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ABSTRACT

TWO-DIMENSICINAL NUCLEAR MAGNETIC RESONANCE STUDIES OF
THYMOSIN a1 A MYOSIN LIGHT CHAIN KINASE ACTIVATING PEPTIDE,
AND RIBONUCLEASE A IN THE PRESENCE OF URIDINE VANADATE

by

Timothy Daniel Veenstra

1. The structure of the peptide thymosin ¢y has been investigated by circular
dichroism and one- and two-dimensional nuclear magnetic rasonance spectroscopy.
Thymosin 4 is a highly acidic peptide composed of 28 amino acid residues. Through the
use of circular dichroism and two-dimensional nuclear magnetic resonance techniques,
the structure of thymosin a1 in 30% (v/v) deuterated 2,2,2-trifluoroethanol has been
solved. Thymosin a4 contains an a-helix extending from residue 16 to 26 and a turn
between residues 5 and 8. Thymosin ¢t1 has been shown lo be a potent aclivator of
skeletal muscle myosin light chain kinase a well known calmodulin-dependent enzyme.
Using the solution structures of thymosin o and the calmodulin binding domain of
skeletal muscle myosin light chain kinase, compuler modeiling suggests that
electrostatic interactions comprise the major interacting force between these two

peplides.

2.  The binding of the proposed transition state analog, uridine vanadate to ribonuclease
A has been investigated by one- and two-dimensional nuclear magnetic resonance

spectroscopy. Analysis of the homonuclear nuclear Overhauser and exchange

iv



spectroscopy spectrum of the uridine vanadate/ribonuclease A complex exhibits cross

peaks between the He1 proton of histidine 12 of RNase A and both the CgH and CsH
protons of uridine vanadate. No cross peaks were observed between the Hel proton of
histidine 119 of ribonuclease A and the CgH and CsH protons of uridine vanadate.
However, the distances calculated from the crystallographic structure show that the He1
proton of histidine 119 is closer to the CgH and CsH protons of uridine vanadate, than is
the He1 proton of histidine 12. These results suggests that there is a significant
difference in the position of the histidine 119 side chain in the crystallographic and

solution structures of the uridine vanadate/ribonuclease A complex.
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CHAPTER ONE

INTRODUCTION

1.1) Two-Dimensional Nuclear Magnetic Resonance

Recent advances in nuclear magnetic resonance (NMR) methodology and
instrumentation have made it possible to determine the three-dimensional structures of
small proteins in solution. The most important technique developed for the structural
study of proteins was the introduction of two-dimensional NMR (Jeener, 1971). Two-
dimensional NiviR is now in widespread use, since the instrumental and computational
requirements have been developed to utilize this type of experiment. In a two-
dimensional NMR spectrum, the severely overlapped one-dimensional NMR spectrum of
a protein becomes spread into two orthogonal frequency dimensions (Wathrich, 1986).
The result is a spectrum with much greater resolution, which is a necessity when
attempting to assign overlapping resonances in a protein spectrum. The major
instrumental improvement has been the development of spectrometers utilizing high-
field strength (i.e. 500-600 MHz), which also leads fo an improvement in resolution.
The increase in field strength along with improvements in radio frequency technology
have led to a large increase in NMR sensitivity (Williamson and Waltho, 1992). An
increase in sensitivity allows for the study of proteins in solutions at millimolar
concentrations which can be extremely important when dealing with proteins that are

difficult to obtain in large quantities or may have low solubility in aqueous solutions.

Although technical advances have been the primary reason for the success of



protein studies by NMR, there are other special features of proteins which make them
especially suitable for structure determination by NMR (Williamson and Waltho,

1892):

1) Since the interiors of proteins are densely packed, the relative positions of atoms in

the centre of proteins are largely fixed due to steric constraints.

2) The globular nature of proteins allows for many observable shori internuclear

distances using nuclear Overhauser effects (NOE) measurements inside protains.

3) Contacts between residues far apart in the primary sequence act as powerful distance

constraints in determining the overall {hree-dimensional shape of a protein.

