condensation of the new amino acid, lengthening the chain. Finally the
tRNA in the P site is released, proceeding through an E or exit site, and the new
peptidyl-tRNA in the A site is translocated to the P site, together with the translocation
of the mRNA. The accuracy of the translation in the ribosome has been explained in
part by a kinetic proofreading mechanism involving GTP hydrolysis and an elongation
factor, EF-Tu, which binds the incoming aminoacyl-tRNA (Thompson, 1988, Weijland
and Parmeggiani, 1994). This mechanism assures correct complementary base pairing

prior to polypeptide chain elongation.
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Figure 1.8: A model for the prokaryotic ribosomal complex. (After Lim et al., 1992).
Two subunits, (unstippled) 50S and (stippled) 30S comprise a complex together with
mRNA and two molecules of tRNA, occupying the A site and the P site, The
polypeptide has been shown to pass through a large cavity within the 50S subunit
before emerging (Yonath, 1993). The tRNA and mRNA are represented here in one of

two possible orientations relative to the ribosome, but these orientations are still in
dispute.
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Termination of the growing protein is complete when a stop codon is reached.
This causes the binding of factors inducing the hydrolysis of the peptidyl-tRNA
(Caskey, 1980). A single mRNA can be simultaneously translated by several

ribosomes, a structure known as a polysome.

1.2.2 Transfer Ribonucleic Acids

Transfer RNA is the translating element, relating mRNA sequence to a
particular amino acid. tRNAs are small RNA molecules, typically 73-93 nucleic acid
bases in length. Up to 10% of bases may be modified after tRNA synthesis. tRNA
carries its cognate amino acid covalently on the amino acid acceptor end, linked
through an ester bond between the carboxylate of the amino acid and either the 2' or 3"
ribose hydroxyl of the 3' end of the tRNA.

Like proteins, RNA has a structural hierarchy. The secondary structural
elements comprise nucleotide base-pairing interactions. The secondary structure of
tRNA is often described as a cloverleaf shape, and a consensus sequence of tRNA has
been described (McClain, 1993) shown in Figure 1.9. tRNA molecules posses three
bases comprising the anticodon, roughly in the center of the sequence. These form
base pairs with the codon of mRNA during protein synthesis. The third base pair
formed of the codon-anticodon interaction, can be in a orientation somewhat different
and more flexible as compared to those base-pair structures depicted in Figure 1.7.
This is often called a "wobble" base pair and it allows a single tRNA to bind to
multiple codons which can vary in the third base position, but represent the same amino
acid (Table 1.1).

All the tRNA molecules in an organism require some similar structural features

for the interactions shared in common. These. include binding to EF-Tu and to
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Figure 1.9: Secondary structure schematic of tRNA. (Left) Generalized structure with
invariant or semivariant bases named (R = purine; Y = pyrimidine; Pseudouridine)
others represented by open circles. Lines in the D loop and Variable loop represent
variable numbers of nucleotides. Shaded circles represent bases that have often been
experimentally demonstrated to be important determinants for tRNA recognition by
aminoacyl-tRNA synthetases. Base 73 has been found important for the specificity of
most of these interactions. (Adapted from McClain, 1993) (Right) Schematic showing
the arrangement of tertiary hydrogen-bonding interactions from the structure of
tRNAFhe, illustrating the involvement of invariant and semi-variant nucleotides in
adopting the final tertiary structure. (Adapted from Quigley and Rich, 1976).
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the ribosomal tRNA binding sites. Differences in structural featurés must be present so
that tRNA can undergo specific ‘interactions which ensure the fidelity of protein
synthesis. These specific interactions include the recognition and covalent attachment
of the correct amino acid to the tRNA, and the ‘proper alignment and pairing of the
tRNA's anticodon with the mRNA codon during translation.

The relationship between the structure and the shared interactions of tRNA
became more clear after the elucidation of the tertiary structure. tRNA adopts a
distinctive tertiary fold (Sussman et al., 1978). Most bases are stacked and base-
paired, and the secondary structure is distorted, as depicted schematically in Figure
1.9, into the narrow L-shaped three-dimensional structure of Figure 1.10. Some tRNA
molecules, such as mammalian mitochondrial tRNA, contain vsignjﬁcant deletions in the
D stem or pseudouridine stem. Experimental studies (Hou and Schimmel, 1992) and
computational modelling (Steinberg et al., 1994) suggest the overall L-shaped bend in
the tRNA molecule is flexible in nature. tRNAs with deletions can form a
"boomerang" like structure to stretch to a normal anticodon-acceptor helix distance.

The structural elements responsible for the specific interactions of tRNA have
proved more difficult to identify. The anticodon has been shown the only determinant
for the specific interaction with mRNA. Single point mutations of tRNA sequences
have revealed several bases resﬁonsible for tRNA recognition during the
aminoacylation step, clustered near the acceptor stem and anticodon region (Rogers and

Soll, 1990; McClain, 1993), depicted as shaded circles in Figure 1.9.

1.2.3 The Role of the Amino Acid

The question of the role of the amino acid in directing protein synthesis was

addressed in early experiments by Chapeville et al. (1962) in which
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Figure 1.10: Tertiary structure of yeast tRNAPhe, (Sussman et al., 1978) (Left)
Overall fold of phosphate backbone, depicting elements of secondary structure
identified in Fig. 1.9. (Center) Detailed crystal structure showing base pairing, stick
representation.  (Right) Space-filling sphere representation. Note that the helical
regions of tRNA have major and minor grooves like DNA (Fig. 1.7). Structure is
approximately 80 angstroms in height.
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Cys-tRNA®YS was chemically converted to Ala-tRNACYS, Subsequent analysis of the
proteins synthesized demonstrated that Ala was put in place of Cys. It was concluded
that the amino acid itself played no role in directing protein synthesis after tRNA
aminoacylation. Later, Johnson (1974) found similar results after acetylating the &-
amino nitrogen of Lys-tRNALYS and recovering &-N-acetyl-lysine in tetrameric
hemoglobin.

Schultz and coworkers, (Mendel et al., 1992; Judice et al., 1993) have reéently
prepared proteins with a variety of unnatural amino acids (e.g O-methylserine; tert-
leucine;  L-4-nitro-2-aminobutyric acid - a nitro analog of Glu; and
aminoethylhomocysteine and citrulline, both monoamine analogs of Arg). This was
achieved through -an in-vitro protein synthesis approach using 'suppressor tRNAs
chemically acylated with the unnatural amino acids. The success of this technique with
a wide variety of unnatral amino acids has demonstrated the passive role for amino
acids in protein synthesis after tRNA aminoacylation.

One important exception is the recognition by chloroplast EF-Tu befween
misacylated Glu-tRNAS!" and properly acylated Glu-tRNAS! (Stanzel et al., 1994).
Chloroplasts, mitochondria, archaebacteria and Gram-positive bacteria lack an enzyme
which attaches Gln to tRNAC!®, and instead form GIn-tRNAS™ from Glu-tRNASI
with an amidotransferase. ~ Hence misacylated Glu-tRNAC® is abundant in
chloroplasts, and requires further enzymatic processing. This specific form of amino
acid discrimination is not observed with the EF-Tu of E. coli, a Gram-negative

bacteria possessing the glutamine attaching enzyme, glutaminyl-tRNA synthetase.
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1.2.4 Aminoacyl-tRNA Synthetases

Considering 20 possible MO acids and more than 20 possible tRNA molecules
which could be aminoacylated, there are at least 400 different possible combinations.
The class of enzymes comprising aminoacyl-tRNA synthetases maintains the fidelity of
protein synthesis by the specific aminoacylation of cognate tRNA with cognate amino
acid. Similar amino acids, such as the isomorphous Cys and Ser, or Val and Ile which
differ by a methylene group, must be discerned by the individual aaRS enzymes
without error. Most organisms contain twenty different aaRS enzymes which perform
these tasks, one for each of the twenty protein amino acids.

The generally accepted mechanism for the formation of aminoacyl-tRNA is

described by two reaction steps (Friest, 1989), first the formation of an activated

aminoacyl-adenylate:
aaRS + aa + ATP < aaRS-aa-AMP +.PR ¢))

This step is driven to completion by the rapid intracellular degradation of PP; by
inorganic pyrophosphatase (Dignam and Deutscher 1979). The second step is the
transfer of the amino acid onto tRNA, known as the aminoacylation step:

aaRS-aa-AMP + tRNA® & aaRS + aa-tRNA?2 + AMP (1)

However there can be differences in the staging of the mechanism amongst

aaRS enzymes (Friest, 1989). These include differences in the order of substrate

binding, conformational changes and additional pretransfer hydrolytic proofreading

mechanism which eliminate noncognate amino acids.
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Table 1.2: Aminoacyl-tRNA Synthetase Classes.