The information that may be gained from NMR mieasurements is largely determined
by the extent to which the resonance lines within the spectrum can be assigned
(Withrich, 1986). Prior to 1978, the assignments of the individual resenances in
proteins were extremely difficult to obtain. Most of the assignment work was based on
homologies with other proteins, selective chemical modification, isotopic labeling and
the use of shift or broadening reagents together with references to crystal structures
(Wagner, 1990). In recent years, useful experiments have been designed that ailow the
complete sequence-specific resonance assignment of all the rasidues of a poiypeptide.
Sequential assignments make use of the fact that in small proteins sequences larger than
four or five amino acid residues are rarely repeated, therefore unique oligopeptide
segments are usually observed in the primary structures of proteins. In a sequential

assignment procedure, corneclivilies between the 1H spin systems of sequentially



neighbouring monomeric units are estab'ished either by 1H-1H NOE measurements or
by heteronuclear scalar couplings (Wagner, 1990). The resulting short segmenis of
neighbouring 1H spin systems are then maiched agaihst corresponding sequences in the

protein to obtain the sequence-specific assignments.

As alluded to above, the first step in the determination of the three-dimensional
structure of a protsin by NMR is to assign all of the resonances to particular amino acids
within the protein. The resonances of @ach amino acid residue can be identified through
experiments correlating the proton resonances via spin-spin coupling (Basus, 1989).
Amino acld residues can be identified as individual spin-coupling networks {(or
commonly referred to as spin systems), since no coupling is observed betwsen protons
across peptide bonds. The two-dimensional NMR experiments that are most ofien
performed for this purpose include spin-echo-correlated spectroscopy (SECSY)
(Nagayama and Withrich, 1981), correlated spectroscopy (COSY) (Nagayama et al.,
1980; Bax and Freeman, 1981), double-quantum-filtered (DQF) -COSY (Piantini et
al., 1982), multiple-quantum-filtered (MQF) -COSY (Miiller et al, 1986; Rance and
Wright, 1986), double relayed coherence transfer (RELAY) spectra (King and Wright,
1983) and total correlated spectroscopy (TOCSY) (Braunschweiler and Ernst, 1983).
Often only COSY and TOCSY experiments are required to identify the individual spin
systems within a peptide (Wagner, 1990).

The spin systems of some residue types are unique (glycine (Gly), alanine (Ala),
threonine (Thr), isoleucine (lle). valine (Val), leucine (Leu)); others must be
assigned 1o groups of residues (tyrosine (Tyr), phenylalanine (Phe), histidine (His),

tryptophan (Trp), cysteine (Cys), aspartic acid {Aspj, asparagine (Asn}, serine
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(Ser)), 5-spin systems (glutamic acid {Glu), glutamine (Gin}, methionine (Met)) and
long spin systems (arginine (Arg), lysine (Lys), proline {Pro)) (Wagner, 1990). The
connectivity diagrams for the spin systems of the protons Iin the common amino acids in a

two-dimensional COSY experiment are shown in Figure 1.

The initial spin system assignment cf the amino acids in a protein are usually done in
D20 soluticn {Nagayama et al., 1980). Dissolving the protein In D20 results in the
exchange of all labile protens with deuterons and a simplification of the spectrum.
Acquiring spectra in D20 also does not require as severe a saturation of the solvent
resonance which can result in the loss of some protein resonances due to overlap with
the solven! resonance or saturation transfer (Basus, 1989). In order to exchange all of
the labile protons, heating the sample in D20 or a variation of the pH of the sample may
be required. Once the assignments are completed in D20, the assignments are then done
in H2O so that the frequencies of the labile amide protons can be determined. The most
imporiant labile protons are the backbone amide protons whose assignment are
necessary in making sequence-specific assignments of the residues within the protein in

a homonuclear NMR study (Withrich, 1986).