Class I : Class II
Aminoacyl Bond Site 2' OH 3" OH (except PheRS)
On Terminal Ribose . '
- Sequence Motifs? .. HIGH. .. +G(F/Y)xx(V/L/1)xxP¢ (a) and (b) only
... KMSKS. .. +OOXOXXXFRX(E/D) ... ... (R/H)XxXxF. ..
0GHGOGHIERPOHH
Subclass Members  (a) (b) (c) (a) (b) (c) (d)
LeuRS TyrRS ArgRS HisRS AspRS GIlyRS PheRS
lleRS TrpRS GInRS ProRS AsnRS AlaRS
ValRS GluRS SerRS LysRS
CysRS ThrRS
MetRS
2 Bold type indicates conserved residues; normal type indicates consensus residues.
Notation (x/y) indicates optional residues in one location. ¢ indicates hydrophobic
residues, + indicates positively charged residues. Adapted from Cusack (1993) and
Carter Jr. (1994). ;

The aaRS enzymes differ widely in their size and number of subunits (Mirande,
1991). Subunit organization has been shown to differ for some 2aRS enzymes across
species boundaries. Eukaryotic aaRS enzymes have been found in Iargé multienzyme
complexes of M, 1.2 x 108, containing nine aaRS activities together with other proteins
lacking aaRS activity. Amongst E. coli aaRS enzymes, AlaRS and GlyRS have the
largest protomers and oligomeric size, while TrpRS has the smallest (Schimmel, 1987).
There is an apparent inverse relationship between enzyme size and amino acid ligand
size, as observed with other enzyme-substrate pairs (Goodsell and Olson, 1993).

At the time of writing, considerable new information about aminoacyl-tRNA
synthetases has appeared in the literature, including new sequences, crystal structures,
and mechanistic details. The subdivision of the known aminoacyl-tRNA synthetases
into two classes (Eriani et al., 1990; Burbaum and s;hhmnel, 1991) has been,‘ a

watershed event in the study of these enzymes. A few general trends relating to the
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chemical nature of the amino acid and its volume can be related to the class and
subclasses (Eriani et al., 1990) of these proteins, shown in Table 1.2. One
observation is that several like pairs of amino acids which differ in size are partitioned
between the two classes: i.e. Asp/Glu; Asn/Gln; Lys/Arg; Ser/Cys Phe/Tyr, with the
larger of the two always in Class I. However no obvious correlation has been made
between the aaRS class designation and the tRNA sequences or discriminator
nucleotides shown in Figure 1.9, e.g. base 73. This implies that the structure of both

the aaRS and the tRNA are important determinants in establishing their mutual identity

and recognition.

1.2.4.1 Class |

Class I aminoacyl-tRNA synthetases share two primary structure motifs, as
shown in Table 1.2. The amino acids acted upon by Class I enzymes contain more
hydrophobic members than those acted on by Class II enzymes. Crystal structures of
four members of Class I, TyrRS (Brick et al., 1988), MetRS (Brunie et al., 1990),
TrpRS (Doublié and Carter Jr., 1993) and the GInRS-tRNAC!® (Rould et al., 1989)
complex, all show a common nucleotide-binding fold at the aminoacyl-adenylate
binding site (Carter, Jr., 1993). This comprises parallel $-strands and connecting o-
helices in a structure known as the Rossmann fold (Rossmann et al., 1974). The two
primary structure motifs H-I-G-H and K-M-S-K-S are near the ATP binding site (Figs.
1.5 and 1.6). While the regions conferring adenosine and amino acid binding have
some structural homologies, there are no similarities with the tRNACI? 3' end binding
domains of GInRS and structural domains in the other three enzymes. This suggests

these all bind their cognate tRNA using different structural configurations.
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A portion of Connective Polypeptide 1 (Fig. 1.4) has been implicated in binding
a portion of the tRNA 3'-terminus in Class I aaRS enzymes (Rould et al., 1989;
Burbaum and Schimmel, 1991). Connective polypeptide (CP1) links the N-terminal
portion of the Rossman /B nucleotide fold to the C terminal portion, identified in
Figure 1.4. CP1 varies in length amongst Class I enzymes. A portion of the large
CP1 in IleRS has been shown to be dispensable (Burbaum et al., 1990). The CP1 of
GInRS binds to the acceptor helix of tRNAC!? with a five-stranded antiparallel B-sheet
flanked by o-helicies (Rould et al., 1989) The dimeric enzymes TrpRS and TyrRS
have CP1 regions which participate in inter-subunit stabilizations.

Mechanisms vary widely amongst Class I enzymes. MetRS, ValRS and IleRS
have pretransfer hydrolytic proofreading mechanisms to eject nonéognate aminoacyl-
adenylates (Carter Jr., 1993) prior to step II. The order of substrate binding can also
differ. The monomeric enzyme GInRS will not perform reaction I unless it is first in a
compiex with tRNAGIn (Bhattacharyya et al., 1991; Perona et al., 1993). However the
dimeric enzyme TyrRS, has an ordered mechanism, oinding the amino acid Tyr first,
then ATP, completing reaction I in the absence of tRNATY" (Brick and Blow, 1987).
A third substrate order is shown in TrpRS from prokaryotic sources, which bind ATP
first, then the amino acid, (Penneys and Muench, 1974; Xu et al., 1989) opposite to
the order of TyrRS. -

Unspecified conformational changes have been attributed to TrpRS and TyrRS
(Fersht and Jakes, 1975) upon binding different substrates. TrpRS conformational
changes were revealed by intrinsic fluorescence techniques (Andrews et al., 1985) and
substrate-dependent changes in crystal morphology (Carter Jr. and Carter, 1979; Carter
Jr. et al., 1994). Similarly sensitive experiments, using extrinsic fluorescence probes
(Bhattacharyya et al., 1991) or experiments involving reactants diffusing into reactive
crystals (Perona et al., 1993) show the bulk of the structure of GInRS does not change

conformation throughout its mechanism. This variety of mechanistic strategies
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undertaken by Class I aaRS enzymes highlights their diverse approaches to ensuring the

fidelity of protein synthesis.

1.2.4.2 Class Il

Class II aminoacyl-tRNA synthetases can be designated by three conserved
sequence motifs; as shown in Table 1.2. The amino acids controlled by Class II
enzymes include more small, neutral molecules than Class I. From this observation, it
has been suggested that Class II has more primitive origins than Class I (Carter Jr.,
1993).. However the relatively even distribution of 64 codons used (32 Class II and 29
Class I, £ 3 stop codons) between the two classes argues that they could be equally
ancient. Functionally Class II enzymes differ from Class I by aminoacylating tRNA on
the 3'OH (with the exception of PheRS). The sequence motifs of Class II are not
strictly conserved. Motif 1 is found only in dimeric Class II enzymes (Moras, 1992)
(with the exception that it is also found in PheRS - a tetramer). A principal difference
between Class I and Class II is the location of the active site, which is usually in the C-

terminal portion of Class II enzymes, wherein motifs 2 and 3 reside (except GlyRS and

AlaRS).

TQo crystal structures of Class 11 éuzymes, SerRS (Cusack ct al., 1990) and the
AspRS-tRNAASP (Ruff et al., 1991) complex, have confirmed the tertiary structural
differences compared to Class I. Class II enzymes are missing the Rossman fold of
Class I enzymes, and have instead an antiparallel B-sheet nucleotide binding fold
(Cusak, 1990). The amino acid binding pockets of AspRS and SerRS also seem to be
more deeply buried than the pockets of the Class I enzymes.

The mode of tRNA binding between Class I and Class II enzymes may be
fundamentally different, based on the comparison of the GInRS tRNACI?
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Figure 1.11: Structure of tryptophanyl-5'-adenylate as found in the active site of B.
stearothermophilus TrpRS (Doublié and Carter Jr., 1993). (Top) Space-filling and
(Bottom) stick views, with the indole ring to the left.
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(Perona et al., 1993) and AspRS-tRNAASP complexes (Ruff et al., 1991). These show
the tRNA binding on its minor groove side to GInRS, and on its major groove sidé to
AspRS. This relates to the functional difference in the site of tRNA aminoacylation
between the two classes, i.e. the 3' or 2' ribose hydroxyl (Cérter Jr. 1993). Based on
these differences, Moras (1992) has suggested that the tRNA molecule is more passive
partner in the binding and recognition process. Clearly the mode of recognition of

cognate tRNA by each aaRS enzyme is idiosyncratic.

1.2.5 Tryptophanyl-tRNA synthetase.

Tryptophanyl-tRNA synthetase (E.C. 6.1.1.2), like all aminoacyl-tRNA
synthetases, pla‘ys a crucial role in protein synthesis. TrpRS was historically the second
aminoacyl-tRNA synthetase discovered, first isolated and characterized from bovine
pancreas (Davie et al., 1956). Since then TrpRS has been one of the most studied
members of the family of aaRS. As other aaRS mechanisms, t(RNAT? s

aminoacylated with Trp by TrpRS in two reactions:
TrpRS + Trp + ATP & TrpI}S-Trp-AMP + PR (I11)
TrpRS Trp-AMP + tRNAT® 2 TrpRS + Trp-tRNATP  + AMP  (IV)
The first step, (III), involves the formation of the high energy tryptophanyl-5'-
adenylate, shown in Figure 1.11, which is complexed in the enzyme's active site, one

site per monomer (Figures 1.5, 1.6). Uncomplexed tryptophanyl-5'-adenylate is very

unstable in water at pH > 5 (Kingdon et al., 1958). It is also an efficient acylating
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VIIEELKGP ~ RTEFEKYINEPTYLHSVVESGMRKAREKAAKNLPT FI
AVSGMLTELQE RYHRFRNDEAFLQQVMKD GAEKASAHAS
VVIETLPIQE RYHHWMESEELDVRL DEGAEKANRVASE MVRKMEQAMGLGRR
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Figure 1.12: Amino acid sequences of TrpRS from Bv = bovine (Garret et al., 1991);
Ym = yeast (Myers and Tzagoloff, 1985); Ec = E. coli (Hall et al., 1982); Bst = B.
stearothermophilus (Barstow et al., 1986) and Bsu = B. subtilis (Chow and Wong,
1988).  Strongly conserved residues are bold.
underlined. Crystallographic nearest neighbors to substrate Trp are double underlined
in the Bst sequence. Homologous sequences to anticodon binding sites are indicated
with ° underneath (Doublié et al., 1994). Manual alignment shown here is based on 6
additional TrpRS sequences not shown. Mammaliar' sequences have very high

homology, and are all similar to the bovine sequence.
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agent (Wong et al., 1959; Krishnaswamy and Meister, 1960). The“acylating activity of
tryptophanyl-5'-adenylate is not éompletely contained in the enzyme's active site
(Joseph, and Muench, 1971ab), as it will acylate the 2' ribose hydroxyl of excess ATP

in vitro:
TrpRS Trp-AMP + ATP # TrpRS-Trp-ATP + AMP )