As previously mentioned, COSY and TOCSY experiments allow the identification of the
number and different type of spin syslems within a protein, but do not allow the
determination of the exact residue that gives rise to a particular spin system
(Withrich, 1986). For example, it is possible 1o determine that there are four leucine
(Leu) residues within a protein from observed spin system patterns, but it is not
possible to assign any of the spin systems to a specific Leu residue based on the results of

the COSY and TOCSY experiments. Sequence-specific connectivities between the spin
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Figure 1. COSY Spin Systems of the Twenty Common Amino Acids. Spin systems are

used to identify resonances belonging to @ particular amino acid residue type In a
two-dimensional COSY spectrum of a protein. All of the connectivities are between
protons that are separated by three or fewer bonds, therefore no connectivilies are

seen between neighbouring residues. {(Adapted from Wathrich, 1986).



ASNASP LYSES, ™
PHE SEATRPTYR
&
NH
TYRANG NS NG
™
35
2,64
™
PHE RING
284
W
3.5H

Figure 1{continued). COSY Spin Systems of the Twenty Common Amino Acids.



systems of the amino acid residues are identified In a nuclear Overhauser enhancement
spectroscopy (NOESY} spectrum (Withrich, 1986). The NOE is by far the most useful
parameter for determining the structure of proteins. The NOE is a phenomenon arising
from the cross-relaxation between two nuclei due to their spatial proximity. It is
observed in a one-dimensional spectrum as a change in intensity of one resonance signal
as a result of the saturation of another (Wagner, 1990). In the two-dimensional NOESY
experiment the NOE is seen as a cross peak- The short sequential distances that are
important for sequence-specific assignments are the distance between the Ca proton of
one residue and the amide proton of the next residue (dgN(i.i+1)), the distance between
the B proton of one residue and the amide proton of the next residue (dgN(ii+1)} and
the distance between sequential amide protons (dNN(ii+1)) (Withrich, 1986}. Once a
soquential connectivity between two amino acids is established, it may then be possible
to correlate fhis result with a sequence in the polypeptide primary structure and make a
sequance-specific assignment. Some of the sequential 1H-TH distances observed in a
NOESY experiment that are useful in the sequence-specific assignment of residues in a

protein are shown in Figure 2.

The observation of NOE connectivities between residues separated by one or more
residues within the primary struciure of a polypeptide also makes it possible to
determine regions of secondary structure, since it is well documented that regular
secondary structures hava typical NOE patterns (Wagner et al,, 1981). The most
important protons for determining the secondary structural characteristics of proteins
are the backbone « carbon and backbone amide protons. Since the amide protons are
labile, it Is necessary to acquire NOESY experiments in H20 in order to gain the

necessary structural data. Both a- and 31p-helices are characterized by strong
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Figure 2. Common Nuclear Overhauser Enhancement (NOE) Connecilivities Between
Neighbouring Residues. The above connectivities are all {Li+1) connectivities
betwesen neighbouring residues. These connectivities aftow for the sequence-specific
assignments of residues within the protein. {Adapted from Wathrich, 1986).



dNN{i+1) NOE cross peaks which are not usually observed in B-sheets. The
daN(i,i+2), doN(ii+3) and dNN(ii+2) NOE cross peaks are also often observed in
helical regions. B-strands are identified through intense dgN(ii+1) cross peaks
observed In the NOE spectrum (Wagner, 1990). Some of the more useful sequential and
medium range 1H.1H distances observed in helices and strands, based on x-ray

diffraction structures of proteins, are listed in Table 1.

Tight tums are more difficult to identify than helices and B-sheets, except when they
are hairpin turns at the bend of an antiparallel B-sheet (Wagner, 1890). The
parameter most distinctive of tight turns, the H-bond between the carbonyl oxygen of
residue 1 and the amide proton of residue 4, cannot be observed in a 1R-1H NOESY
spectrum. An isolated duN(i.i+2) or dNN(Li+2) connectivity may be indicative of a

tight turn with i being residue number 2 of the turn (Wagner, 1990).

One problem with the measurement of NOE cross peaks in protein spectra is that the
buildup rate of the NOE can become non-linear when there are other protons nearby.
This is a result of spin diffusion (Withrich, 1986). Spin diffusion is a phenomenon by
which the intensity of the NOE cross peak is affected by two or several cross relaxation
steps between nuclei of like spins (Withrich, 1986). For example in a three spin
system of protons A, B, and C, spin A and spin C may cross relax via a pathway in which
spin A first cross relaxes with spin B followed by spin B to spin C. In this case the NOE
observed between A and C is no longer an accurate reflection of the distance between A
and C (Waothrich, 1986). In order to remain in the linear region, it is necessary to use
very shert mixing times (Withrich, 1986). Unfortunately short'mixing times can lead

to problems with poor signal-to-noise and artifacts. A second serious problem with NOE



..