This forms tryptophanyl-2'-adenosinetriphosphate in a manner analogous to its natural
substrate, the 3' end of tRNA (Coleman and Carter Jr., 1984). This reaction is
believed to be an in vitro artefact. The formation of tryptophanamide in the presence
of ammonium carbonate buffer (Andrews et al., 1985) also demonstrated the acylating
reactivity of the TrpRS-Trp-AMP complex. Merle and coworkers (1986) showed a
careful preparation of stoichiometric amounts of TrpRS complexed with tryptophanyl-
5'-adenylate could be performed, avoiding the acyl-transfer byproduct tryptophanyl-2'-
adenosinetriphosphate.

Tryptophanyl-tRNA synthetases have demonstrated significant differences in
structure and mechanism between enzymes from prokaryotes, yéasts and vertebrates.

The sequences of their cognate tRNAT™ also vary (Xue et al., 1993).

1.2.5.1 Prokaryotic TrpRS

Prokaryotoic TrpRS show high homology to one another, as can be seen in Fig.
1.12.  E. coli TrpRS was the first prokaryotic TrpRS characterized (Joseph and
Muench, 1971ab). It was found to be an o2 dimer of 37 kDa subunits. The enzyme
had one DTNB titratable sulfhydryl group reported essential for activity (Kueh! et al.,
1976), later identified as Cys-71. An ordered mechanism with ATP binding first was
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Figure 1.13: Mechanism of E. coli TrpRS  A. Experiments using inhibition kinetics
demonstrated the ordering of the reaction (Penneys and Muench 1974). B. Schematic
of the concerted conformational change and positive cooperativity (Andrews et al.,
1985; Merle et al., 1986) of E. coli TrpRS. In sharp contrast, the dimeric bovine
pancreatic TrpRS only undergoes one half of the reaction because negative
cooperativity can prevent the second subunit from being filled.
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established using inhibition kinetics (Penneys and Muench 1974),” depicted in Figure
1.13. The binding of two {RNATP per dimer was established using density gradient
centrifugation (Muench 1976). Positive cooperativity for this TrpRS was identified
using stopped-flow kinetics (Merle et al., 1986).

Spectroscopic and kinetic studies of this TrpRS (Andrews et al., 1985)
concluded that a large conformational change occurred upon formation of tryptophanyl-
5'-adenylate. This conclusion was made based on an assumption of the change in
fluorescence due to the substrate Trp. However it was not possible to separate the
spectral contributions from the substrate Trp and the enzyme's Trp residues.

The gene for E. coli TrpRS has been cloned (Hall and Yanofsky, 1981) and
sequenced (Hall et al., 1982). The prokaryotic TrpRS seqﬁences have a "TIGN" or
"TLGN" rather than the Class I consensus sequence "HIGH" (Fig. 1.12). Recent site-
directed mutagenesis and kinetic experiments have demonstrated that the E. coli TIGN
sequence acts in the same capacity as HIGH (Chan and Koeppe, 1993; Fersht et al.,
1987), stabilizing the substrate and transition state of the first part of the TrpRS
reaction. Studies with E. coli tRNAT™ have demonstrated that the tryptophan
anticodon bases CCA as well as G73 on the acceptor stem are important recognition
elements for TrpRS (Pak et al., 1992).

B. stearothermophilus TrpRSs was the first TrpRS sequenced (Winter and
Hartley, 1977). Studies of this variant of TrpRS have centered largely on obtaining
crystals suitable for x-ray crystallography, carried out in the laboratory of C.W. Carter
Jr. (Carter Jr. and Carter, 1979; Coleman and Carter Jr., 1984; Carter Jr., 1988).
This work culminated in a low-resolution structure of TrpRS complexed with Trp
(Carter Jr. et al., 1990) and a high-resolution structure, as described earlier in this
chapter. Various attempts at crystallization of this TrpRS with substrates have resulted
in different crystal isomorphs (Carter Jr. and Ca}jter, 1979). A thorough aﬁalysis of

these crystal isomorphs indicates that the different crystal packing of TrpRS is a result
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of different conformations associated with its catalytic mechanism (Carter Jr. et al.,
1994). The most obvious difference between the two structures of B.
stearothermophilus TrpRS at comparable resolutions is in the orientation of the C-
terminal portion (Carter Jr. et al., 1994).

‘ As noted earlier, prokaryotic TrpRS has the smallest CP1 sequence of the Class
I aaRS enzymes. The structure of the TrpRS-Trp-AMP complex (Doublié and Carter
Jr., 1993) shows part of the CP1 segment has a prominent protruding structure, which
can be seen in the bottom center of the TrpRS structure in Figure 1.6. In this position,
the TrpRS CP1 would be positioned close enough to the tryptophanyl-adenylate site to
accommodate an interaction with the acceptor stem of tRNAT™P,

Mutational experiments with tRNA have shown that tRNAT™ binds to TrpRS at
the anticodon and acceptor ends (Pak et al., 1992). The binding of 2 tRNATP per
dimer simultaneously (Muench, 1976) was previously mentioned. The geometry from
the tRNAPB® structure (Figure 1.10) requires an approximately 50-70 A distance
between the anticodon and acceptor ends which must be bridged by TrpRS to bind at
both sites. Yet the TrpRS-Trp-AMP complexed dimer itself is only 112 A long (Figure
1.6; Doublié and Carter Jr., 1993). A 60 A distance from the reactive phosphate of a
Trp-AMP substrate reaches the far end of the opposite monomer, but does not intersect
the same monomer. These geometric constraints indicate tRNAT™® must straddle the
TrpRS dimer interface in order to simultaneously bind at both ends. This is also the
case for TyrRS.

The TrpRS C-terminal end may also bend to accommodate the binding of
tRNAT™ at both ends. As previously mentioned, a low-resolution structure of B.
stearothermophilus TrpRS clearly shows a loosely tethered c-terminal end bending
outward (Carter Jr. et al., 1994). Conformational changes in both the t(RNAT™P and

TrpRS could be very important in their binding and recognition.

34



B. subtilis Tryptophanyl-tRNA synthetase was identiﬁed, sequenced and
expressed from its gene (Chow aﬁd Wong, 1988). The protein (330 amino acids)
exhibits 78% homology to the B. stearothermophilus enzyme (328 amino acids), and
56% homology to the E. coli enzyme t334 ‘amino acids). It was cloned and
overexpressed in E. coli (Shi et al., 1989). This enzyme exhibits an ordered
mechanism (Xu et al., 1989) binding ATP before the amino acid, like the E. coli
enzyme. B. subtilis TrpRS has a single, conserved tryptophan and only 2 cysteine
residues in each subunit. Conventional mutagenesis of this conserved Trp-92 to Phe,
Ala or Gln has resulted in an inactive enzyme, implicating the conserved Trp-92 as an
essential residue (Chow et al, 1992). Because this Trp was identified in the CP1
region, there was speculation that it was directly involved Iin tRNA binding, perhaps
through intercalation with tRNA bases (Chow et al, 1992). However the crystal
structure of the highly homologous B. stearothermophilus enzyme shows this Trp is a
well-buried residue, residing at the subunit interface, which is discussed further in
Chapter 3. The identity elements for tRNAT™ interaction were identified by site
directed mutagenesis of the B. subrilis tRNATP (Xue et al., 1993), and found to be the

same as for E. coli including the anticodon bases CCA and G73 on the acceptor stem.

1 .2.5'.2 Yeast TrpRS

Yeast TrpRS was sequenced by Myers and Tzagoloff (1985). A signal sequence
for mitochondrial localization is present on the N-terminal end of the enzyme, which is
not found in prokaryotic TrpRS (Fig. 1.12). Yeast TrpRS has not been as widely
studied as prokaryotic or bovine TrpRS. The tRNA of halophilic bacteria, yeast and
other eukaryotes use the discriminator base A73, rather than G73 of prokaryotes (Xue

et al., 1993). This divergence in discriminator. base is expected to be paralleled by
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alterations in the structure of the TrpRS. Interestingly, yeast TrpRS will cross-react
with mammalian tRNAT™ which also shares discriminator base A73, but not with
prokaryotic tRNAT™P. This is despite the sequence similarity of yeast TrpRS to the
prokaryotic TrpRS as shown in Figure 1.12. A plant aaRS study (Jakubowski and
Pawelkiewicz, 1975) identified TrpRS from yellow-Lupin seeds as having 37,000 Mr
subunits, which would make this plant TrpRS more similar in size to prokaryotic and

yeast TrpRS than to the mammalian TrpRS.

1.2.5.3 Mammalian TrpRS

Mammalian TrpRS species have been isolated as o2 dimers, consisting of two
58 kDa subunits (Lem;aire et al., 1969; Gros et al., 1972), making them much larger
enzymes than the prokaryotic or yeast variants. Bovine TrpRS was found to be a zinc
metalloenzyme (Kisselev et al., 1981), unlike the prokaryotic TrpRS. Mammalian
TrpRS does not cross-react well with prokaryotic t(RNATP (Xue et al., 1993; <
0.03%). This may correspond to species differences in the tRNAT™® discriminator
bases, as noted for yeast. E. coli TrpRS does not cross react with polyclonal antibodies

from bovine pancreatic TrpRS (Merle et al., 1986) indicating these enzymes share no

“similarities in structures that form antigens.

Bovine TrpRS was shown to bind one tryptophanyl-5'-adenylate per subunit
(Graves et al., 1980). Kinetic studies showed anticooperativity in the formation of
Trp-AMP (Merault et al., 1981; Mazat et al., 1982). This anticooperativity is opposite
to the behavior in prokaryotic TrpRS, described in Figure 1.12. A conformational
change of the enzyme, after the binding the first Trp-AMP, that prevents the second
Trp-AMP binding in the opposite dimer (Favorova et al., 1981) is implied. Opticgl

spectroscopic studies, including fluorescence and absorbance, indicated a possible
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perturbation (Graves et al., 1980), but they could not specify whether the perturbation
originated from protein or substrate. Far-UV circular dichroism spectroscopy, which is
sensitive to the amount of secondary structure in the protein, showed no change within
the enzyme after forming the Trp-AMP complex. Hence if conformational changes
occurred in TrpRS, they did not alter the relative proportions of secondary structure.

Despite its early isolation in quantity, (Davie et al., 1956; Lemaire et al., 1968)
the sequence of bovine pancreatic TrpRS was only recently determined (Garret et al.,
1991). In addition, the sequence from human TrpRS (Frolova et al., 1991) has been
obtained, which is 90% homologous to bovine TrpRS (Kisselev et al., 1993). The
majority of the difference in size with prokaryotic TrpRS can be attributed to the larger
N-terminus of the mammalian TrpRS, based on sequence alignment (Fig. 1.12). Of
the two mammalian TrpRS sequences identified, only 20% homology with prokaryotic
or yeast TrpRS is seen (Garret et al., 1991). This is unusually low homology
considering TrpRS is assumed to be a "housekeeping" enzyme of prehistoric origin.

Mammalian TrpRS expression is y- interferon inducible in cell culture (Kisselev
et al., 1993), suggesting it may be involved in an immune response or defensive
activity. Upon sequencing bovine TrpRS, Garret and coworkers found high homology
(90%) with rabbit peptide chain release factor eRF previously cloned in the laboratory
of Caskey (Lee et al., 1990). This generated some interesting speculation regarding a
dual role for TrpRS. However it was convincingly demonstrated by Frolova and
coworkers (1993) that the putative eRF sequence of Lee et al. was mistaken, and was
rather the rabbit TrpRS sequence, with some incorrect sequence assignments (Kisselev
et al., 1993). No other activity for TrpRS has been demonstrated that might be related
to an immune response.

Early experiments suggest that bovine TrpRS excludes Trp analogs which have
substituents at the S-carbon of Trp (Sharon and L?pmann, 1957). Prokaryotjé TrpRS
including B. subtilis, (Barlati and Cifferi, 1970) and E. coli (Hogue et al., 1992) do not
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exclude these analogs, nor does yeast (J.B.A Ross, personal communication). A
physiological consideration of these organisms suggests that this discrimination of 5-
carbon substituents by mammalian TrpRS may have an evolutionary basis. 5-
hydroxytryptophan (SHW) is a naturally occurring amino-acid, a précursor to serotonin
(5-hydroxytryptamine, SHT), derived from Trp in higher eukaryotes. Since some
vertebrate cells will produce SHW in the biosynthesis of SHT, the vertebrate TrpRS
should have sufficient specificity to prevent tRNAT™P from misacylation with SHT.
This specificity may be unnecessary in simple eukaryotes and prokaryotes which do not
produce serotonin. The diversification of the natural amino acids for cell signalling
may thus require greater substrate selectivity in vertebrate aaRS enzymes.

Much remains to be learned from TrpRS of mammalian or vertebrate origins.
The differences in mechanism and substrate specificity should be reflected in the
structure of bovine TrpRS. Sequence alignment shows a 15 amino acid insert in the
bovine enzyme (Fig. 1.12: QIFRDRTDVQCL) into the region where Trp binding in
the B. stearothermophilus enzyme is localized. Despite identities amongst surrounding
residues, not one of the nearest neighbors of the substrate Trp are conserved between
the sequence alignment of bovine and the four other TrpRS sequences. However 7 of
these 8 residues are identical amongst the four other TrpRS sequences. These sequence
differences may account for many of the observed differences in mechanism and
substrate specificity. Application of any conclusions drawn from this work, involving
B. subrilis TrpRS, to mammalian or vertebrate TrpRS are difficult to justify, as these

are very different enzymes.
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1.3 Incorporation Of Analogs Into Proteins

Despite their ability to discriminate against protein amino acids, several
aminoacyl-tRNA synthetases will activate nonprotein amino acids and allow their
biosynthetic incorporation into proteins (Schlesiﬂger, 1968; Barlati and Ciferri, 1970;
Sykes et al., 1974; Kohno et al.'; 19l90; Koide et al., 1988). Miyazawa and coworkers
(Koide et al., 1988) have used the term alloprotein to describe proteins with
incorporated nonprotein amino acids. Although amino acid analogs have been used
since the mid-1950's they have not been reviewed in light of their utility in studying

proteins.

1.3.1 Early Trp Analog Experiments

Amino acid analogs of Phe, Tyr and Trp played an important role in the
elucidation of pathways by which amino acids were incorporated into protein in the
1950's (Halvorson et al., 1955). There exist several early reports regarding tryptophan
analog incorporation and its relation to tryptophanyl-tRNA synthetase. The purification
and initial study of bovine TrpRS (Davie et al., 1956) included experiments with
tryptophan analogs. A hydroxamic acid reaction was used as a colorimetric test for the
presence of an acyl-adenylate. Tryptazan (2-azatryptophan, 2AW) was demonstrated as
a substrate for TrpRS by this hydroxamic acid test.

The first report of tryptophan analog incorporation into proteins (Pardee et al.,
1956) detailed the growth of a tryptophan deficient auxotroph of E. coli in media
containing 7AW, 2AW or SMW. Only 7AW and 2AW sustained bacterial growth.
They concluded these azatryptophans, but not SMW, are incorporated into proteins.

Sharon and Lipmann (1957) compared the reactivity of various Trp analogs with

bovine TrpRS to the results of bacterial growth eXperiments like those of Pardee et al.,
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(1956). They concluded that only those analogs which are first enzymatically activated
by TrpRS are incorporated into protein. = They suggested that analog toxicity was a
result of erroneous protein synthesis. Sharon and Lipmann also reported a failure of
SMW, 6MW and SHW to be activated by the bovine TrpRS. These early results were
t_aken as evidence that larger substituents of the 5 position of Trp, i.e. SMW and SHW,
rendered the analog incapable of biosynthetic incorporation in both bacteria and
mamimals.

These early conclusions regarding the ability to incorporate SHW and SMW
were overstated. In later experiments, protein synthesis was experimentally kept
separate from cell growth. Lark (1969) demonstrated that SMW is incorporated into
proteins of a Trp auxotroph of E. coli, during Trp starvation. Hence although SMW
would not sustain cell growth, it was incorporated into proteins in place of Trp. Other
workers (Barlati and Ciferri, 1970) showed radiolabelled SHW and 5MW incorporation
into the proteins of B. subtilis. No particular protein was purified or studied in these

early experiments, but is was clear that analog incorporated proteins could be made.

1.3.2 Analog Incorporated Proteins

Incorporation of unusual amino acids info proteins was recognized by only a:
few workers as a convenient method to study the influence of individual amino acids on
enzyme kinetics. Schlesinger (1968) prepared and studied alkaline phosphatase with
2AW and 7AW incorporated in place of its multiple Trp residues. She found that there
was little effect on enzymatic activity, but a much larger effect on the enzyme's
absorbance and fluorescence properties. The value of this finding has only recently
been appreciated and has lead to significant interest in such experiments (Négrerie et

al., 1990; Hogue and Szabo, 1993).
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Fluorotryptophans, were the first Trp analogs to offer a spectroscopic utility for
use with NMR. Pratt and Ho (1975) studied the effect of 4- 5- and 6- fluorotryptophan
incorporated into the E. coli enzymes lactose permease, B-galactosidase, and D-lactate
dehydrogenase, citing the potential for use in 1°¢ NMR. Ore of 'the first 19F NMR
studies of proteins used fluorotryptophan to demonstrate the proximity of two
tryptophan residues in dihydrofolate reductase (Kimber et al., 1978). In Pratt and Ho's
work, (1975) 4FW showed the smallest effects on enzymatic activity and growth rate,
even increasing the activity of D-lactate dehydrogenase twofold. Pratt and Ho
concluded that they could not predict the effect of fluorotryptophan analog
incorporation into individual enzymes, due to the variability observed. !F NMR
following the incorporation of fluoroanalogs of Trp has been used to study many other
enzymes, recentiy summarized by Lian and coworkers (1994).