Distance*  a-helix 3i0-helix B-antiparallel fH-parallel
donv (i,141) 3.5 3.4 2.2 2.2
dty (1,142) 4.4 3.8

Aoty (1,1+3) 3.4 3.3

do (1,1i+4) 4.2 >4.5

dn (i,i#3) 2.5-4.4 3.1-5.1

an (L, {+1) 2.8 2.6 4.3 4.2
G (1,142) 4.2 4.1

G (1,1+3) 4.8 5.2

*all distances are reported in A

(Table adapted from Wagner, 1990)
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measurements is motion (Williamson and Waltho, 1892). Motion is much more of a
problem when working with peplides than with large globular protcins.  |f
intramolecular rearrangements are occurring at a fast rate compared to the overall
tumbling rate, the NOE is averaged as r-6, where r is the distance between the two
observed nuclei (Williamson and Waltho, 1992). This leads to a strong biasing of the
observed NOE, such that minor conformations can give rise 1o an intense NOE cross peak
if the internuclear distances in the minor conformations are very short (Williamson and
Waltho, 1992). Therefore the time-averaged conformation as determined by the
measurement of the NOE cross peak intensity sometimes will poorly reflect the
conformational ensemble populated by the peptide (Williamson and Waltho, 1992).
Since the intensity of the NOE cross peak observed between two nuclei is a weighted
average of the distance between the two nuclei, the NOE intensity is can be severely
biased if the two nuclei are separated by a short distance for any significant time period
(Williamson and Waltho, 1992}, In reality the two nuclei may spend most of there time

separated by a large distance in which would give rise to a weak NOE cross peak.

The structures of peptides are generally not as easily obtained by NMR as they are for
proteins. Before 1980 it was thought that small peptides did not fold into stable
conformations (Williamson and Waltho, 1992). There are far fewer packing
restraints, there is a lower density of NOE cross peaks, there are often no conlacts
between residues far apart in sequence, and the ratio of surface area to interior is much
greater (Williamson and Waltho, 1992). It is commen to find that a peptlide will have a
cartain region which is less flexible while the remainder of the peptide is unstructured
or in a random coil configuration. An unstructured peptide has a range of conformational

states available to it that are of similar free energy, and have little or no barrier to
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interconversion between them (Williamson and Walthe, 1992). NOE measurements of
random coit peptides are typified by large sequential dgN(i,i+1) connectivities and
small or non-existent dNN(iLi+1) connectivities, as seen in an a-helix (Wiithrich,

1986).

Once the complete assignment of the residues and the determination of the secondary
structures within the peptide have been accomplished, the accumulated data sets are used
as input in order to determine the three-dimensional structure of the peptide (Wagner,
1990). The data set is comprised of a list of observed NOE connectivities between atoms
within the polypeptide along with a value of the approximate distance between them. The
distance is based on the measured volume of the cross peak between the wo atoms, with
the volume of the cross peak proportiona! 1o the 6, where r Is the distance between
the two observed nuclei. Two atoms within close proximity of one another will give rise
to a NOE cross peak with a large volume and vice versa. Since the data defines distances
between iwo atoms based on an observed NOE cress peak, the parameters in the data set
are commoniy referred to as NOE distance restraints. Along with NOE distance
restraints, generic distance restraints defining expected hydrogen bonds are often
included in the data set for regions where NOE connectivity patterns suggest the prasence
of common secondary structures (Wagner, 1990). The locations of hydrogen bonds
within the structure are most often based on the measurement of the rate of exchange of
the amide proton with a deuterium atom by dissolving the protein in D20 (Wothrich,
1986). Hydrogen bond location can also be based on the observation of NOE
connectivities that suggest a region of known stable secondary structure in which the
expected hydrogen bonds are used a distance restraints (Wagner, 1990). In the past the

locations of hydrogen bonds have been successfully determined by the measurement of
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the amide proton exchange rate and the observation of distance NOE patterns of known

secondary structures (Wthrich, 1986).

The two main methods for determining the final peptide structure are distance
geometry and molecular dynamics (Williamson and Waltho, 1992). Distanca geomeiry
calculations determine a consistent matrix of distance boundaries between all atoms,
starting from a set of observed NOE and covalent distances that are put into the program.
The distance constraints are then converted into a set of cartesian coordinates. This type
of algorithm does not start with any initial structure and is thus considered to be the
least hiased computational method. A second type of distance geometry calculation method
starts from an initial structure, which may be as simple as an extended chain. This
algorithm, which also utilizes an input of observed NOE and covalent distance restraints,
applies intra-residue constraints to the chain one residue at a lime. The algorithm then
recalculates the structure after adding (i,i+1) constrainis along the peptide working on
each dipeptide In sequence. The program then adds (i,i+2) constraints and continuas
adding constraints until all of the observed distances are utilized (Williamson and
Waltho, 1992). The major problem with distance geometry calculations is that any of
the calculated structures may represent a local minimum structure. Therefore more
than one structure is calculated that represents the observed NOE constraints, and often
saveral of the calculated structures are rejected because there is a poor fit with the
experimental data. The final structure calculated using NMR data is not one unique
struciure but an ensemble of structures which all satisfy the NMR data and are closely

related.
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1.2) Circylar Dichroism

Considerable information about the structure of proteins in solution can be obtained
from the measurement of their oplical activity. One of the more useful techniques in the
determination of the secondary structurs of a protein is circular dichroism (CD). CD is
the measurement of a molecule's unequat absorption of right- and left-handed circularly
polarized light as a function of the wavelength (Adler et al, 1973). Even though all of
the amino acids , except for glycine, contain a least one asymmetric carbon atom (the L
or D configuration), most amino acids display only small CD bands (Toniolo, 1970). It
is the conformation of the protein, with its asymmetric and periodic arrangement of
peptide units that gives rise to their characteristic CD spectra (Adler et al., 1973). The
CD spectra observed for the a-helix, B-sheet and random coit forms of the model peptide

poly-L-lysine are displayed in Figure 3 (Greenfield and Fasman, 1969).

Techniques such as X-ray diffraction, neutron diffraction and high resolution NMR
spectroscopy have proven very successful in the determination of the thrae-dimensionai
structure of proteins. Nsutron diffraction and NMR are able to provide information
about hydrogen atoms within the protein (Adler et al, 1973). Such specific structural
determinations are beyond the capacity of CD. However CD has the advantage that the
approximate percentages of the conformations present in a protein can be determined
much faster than with the other techniques. A second advantage 'of CD over the other
techniques is that a low concentration of pretein is required to acquire a CD spectrum so
that most often a sample of less than 0.1 mg is sufficient (Adler et al., 1973). With the
speed and low material requirement involved in acquiring a CD spectrum of a protein, it

is often a useful first step in the determination of the three-dimensional structure of a
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Figure 3. Circular Dichroism Spectra of an a-helix, B-strand, and Random Coil.
The circular dichroism spectra show poly-L-lysine in the ct-helical (hetix), 8-
strand (strand), and random coil (random coi) conformations. (Reproduced

with permission from N. J. Greenfield et al., (1969) Biochemistry 6:1630-

1637).
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protein. Hs use is even more essential when working with peptides in which the
presence of stable secondary structure may not be certain, and steps must be taken in
order to stabilize the secondary structure. Attempting to establish conditions in which
the peplide's secondary structure is most stable by NMR may require days of acquisition
time and months of analysis, whereas CD can make the same type of determination in

hours.

CD is a very usefui tool in studying any type of reaction that results in a change of
optical activity. Such a reaction may involve the binding of substrates, inhibitors or
coenzymes to an enzyme. CD is also excellent for measuring protein denaturation and

helix-coil transitions in polypeptides (Adler et al, 1973).