Aspartate transcarbamylase (ATCase) kinetics were studied with incorporated 7-
azatryptophan (7AW) (Foote et al., 1980). The allosteric modulation of ATCase; ATP
activation and CTP inactivation, was enhanced in the 7AW substituted enzyme. The
kinetics were correlated to the crystal structure of ATCase, and it was suggested that
7TAW-199, a part of the catalytic chain, was interacting with the carbamyl] phosphate
binding site via a hydrogen bond through the aza-nitrogen.

This earlier work provided aen{onstrations of the potential of a kind of
tryptophan analog "mutagenesis" for studying enzymes. It is most interesting that this
"analog mutagenesis" predates site-directed mutagenesis (Zoller and Smith, 1982) for
the study of protein structure and function. The cited unpredictability of analog
mutagenesis (Pratt and Ho, 1975) may be the reason the method has been overlooked
until recently. But the large body of site-directed mutagenesis experiments performed
to-date have confirmed the general unpredictability of the effects of altering the amino
acid sequence (Fersht et al., 1987). The in-vitro preparation of enzymes with analog

amino acids by Schultz and coworkers, described in Section 1.2.3. (Mendel et al.,
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1992; Judice et al., 1993) represents renewed interest in this analog mutagenesis

approach to study proteins.

1.3.3 Incorporated Trp Analogs As Intrinsic
Fluorescent Probes

It is noteworthy that both protein fluorescence studies, tryptophan analog
incorporation, and tryptophanyl-tRNA synthetase have a common historical origin.
Shore and Pardee (1956) made many of the original significant conclusions about the
fluorescence of proteins (Longworth, 1971), while simultaneously studying protein
synthesis (Pardee et al., 1956) using tryptophan analogs. The latter reference indicated
that the altered fluorescence of proteins with 7-azatryptophan could be detected apart
from normal proteins. Independently of these workers, tryptophanyl-tRNA synthetase
was first isolated in 1956 by Davie et al., who also used tryptophan analogs to
characterize TrpRS.

The work of Schlesinger (1968) on 7-azatryptophan fluorescence in proteins was
largely an isolated curiosity until very recently, but helps to bridge the gap in time and
in fluorescence methodology from the early work to the present. The inferences of the
utility for 7-azatryptophan can be madé by re-examining Schlesinger's early
experiments.

The use of incorporated Trp analogs to study protein structure, function and
dynamics with modern fluorescence methodology was suggested by Hudson and
coworkers (1986). However the strategies they proposed have not been undertaken,
and they seem to have overlooked the earlier relevant work of Schlesinger (1968). The
laboratory of Petrich has been enthusiastic in their support for the use of incorporated
7-azatryptophan in biological fluorescence studies of proteins (Négrerie et al., 1999).

Yet they have not reported data from any biosynthetically prepared 7-azatryptophan
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proteins, despite publishing a series of papers concerning the photophysics of 7-
azatryptophan and 7-azaindole (7AI). Some of these reports include contradictory
claims of the nature of 7-azatryptophan photophysics, which are discussed in detail in
the next chapter.

The incorporation of SHW for the study of proteins and protein-protein
interactions using fluorescence was first demonstrated by this author at the onset of this
thesis work (Hogue et al., 1992, in Appendix B). The techniques required for
tryptophan analog incorporation are well within the repertoire of most labs which
currently make and study proteins using recombinant protein expression techniques.
Since the first demonstration in 1992 of the utility of SHW fluorescence as an intrinsic
fluorescence probe, (Appendix B) these techniques have been embraced by several
other groups for studying a diversity of protein-protein and protein-DNA interactions
with fluorescence.

SHW has already proved very useful in studies of protein-DNA interactions
(Ross et al., 1992; Laue et al., 1993; Sato et al., 1994) including the revelation of
some important oligomeric states of A cI repressor protein (Sencar et al., 1993). In
another study, SHW was incorporated into cAMP receptor (CRP)‘ protein and the « and
B-subunits of RNA polymerase (RNAP) (Heyduk et al., 1993; Heyduk and Callaci,
1994) for further spectroscopic investigations of the protein-protein and protein-nucleic
acid interactions between RNA, RNAP, and CRP. These workers reported that the
SHW-incorporated cAMP receptor protein (CRP) retained 100% of the specific cAMP
binding and specific DNA binding activity. They also reported that multimeric RNAP
could be reconstituted with either or both of the SHW-incorporated « or B subunit and
that RNAP retained enzymatic activity in each case.

Soluble tissue factor is important in the blood coagulation cascade as it binds to
factor VIIa. Tissue factor has also been prepared with SHW (Hasselbaqher et al.,

1994) and 7AW, although the latter had poor to no activity. SHW. has also been used
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to demonstrate the flexibility of the transcription activator domain of herpesvirus

protein VP16 (Shen et al., 1994). These examples illustrate a growing interest in the

topic of this research.
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FLUORESCENCE SPECTROSCOPY OF PROTEINS

2.1 Interaction of light with matter

Spectroscopy includes a variety of techniques which obtain information from
matter through interactions with electromagnetic radiation. The range of energies of
electromagnetic radiation have been classified into the electromagnetic spectrum,
Figure 2.1 (Atkins, 1986). For an electromagnetic oscillator of frequency v, its
quantum-mechanically permitted energies are multiples of Av, where # = Planck's
constant (6.626 x 10734 Js). Light is a form of electromagnetic radiation which can be
described as either a particle, called a photon, or as a wave with orthogonal electric and
magnetic fields, propagating with mutually perpendicular orientations in the same

direction. The wavelength (1) of light is inversely proportional to the frequency (v)
L= clv (1)

where ¢ = speed of light, and hence is inversely proportional to the energy of the
radiation.

For the energy of light to affect matter, it must cause a change in the energy of
atoms or molecules by an absorption process. Light can affect atomic or molecular

electrons, causing them to enter the lowest unoccupied orbital of the atom or molecule.

2.1.1 Absorption Processes (Excitation)

Chromophoric substances are those atoms or molecules which have absorption
interactions with visible and ultraviolet light. The transition of electrons from an initial
state of low energy, the ground state, to a higher level of energy, the excited state, can

be caused by the absorption of a photon with the correct trajectory. The photon must
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posses the same amount of energy Av as the energy difference for the electron's
transition to the excited state.

In molecules, electronic energy levels are complicated by the more intricate
molecular orbitals, and by lower energy vibrational levels present in bonded structures.
A picture of these superimposed electronic energy levels is shown in Figure 2.2. These
are known as vibronic states. Electrons are capable of transitions into this multiplicity
of higher energy levels after absorption of the required energy quanta. The number of
molecules in the different vibronic states is described by a Boltzman distribution.

It is possible to observe absorbance from a double-bond containing solute in a
non-double-bonded solvent, e.g. a protein in water. Molecules with single bonds have
electrons in ¢ orbitals, those with double bonds have electrons in 7 orbitals. The
specific low energy activation of the solute # — =* transitions amongst solvent
molecules with only higher enmergy ¢ — o¢* transitions is the basis for optical
spectroscopy in solutions.

The energy of the 7 — 7 transitions of molecules is also affected by the extent
of conjugated double bonds and by substitution of different atoms on the molecule
(Pavia et al., 1979). For example, the amide backbones of proteins contain double
bonds which absorb high energy UV light (205-220 nm). Conjugated double bonds as
found in aromatic rings such as in the amino acids side chains of Phe, Tyr and Trp,
absorb lower energy UV light then the amide backbone, at 240-300 nm.

The absorption of a photon is a very fast process (10712 - 10716 ¢) leading to an
excited-state molecule. The return to the ground state is usually undertaken by slower
processes. The general timescale in which a molecule resides in a excited state

corresponds to some important molecular processes.

48



3
XZ Vibrational States
1
E1 Electronic Excited State
\£
A\ Vibrational States
vy
E Electronic Ground State

Figure 2.2: Schematic of the molecular energy levels upon superimposition of
electronic and vibrational transitions (Pavia et al., 1979). Transitions representing
absorbance are indicated, originating from the lowest vibrational state E,v, at room
temperature (Penzer, 1980) Note that the variations observed in absorbing transitions
come from the distribution of vibronics levels in the excited state at these temperatures
(Lakowicz, 1983).
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2.1.2 Absorption Spectroscopy

Light passing through a chromophoric substance experiences an exponential
decrease in intensity which depends upon both chromophore concentration and sample

thickness. The Beer-Lambert Law:
L(A) = [;(\)e MUl 2)

relates the intensity of transmitted light, I, to the intensity of incident light I;, and to the
concentration of absorbing species J of thickness /. The proportionality constant c(}) is
an intrinsic property of the molecule. The fraction of light absorbed, A, can be

determined with the equation:

I

AQ) = 1-log — 3)
I;
The Beer-Lambert Law is often expressed as:

A = ecl @)

where ¢, is the molar extinction coefficient at wavelength A of the chromophore, and ¢
is the concentration (in this case ¢ = [J]).” This form of the Beer-Lambert law is
widely used in to determine concentration of various biochemical components which
have known values of ¢,.

Deviations from the Beer-Lambert relationship can originate from instrumental
or sample effects. In practice, monochromatic light is not used in commercial
spectrophotometers, but rather a bandwidth of light. Sampling with a large bandwidth
of light near the edge of an absorbing feature can produce deviations (Montgomery and

Swenson, 1976). This can be avoided with a narrow bandwidth. In addition, an
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instrument's response to absorbance becomes non-linear as the absorbance increases
above 1.

Changes in ¢) can also appear from variations in pH, temperature, solvents,
adsorption of sample onto vessel walls, sedimentation, aggregation, and light scattering
by particulates. The scattered light from aggregate formation results in an absorbance-
like signal that can be useful to monitor aggregation processes (Yoo and Albanesi,
1990) in the region where proteins usually have little absorbance e.g. 310-350 nm.
This can also distort the determination of concentration of proteins, especially in the
UV range since scattered light is proportional to 1/A%

The absorbance from a protein arises primarily from the aromatic amino acids,
Trp, Tyr and Phe, but there can also be contributions from any disulfide bonds or
prosthetic groups associated with the protein (Creed 1984). The molar absorbance
spectra (extinction coefficient versus wavelength) of the amino acids Trp, Tyr and Phe
is shown in Figure 2.3 (Wetlaufer, 1962). The largest absorbance is that of Trp. The
extinction coefficient of a protein can be predicted based on the number of
chromophoric amino acids present and their relative extinction coefficients. This can
be used to determine protein concentration reliably to within a 2% error (Gill and von
Hippel, 1989).  Alternatively the extinction coefficient can be experimentally
determined by first measuring the ab;orb'ance, then determining the concentration of
protein by a rigorous analytical procedure, such as quantitative amino acid analysis.

The absorbance of indoles have been examined in oriented crystals using
polarized light (Yamamoto and Tanaka, 1972). This is used to distinguish individual
dipoles absorbing light in a sample. Indole and its derivatives were shown to consist of
two types of electronic transitions, designated as the 1La and lLb dipoles (after Platt
notation; Figure 2.4). These transitions overlap across most of the absorption spectrum
of Trp. There is observable fine structure in the overall absorbance spectruni of Trp

owing to the 'Ly, transition which is sometimes seen as a peak near 289-292 nm. This
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Figure 2.4: Transition moment directions of indole. The 1L, and 1Lb states of 3-
indolylacetic acid crystals (after Yamamoto and Tanaka, 1962) are shown. The
directions of the moments of several substituted indoles were examined and found to
have only small deviations in these directions, with the exception of 4-methoxyindole

(Albinsson and Nordén, 1992). Numbering of the substitutable ring carbons of indole
is also shown.
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structure can be greatly enhanced in non-polar solvents. This feature is sensitive to

charges in the environment of indole, Tfp and Trp within proteins (Andrews and

Forster, 1972).

2.1 .3 Return to the Ground State (Emission)

The fate of the absorbed energy of an excited state molecule can be one of
several pathways, most of which lead back to the original gfound state molecule. Often
this energy is transferred into vibrational, rotational or translational motion.
Sometimes, the excited state molecules undergo chemical reactions or photochemistry,
after which a new ground-state species is formed.

The excited state energy can be lost by the emission of radiation equal to the
energetic separation between ground and excited states. The resulting radiation is
called luminescence. Excited-state molecules with electrons with opposite spins are in
singlet states, those with parallel spins are in triplet states. The transition from singlet
to triplet excited state is called intersystem crossing (Figure 2.5), and it is quantum
mechanically "forbidden", i.e. of low probability because it requires an inversion of
electron spin. Forbidden transitions provide only weak spectral indications compared
to allowed transitions. This probability can increase due to coupling between electronic
and nuclear spins which causes electrons to become unpaired.

Luminescence originating from the transition from singlet excited state to singlet
ground state, is known as fluorescence, which can occur on a timescale of around 10°®-
1) 5. The usually weaker luminescence from triplet excited state to singlet ground
state, is called phosphorescence, and is a slower process of about 100 --6) 5. The steps
leading to fluorescence and phosphorescence emission are depicted in Figure 2.5, a

modified Jablonski diagram (1935). ’
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Figure 2.5: Schematic of some of the processes leading to luminescence. A modified
Jablonski diagram. (1935). Timescales for each event are as indicated. The energy
levels of ground and excited states are drawn in the style of a Morse curve (Penzer,
1980). These show the energy levels relative to the distance between nuclei (left =
closer together, right = further apart). Note the rightward/downward progression of
the vibronic transitions of electrons (arrows) in the excited state towards the energy
minima of the Morse curve. These transitions are known as internal conversion;
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During the timescale of fluorescence, other processes includiﬁg molecular
rotation, collisions, complexation and sol'vent motion can proceed. These processes
can all affect the observed fluorescence. Fluorescence can be a sensitive indicator of
these processes, all of which are important in the study’ of protein structure, function
and dynamics.

The time a molecule remains in the excited state prior to emitting is the
luminescence decay time. During this time several things can happen to the
fluorophore which may in turn affect its luminescence. The decrease in energy caused
by processes in the excited state, e.g. internal conversion or radiationless relaxation
(Figure 2.5) causes the luminescent photons to be of lower energy compared to the
photons absorbed. These processes occur on a 10°(11-12) g timescale. The spectra in
Figure 2.6 illustrates this effect, known as the Stokes' shift (Stokes, 1852).

The Franck-Condon principle maintains that electronic transitions are much
faster than nuclear motions, since nuclei are much more massive. A near instantaneous
change to an excited state electron density (10713 s) leaves the nuclei in the same
position in space in the initial excited state. If the ground and excited state molecular
coordinates are largely unaffected by other processes, the absorption and emission
should have shapes which are mirror images of one another, as shown in Figure 2.6.
Correlations between the probability of absorbance and the reciprocal emission
transitions exist (Franck-Condon factors), which explain this mirror image effect.
Geometric differences, e.g. regarding the planarity of conjugated ring structures, can
be correlated to differences in the shape and the Stokes shifts of the absorbance and
fluorescence spectra (Berlman, 1970).

Solution studies of luminescent systems introduces further complications.
Mobile solvent molecules with high dipole moments (e.g. water) are susceptible to
reorienting themselves around a strong dipole moment. f Vthe excited state moleculé

has a larger dipole moment than the ground state, then water or polar solvent can
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Figure 2.6: Schematic of absorbance and fluorescence transitions. (Lakowicz, 1983).
The energy levels of ground and excited states are drawn in the style of a Morse curve
(Penzer, 1980). The probabilities of absorbance transitions are related to the
probabilities of the reciprocal emission transitions (Franck-Condon factors), hence the

spectra appear as mirror images providing the excited-state and ground state geometries
are similar.
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reorganize around the direction of a new excited state dipole (Milton et alf., 1978, Sun
and Song, 1977). This results in a new eciuilibrium excited state of lower energy than
the original one. This process is called solvent or dielectric relaxation and this can
contribute to the magnitude of the Stokes' shift. Dipolar reorganization affects the
Stokes' shift because of changes in transition energies in the ground and excited states.
The alteration of the solvent dipole organization around the excited state molecule can
also alter the vibronic exiergies of the ground state (Figure 2.5). This can result in a
"smearing" of any fine structure that might be observed in luminescent emission spectra
as shown in Figure 2.6. Hence not only is the geometry of a chromophore important
in its fluorescence emission characteristics, but also the geometry from ground state and
excited state interactions with external dipoles, such as those of dipolar solvents.

These solvent dipolar process are particularly relevant to indole, and to its
amino acid derivative tryptophan (Skalski et al., 1980). In hexane, a non-polar
solvent, indole fluorescence emission has a structured spectrum with a Ap,, of 298 nm.
In water, the structure is lost and the Ap,, is at 347 nm (Sun and Song, 1977). The
spectrum of indole in hexane is said to be blue-shifted relative to water. This large
effect makes Trp fluorescence particularly sensitive to solvent exposure, and in general
the fluorescence of Trp in a protein can be used to indicate whether it is buried within
the protein or exposed to external solvent. Spnectr-a from a buried and an exposed single
Trp in mutants of the same protein are shown in Figure 2.7 to illustrate this solvent
sensitivity. Tyrosine is not as sensitive to dipolar reorganization, as its Amax is 304 +
1 nm (Ross et al., 1992a). This is attributed to a lower dipole moment in the excited
state than that of Trp, which does not promote a solvent reorganization in the excited
state.

Collision with certain other molecules in solution can cause a physical transfer
of energy from the excited state molecule to the colliding molecule. This process,is

called collisional or dynamic quenching. The fluorescence of tryptophan is efficiently
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Figure 2.7: Fluorescence excitation and emission spectra of single Trp proteins.
Corrected excitation spectra (left) at 350 nm emission, emission spectra at 285 nm
excitation. The protein oncomodulin lacks Trp residues, but one was introduced in a
solvent exposed position, replacing Tyr 65 (Y65W), and another was introduced in a
buried position replacing Phe 102 (F102W). Their spectra show the effect of solvent,
causing the exposed Trp-65 fluorescence to be red-shifted relative to the buried Trp-102

residue. Note also the prominent peak at 292 nm“of F102W excitation, corresponding
to the 'L, transition. :
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quenched by dissolved oxygen, I" and acrylamide. Buried Trp residues wiihin proteins
can be physically shielded from these colliAsions by the rest of the protein, and hence
their fluorescence may not be quenched to the same extent as an exposed Trp. Other
molecular interactions can involve formation of excited state complexes, or exciplexes.
Collectively these processes are concentration and diffusion dependent. Quenching of
fluorescence from a pre-formed ground state complex is known as static quenching. A
statically quenched fluorophore acts as a nonfluorescent chromophore.