CD data is generally recorded as observed ellipticity (units of millidegrees) and is
reported as the mean residue ellipticity (MRE). The MRE for proteins and peptides Is
defined as:

{MRE], = Qobs x MRW
10(d)(c)

where A = wavelength; 6obs = observed ellipticity in degrees; MRW = mean residue

weight; ¢ = pathlength in centimeters; ¢ = concentration in grams per miliiliter. The

units of MRE are deg-cm2/dmol (Adler et al., 1973).

In order to determine the relative percentages of the conformations present in a
protein molecule, a calculated CD curve is matched to the experimentally obtained

spectrum. The procedure of matching the observed CD spectra to a calculated spectra is
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known as multicomponent analysis (Freifelder, 1982). The CD curve is simulated from

equations of the form

S = a[a] + b[B] + ¢R]

In the above equation, &, B and R represent the secondary structural types helix, 8-

strand and random coil respectively. The values of a, b and ¢ are then varied until the

simulated CD spectrum most closely maiches the experimental CD spectrum.

In the study of peptides, a useful measurement is the MRE at 222 nm (MRE222nm)-
The CD band at 222nm is assigned to the n—>n* amide transition for a helical polymer
(Adler et al., 1973). By measuring the MRE222nm and comparing it 1o the MRE222nm

for a compleie random coil and the MRE222nm for a complete a-helix, an estimation of

the helical content of a peptide can be made (Khan et al., 1930).

1.3) Chou-Fasman Analysis

The primary structure of a peptide can sometimes be used to accurately predict its
secondary structure by using a set of rules developed by Chou and Fasman {Chou and
Fasman, 1974a,b). The basis of this analyiical method is that the conformation of a
protein is predominantly determined by its amino acid sequence (Anfinsen, 1873).
Chou and Fasman analyzed the 20 amino acids in 15 proteins (containing a total of 2473
residues) whose X-ray crystaliographic structures had been determined, and compared
the frequency of the amino acids in various conformational states (Chou and Fasman,

1974a). The amino acid residues in helix, B-sheet and coil regions were tabulated. All
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regions designated as hefical, whether they were in a different hslical type (i.e. af, all,
310, distorted helix), were grouped as helical residues. The conformational parameters
for the amino acids were determined by tabutating the frequency of all amino acids in the
helical, B-sheet and coil regions of the 15 proteins and dividing each by their total

occurrence (Chou and Fasman, 1974a).

Analysis of the helix-coil boundary residues and central helix residues of protelns
(Chou and Fasman, 1874a) showed that residues with the highest helical potential, Pa,
reside mostly at the helix center, while strong helix breakers (low Pe values) were
found just beyond the helix ends. They proposed that helix nucleation could start at the
center of a helix region and propagate in both directions, unti! a cluster of strong helix
breakers lerminated helix growth. In addition, the frequency of negatively charged
residues at the amino terminus of the helix and positively charged residues at the
carboxyl terminus of the helix (Cook, 1967; Ptitsyn, 1969; Chou and Fasman, 1974b)
were used in focating helix region boundaries. These facls serve as useful starting

points in predicting helical regions within proteins.

Before aitempting to calculate the average helical potential Pa: (<Pa>) and average B-
strand potential (<PB>) values for regions within a protein, it is best o assign all of lhé
residues as formers, breakers or indifferent to halix and 8 regions. By doing this it Is
easier to visually pick out regions having a high affinity for a certain type of
conformation. The helix and B-sheet potentials are subdivided into the following
classifications: Hg (strong helix former), hg (helix former), g (weak helix former),
ia (helix indifferent), by (helix breaker), By (strong helix breaker); Hp (strong B

former), hg (B former), 13 (weak B former), ig (B indifferent), bg (B breaker), and
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Bp (strong B breaker). The symbols H and h can be thought of as strong and moderate
hydrogen bonding (Chou and Fasman, 1974b), respectively, with subscripts & and B
denoting helical and B-strand conformation, respectively. In predicting the secondary
structural elements present in a protein, the key is finding groups of residues that all
have a high propensity for existing in a certain type of conformation (Chou and Fasman,
1974b). One disadvantage of the Chou-Fasman predictive algorithm is that the influence
of the environment around is not considered in predicting the secondary structure
possessed by a sequence of amino acids. Therefors, an isolated peptide and the identical
sequence Incorporated into é large protein would be predicted to have the same secondary
structure, but this may be incorrect owing lo influence of other nearby secondary
structural elements felt by the peptide sequence in the protein that are not felt by the