It is possible to describe the rate of all these processes leading back to the
ground state of the molecule. Consider the rate constant for the fluorescence radiative
processes k¢ and the rate constant for the sum of all the other nonradiative deactivation

processes k., for example:
Kne = ki + kige + ky + kg[QI ... ()

where ki is the rate of radiationless relaxation, ki, is the rate of intersystem crossing,

ky is the rate of photoreaction, kq[Q] is the rate of concentration dependent collisional

quenching from molecular species Q. The sum:

ke + ko (5)

accounts for the total rate for the depopulation of the excited singlet state. The lifetime

of the singlet excited state is the average time the molecule remains in the excited state,

defined as 7 where:

7s = 1 [(ket+kyy) (6)
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The rate of fluorescence depopulation of a molecule g is related to the radiative

lifetime of the molecule, 7.
=11k ™

The fluorescence quantum yield, &, is defined as the ratio of photons emitted to
photons absorbed. The quantum yield of a fluorophore @y, is related by definition to

both the singlet lifetime and the radiative lifetime:

br =75/ 7, ®)

2.1.4 Fluorescence Spectroscopy

A schematic of the fluorescence spectrophotometer, (also known as a
fluorimeter) used in these studies is provided in Figure 2.8. The fluorescence of a
sample has an absorbance (excitation) component, and an emission component. Thus
two types of spectra can be collected from a sample, an excitation and an emission
spectrum. Spectra are collected with emission at 90° to the exciting light. The
~ fluorescence spectrophotometer has two monochromators (or sometimes three as shown
in Figure 2.8). One monochromator is used to select the excitation wavelength from
the xenon-arc lamp source. The others select the wavelengths at which the emitted
light is collected. A fluorimeter such as the one in Figure 2.8 with dual emission
monochromators is in the "T-format", which is useful for monitoring the polarization
of fluorescence, described later in this chapter. However for most spectra, only a
single emission monochromator is used, in the "L-format".

In order to collect an emission spectrum, a-wavelength for excitation is selected
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Figure 2.8: Schematic of a fluorimeter. (SLM Aminco Inc). (TOP) The fluorimeter
components less the second emission monochromator in the L-format, together with the
electronic modules not depicted in the lower optical schematic. (BOTTOM) T-format
optical arrangement of the instrument used in this work. Excitation light originates
from a xenon arc lamp and passes through a double grating monochromator for
wavelength selection. A beam splitter shunts some of the excitation light to a reference
cell and_photompltlpher. tube for ratio correction. Sample is contained in a cuvette in
the Optical Unit.  Adjustable polarizers are indicated in the light paths by small
rectangles with diagonals. Emission is collected from either face of the sample cuvette
at right angles to the excitation beam. Emission wavelength is selected by a single

grating monochromator and fluorescent light is detected with a water-cooled red-
sensitive emission PMT.
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and fixed with the excitation monochromator. An excitation spectrum is collected by
fixing the emission wavelength, and varying the excitation wavelength. An excitation
spectrum can be compared to the absorbance spectrum of the same sample, as the
excitation spectrum depicts only that absorbance of the sample which leads to
fluorescence emission. Differences in these suggest a mixture of chromophores
contribute to the fluorescence at the emission wavelength. Fluorescence of a sample
can be considered a continuous three-dimensional surface with y-axis of intensity, and x
and z axes of excitation and emission wavelengths, although these surfaces require
long data collection times and are rarely shown.

Fluorescence intensity is described in arbitrary units of measurement since its
value will depend on the response of the instrument. It is common practice to
normalize the maximum of a fluorescence spectra to the value of 1, in order to compare
spectral shapes between samples. However to obtain an accurate indication of the
quantity of fluorescence that is emitted from a sample, the quantum yield should be
determined with respect to a reference fluorophore, described later.

Accurate fluorescence measurements involve a careful set of procedures to
eliminate errors. First, the absorbance of the sample solution at the excitation
wavelength should be < 0.10 to minimize any inner-filter effects (Parker, 1968). In
the range of absorbance below 0.10, the fluorescence emission should increase linearly
as a function of fluorophore concentration. The effect of temperature on the
fluorescence yield of some samples can be large, e.g > 1% per degree, therefore the
sample chamber should be maintained at a constant temperature. A spectrum of a
blank solution consisting of all components with the exception of the molecule of
interest is measured, and subtracted from the sample fluorescence spectrum to eliminate
low levels of contaminating signals from other components.

Fluctuations in the lamp can occur over. the time of the collection period.

Wavelength dependent variations in the intensity of the excitation beam exist due to the
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nature of the optics of the fluorimeter. These are accounted for instmmenﬁlly by the
simultaneous collection of fluorescence frorh a reference fluorophore (e.g. rhodamine
6G). The emission signal is divided by this reference signal while scanning, a process
known as a ratio correction.

Prior to determining a quantum yield of the fluorophore, the spectrum should be
corrected to represent the true sample fluorescence free of instrumental or procedural
artefacts (Parker and Reeé, 1960). Corrections to excitation and emission spectra are
made by multiplying the spectrum by a set of correction factors which can be

considered a "spectrum” of all the distortions of the particular instrument which have

been combined and normalized.

2.1.4.1 Quantum Yields

Under steady-state conditions &¢ can be expressed by definition as a ratio of rate

constants described earlier:

kg

®
(ke+kqp)

This ratio can be related to the ratio of rates of emissive and absorptive processes and
measured absolutely (Parker, 1968) with special apparatus.

Relative quantum yields are easier to obtain without a need for special
instrumentation.  Standard compounds of high purity are employed (Parker, 1968;
Miller, 1981) as primary standards, measured, usually in the same time as the sample
measurement, to eliminate errors from variations in the day-to-day operation of the
instrument. In this work the standards NATA (¢ = 0.14) and acidic 2-aminopyridine

(®¢ = 0.66; Meech and Phillips, 1983) are used as primary standards.
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The quantum yield of a sample s is calculated relative to a reference compound

r, using the equation (Demas and Crdsby, 1971):

®s (s) = X —X — X [ x ®¢ (1) 10)

1-1040 Dy I(Ay) {nd(s)r
1-1040 D, I(A)

ng(r)

The quantities measured are: the absorbancies at the excitation wavelength, A(s) and
A(r); the intensity of exciting light at the excitation wavelengths used (if they differ)
I(A) and I(A,); the integrated, corrected fluorescence intensity over the same
wavelength ranges, Dy and D;; and the refractive indices of the solvent (if they differ)
nq(s) and ngr). The last two terms of equation 8 are 1 if the buffer is the same for both
sample and reference.

The largest source of error in quantum yield measurements of proteins is
typically the precision with which one can measure absorbance. Matching the
excitation wavelength used for both the primary standard and the sample helps avoid
errors introduced by the corrective terms in equation 10. The standard, 2-
aminopyridine, is capable of excitation at wavelengths > 300 nm, and is used in this
range instead of the standard N-acetyl-tryptophanamide (NATA) which has no useful

absorbance > 300 nm. Typical values of &; for single Trp proteins range from 0.05 to
0.3 (Eftink, 1991). ’

Quantum yields are useful for determining the sensitivity of a fluorophore. At
excitation wavelength A, the sensitivity of a fluorophore is defined as the product &; x
e, with units Ml cm’l.  If one obtains the value for ®¢, through steady state
measurements, and the value for 74 by measuring the time dependence of the decay of
the singlet excited state, it is possible to calculate the 7, for the molecule with equation
10, and hence the rate of fluorescence for the molecule. This then permits the

calculation of the sum of the rates of the nonradiative processes, k.
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2.1.4.2 Fluorescence Decay

In order to measure the singlet fluorescence decay time 75, the following
derivations apply. Consider a population of fluorescent molecules in the excited state,

[F*]. The decay of this population to the ground state is a combination of random

process:

d[F*]
= (k+hop) [F¥] (11)

This follows first order kinetics due to the single term [F*]. The integration of 11

with respect to time gives:

-t(ke+k
(F¥] = (B ¥e D) (12)

which, when substituted with equation 6, can be rewritten:

F¥ = (e (13)
o .