isolated peptide.
1.4) Primary Structure and Function of Thymosin €41

Over the past 150 years researchers have been attempting to determine the role of
thymic functions, yet the importance of the thymus gland and the function it plays in the
immune system was not recognized untif the early 1960's (Goldstein and White, 1970).
The thymus gland has been shown fo be essentia! in the development of the lymphoid
system by the lack of postnatal lymphoid tissue growth and development in mice and
rabbits that had undergone neonatal thymectomies (Miller, 1961). A principle role for
the thymus gland in the maturation, proliferation and immunological competence of the

lymphocyte (T-cell) has also been shown (Aisenberg and Wilkes, 1965).

The mechanism by which the thymus gland exerts conirol over T-cell development is
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not definitively known. The process is believed to be controlled by hormonal stimulation
(Goldstein and White, 1870). Much of the early research was directed towards isolating
and Iidentifying biologically active hormones that are able to restore immunological
capabilities in thymectomized animals or enhance immunological ability within normal

animals (Goldstein ef al, 1972; Goldsteln, 1974; Hooper et al,, 1975).

A partially purified thymic fragment, thymaosin Fraction S, has been shown to
correct some of the deficiencies resulting from a lack of thymic function in a number of
animal studies (Zisblatt et al, 1970; Bach et al., 1971; Dauphines et al, 1974;
Scheinberg et al, 1976}, as well as in humans with immunodeficiency diseases {Wara
et al., 1975; Goldstein ot al., 1976; Wara and Ammann, 1976) and in cancer patients
suffering frcm immunosuppression (Goldstein et al, 1976; Schafer et al., 1976).
Thymosin Fraction 5 is composed of a group of polypeptides with molecular weights

ranging from 1000 to 15 000 Da (Low et al, 1579). One of these polypeptides called

thymosin o1 has been purified and sequenced {Low and Goldstein, 1979; Low et al.,

1979). Thymosin «¢ is a potent immunopotentiating agent, being from 10 to 1000

times as active as the parent thymosin Fraction 5 preparation in a number of bioassays

designed to measure the maturation and function of T-cells (Low and Goldstein, 1979).

A chemically synthesized molecule of thymosin a4 has been shown to be as active as the

native molecule In several bioassay systems (Low and Goldstein, 1979).

Thymosin oy is composed of twenty eight amino acid residues giving it a molecular
weight of 3108 Da (Low and Goldstein, 1979). The peptide is highly acidic, with an

isoelectric point of 4.2 (Low and Goldstein, 1979). The primary structure of the

peptide is known (Figure 4). Thymosin o4 is composed of nine acidic residues (six Glu
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1 5 10
Ac-Ser-Asp-Ala-Ala-Val-Asp~-Thr-Ser-Ser-Glu

15 20
Ile~-Thr-Thr-lys-Asp-Leu-Lys-Glu-Lys-Lys

25
Glu~Val-Val-Glu-Glu-Ala~Glu-Asn

Figure 4. The Primary Structure of Thymosin ay. The peplide is acetylated at the

amino terminus and Is highly acidic with an Isoelectric point of 4.2, The sequence
was taken from Low and Goldstein, 1979,
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and three Asp) and four basic residues (four Lys). Of the remalning residues, eight are
hydrophobic {three Ala, three Val, one Leu and one lle) and the remaining six are
hydrophilic {three Ser and three Thr). Of the nine acidic residues in thymosin a1, six
are located in the carboxyl terminal half of the peptide as are the five basic amino acids.
The peptide contains no aromatic residuses (His, Phe, Trp and Tyr) and is also devoid of

Arg, Cys, Gln, Gly, Mei and Pro.