The intensity of fluorescence I at time t and wavelength A is proportional to this rate of

excited state depopulation, hence
"t/Ts
I\t = a(M)e (14)
If i species of unique fluorophores, or one fluorophore in i unique

environments, are present, then the monoexponential decay function 14 becomes a sum_

of exponential decays:
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n -t/7;
10.0) = 3 ai(h)e (15)

with an « and 7 for each ith component. In this work, the term "multi-exponential”
fluorescence decay refers to the applicability of equation 15 to a system where i > 1.
Donzel et al. (1974) showed it is possible to estimate the relative ground state
concentrations of the fluorescent components from the preexponential terms o

A relationship exists between the steady-state spectrum and a time-resolved
spectrum (Knutson et al., 1982). This can be used to extract i emission spectra

associated with i individual decay time components, forming decay-associated spectra,

or DAS:

L) = L) [T/ X (M) ] (16)

where I;(2) is the intensity spectrum (DAS) of the ith component, I(A) is the intensity
of the steady-state spectrum, and the preexponential term oi(A) is obtained from

equation 15, normalized so that Yo; = 1. The fractional fluorescence fi(A) is related to

o;(A):

fid) = (M) 1 X (M) 17

The quantum yield of a mixture of n fluorophores, @,, is a simple sum of their

individual quantum yields, ®; multiplied by their normalized fractional concentration,

Ci:
&, =3 b (18)
=1

If the fluorophore exhibiting i exponential fluorescence decays is a single

species, the fractional concentration c; can be estithated from the DAS. The fractional
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area of the ith DAS component, A; depends on the sensitivity product of the
fluorophore, ¢ x ®;, and the fractional ground state concentration c; of the fluorophore

producing the ith decay component:
Aj o ep®ici (19)

When the same fluorophore in different conformers is responsible for each
decay component /, it is assumed that the values of ¢; are similar. Since equation 8
relates the singlet lifetime and quantum yield, ®; = 7;/7,, and assuming constancy of
7y for the fluorophore in different conformers, equation 19 becomes A; « 7ic;. The
validity of this assumption of the constancy of 7, will be addressed in this work. The

fractional concentration of ground-state species, ¢; can be calculated from the DAS area

and the decay time:

Ci = (Ai/Ti) /Z A,'/T,' (20)

(Willis and Szabo, 1992). This value is used to estimate the concentration of molecules
giving rise to each decay component i. In the case where all DAS component spectra
are identical in shape, ¢; = ¢;. In the case where the DAS component shapes are
different, o; values will vary with wavelength. In this work, values of c; derived from
areas of DAS components are used instead of o; when the underlying assumptions of
equation 20 are reasonable for the system measured, i.e. fluorescence from a single
species with the same ¢; and 7,.

If the sample consists of a single chemical species with n unique environments
(i.e. heterogeneity in the fluorescence decay), the value for 7, is substituted with the

average decay time <7> where:

<r> = iam (21)
2 .

1=
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The intensity-weighted or mean lifetime 7, is used to compare lifetime with
intensity data, whereas <7> is used to compare lifetimes with quantum yield data. 7,
is derived from equation 15, and can be calculated from the decay data by the equation:

n l n
Tm =l_§1 ar? | Yo (22)

=1

2.1.4.3 Fluorescence Anisotropy and Energy
Transfer

Fluorescence can provide parameters which describe the molecular motions of
proteins which can occur on the ps-ns timescale. One such ‘parameter is fluorescence
anisotropy, which can resolve rotational motions of proteins (Weber, 1960). In
addition, the transfer of electronic energy from one chromophore to another may be
demonstrated in the fluorescence measurements. One type of energy transfer is known
as resonance energy transfer (RET). This has a defined distance dependence and can
be a useful "yardstick” for measuring distances in proteins and biomolecules (Stryer,
1978).

For a fluorophore, the probability. of an absorption event is maximum at one
relative orientation of the incident light. This is proportional to the resolved vector
components of the absorption dipole oscillator on the electric field vector of the
incident light.  Since fluorescence involves the same electronic transitions as
absorbance, the emitted light from an ordered chromophore, should have the same
orientation and direction as the absorbed light. Polarized light can be generated by
passing unpolarized light through a polarizing crystal, and can be used to excite a
sample. If, during the excited-state lifetime and prior to fluorescence, the fluorophore

undergoes motion, that motion can be detected by a depolarization of the emitted light.

69



The anisotropy of a fluorophore in solution is defined as:
R=(F)-Fu/ F) +2FL) (23)

where F are the fluorescence intensity parallel (") and perpendicular () to the plane
of polarization of the excitation beam. The maximum value of R is 0.4 which would
indicate no motion. Values near O indicate rapid molecular motion.

Given a pulse of excitation light, the anisotropy of the sample will decay with
time, in a process analogous to fluorescence decay, but dependent on molecular
motions. It is also possible to measure the rate of decay of anisotropy with time, and
determine molecular parameters relating to global tumbling and local segmental
motions (e.g. Royer et al., 1990; Bucci and Steiner, 1988; and references therein).

If the lJuminescent emission of one molecule A overlaps with the absorbance of a
nearby chromophore B, the two can undergo resonance energy transfer (RET, indicated
as A—B). Two types of RET predominate, a short range electron-exchange
mechanism and a long range (> 10 A) process known as Forster energy transfer. The
Forster equation (1951) can be used to determine intramolecular distances in biological
macromolecules from fluorescence data. To determine these distances, first the
spectral overlap integral, J, between the normalized fluorescence donor emission, Fy

and the molar absorbance spectrum of the acceptor, e, must be calculated:

J= I F4(vV)e,(V)v-idy (24)

Here a wavenumber scale (cm™l) is used instead of a wavelength scale (nm). The

energy transfer rate k; can be determined by:
k= (8.8x 10252 &40y / (m* 74 15) : (25)

70



where & is the donor quantum yield, 74 the donor lifetime, n the index of diffraction,
r the donor-acceptor separation, and x the orientation factor. The value k2 considers
the orientations of the emissive dipole and the absorbing dipoles and is often estimated
with <x2> = 2/3, which is the average «2 for a random orientation of two dipoles
(Eisinger and Dale, 1976).

The distance R, is the value of r at which the Forster transfer rate and the

luminescence rate of the donor are equal, i.e. kK7q = 1, and the transfer efficiency is

50%:
R.0(cm) = 8.8 x 1072 «? n'* &4 J (26)

The transfer efficiency T is:

T = R9/(% + R Q7)

The value for T can be obtained from the fluorescence intensity data in the
absence of energy transfer, I, and in the presence of energy transfer, I;:

T=(1-1)/% (28)

or from fluorescence lifetime data in a similar fashion. With T and R, the distance
between donor and acceptor can be computed with equation 27.

The presence of two absorbance transitions are important to consider when
using anisotropy. The 1La and lLb absorbance transitions of Trp can both contribute to
Trp fluorescence  Valeur and Weber (1977) were able to resolve the fluorescence

excitation of indole and Trp into these absorbance transitions at low temperature. In
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the region 305-310 nm the 1La state is preferentially excited, although the extinction
coefficient is very small. Fluorescence from indole was shown to originate primarily
from the !L, transition at -58° C, with the contribution from the 'Ly, state diminishing
with higher temperatures. Hence Trp fluorescence in proteins can be largely
considered to originate from the 'L, state. But the single 1La state is also populated by
lLb—>1La internal conversion. Because of this internal conversion the angle between
these two transition moments can act to decrease the observed Trp fluorescence

anisotropy. RET between like fluorophores, e.g. Trp—Trp, can have a similar effect,

decreasing the observed anisotropy.

2.2 Time Correlated Single Photon Counting

The steady-state fluorimeter described previously (Figure 2.8) operates with a
constant beam of light striking the sample and continuous emission collection. Time-
resolved fluorescence is measured with an instrument that employs transient conditions.
Time resolved fluorescence can be measured using two techniques. These include
phase-modulation approaches (as reviewed by Lakowicz, 1983) and time-correlated
single photon counting (TCSPC) methods gas ;eviewed by O'Connor and Phillips,
1984). This thesis work has employed TCSPC. In this method the time difference
between excitation by a brief pulse of light and the opto-electronic measurement of the
time of arrival of the first fluorescent photon to a detector is measured. TCSPC has
developed over the last two decades with careful prior considerations for corrections to
avoid instrumental and procedural artefacts in order to obtain the proper measurement

of 7 for biological samples (as reviewed by Szabo, ‘1988).
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2.2.1 Operating Principle of TCSPC

. In this technique an elaborat.e component-based instrument is used to measure
the time between an excitation light pulse and the arrival of a fluorescence photon at a
detector. The component optics and circuitry found in such instruments are described
in detail in the review text of Demtrdder (1988). A detailed schematic of the
instrument used in this wdrk is provided in Figure 2.9. This instrument has been
described at lengfh in previous thesis work originating from the same laboratory
(Hutnik, 1990) but the instrumental operation is only briefly summarized here.

The instrument utilized in this work to measure fluorescence decays employs a
mode-locked synchronously-pumped argon ion laser driving a cavity-dumped dye laser,
frequency doubled for stable pulsed excitation. Excitation pulses at 825 kHz are
generated by thi.s laser, whose pulses are 10 ps FWHM. Light emerging at 50 mW
power selected at a wavelength between 575-640 nm is frequency doubled by a KD*P
crystal into the ultraviolet range 284-320 nm.

The light intensity is attenuated with a neutral density filter prior to reaching the
sample, such that the probability of a single emissive photon being detected per pulse is
about 1% in order to obtain single photon counting (Coates, 1968). The wavelength of
emissive photons are selected by monochromators with 4 nm bandpasses after passing
through Glan-Taylor polarizers oriented a£ 54.7° to the vertical to eliminate anisotropic
effects.

The electronic components of the instrument determine the time between the
excitation pulse and the arrival of the emissive photon, at a microchannel plate-
photomultiplier tube. This is digitized by the electronics and then output to a
computer-controlled multichannel analyzer. This accumulates the photon counts in data
channels assigned to different time points, typically 2048 channels at 10 ps /‘ channel

each. The overall width 