Thymosin ¢y has been found in every known vertebrate tissue (Franco et al., 1992).
1t is still debated as to whether thymosin ¢.q is a native peptide (Franco et al.,, 1992) or
is only an artifact produced by proteolysis of its proposed pracursor, prothymosin o
(Haritos et al., 1984}, which contains the 28 residues of thymosin oy at its amino
terminus. Purification studies under conditions preventing proteolytic activity have
shown that the quantity of thymosin a4 detected in specific tissues is greater than the
quantity of prothymosin & detected, precluding the suggestion that thymosin o4 is a
proteolytic anifact of prothymosin o« (Franco et al, 1992). Since an obvious
connection between thymosin ¢ and prothymosin o exists, it necessitates briefly
introducing prothymosin o in order to get a better understanding of the specific function

of thymosin .

Until recently thymosin o1 {Low et al, 1979) and prothymosin o (Haritos et al.,

1985) had been attribuled immunological functions involved in extracellular

mechanisms. This hypothesis is unlikely since neither thymosin & nor prothymosin o

contain a signal peptide (Eschenfeldt and Berger, 1986; Goodall et al., 1986). The
widespread distribution of both of these peptides seems to point to a general celiular

function rather than a specific role in the immune system (Franco et al., 1992).
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Prothymosin o contains the karyophilic signal Lys-Lys-Glu-Lys (residues 101-104)
within its sequence, which suggests that it may have a nuclear function. Prothymosin o
has most recently been attributed a role in cellular division (Sburlati et al, 1993) as
nonsense oligomers of prothymosin t have been shown to arrest cell division. Elevated
levals of prothymosin ¢ have been detected in tumour samples taken from breast tissue
(Dominiguez et al., 1993) and in human colorectal cancers (Mori et al, 1993).
Radiolmmunoassays specific for the amino and carboxyl termini of prothymosin a. in
human thymus, spleen and liver show that the levels of this protein are much greater in
the spleen during the first decade of life, and In particular during the first year

(Tsitsiloni et al, 1893).

The levels of prothymosin « mRNA and protein levels have been measured in HL-60

myeloid leukemia cells (Smith et al, 1993). The results showed an Increase in the
levels of prothymosin o mRNA and protein during cell proliferation, but not during cell
differentiation. The laevels of prothymosin & were found to decline during cell

differentiation. The increase and decrease in prothymosin a levels during proliferation

and differentiation respectively, paralleled those of c-Myc mRNA under the same
conditions (Smith ef a., 1993). The c-Myc gene has been established as a well

documented proto-oncogene (Ramsay et al., 1984). The results of the study suggested

that there might be some lype of connection between prothymosin o and c-Myc

exprassion in cell differentiation and proliferation (Smith et al., 1993).

The primary sequence of prothymosin o is quite striking and is worth examining

(Figure 5), if there is some type of connection between its function and the function of

thymosin ¢ty (Sburlati et al, 1993). Prothymosin a contains 108 amino acids of
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1 Ac-Ser-Asp-Ala-Ala-Val-Asp-Thr-Ser-Ser
10 Glu-Ile-Thr-Thr-Lys-Asp-Leu-Lys-Glu-Lys
20  Lys-Glu-Val-Val-Glu-Glu-Ala-Glu-Asn-Gly
30 Arg-Asp-Ala-Pro-Ala-Asn-Gly-Asn-Ala-Asn
40 Glu-Glu-Asn~Gly-Glu-Gln-Glu-Ala-Asp-Asn
50 Glu-Val-Asp—Glu~Glu-Glu~-Glu-Glu-Gly-Gly
60 Glu-Glu-Glu-Glu-Glu-Glu-Glu-Glu-Gly-Asp
70 Gly-Glu-Glu-Glu-Asp-Gly-Asp-Glu-Asp-Glu
80 Glu-Ala-Glu-Ser-Ala-Thr-Gly-Lys-Arg-Ala
90 Ala-Glu-Asp-Asp-Glu-Asp-Asp-Asp-Val-Asp

100 Thr-Lys-Lys-Gln-Lys-Thr-Asp-Glu-Asp-Asp

Figure 5. The Primary Structure of Prothymosin @. The protein contains 109

residues of which 53 are acidic (Glu or Asp). The first 28 residues correspond to
the primary structure of thymosin 4. The sequence was taken from Sburlali et al.,

1993.
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which 53 are acidic (Glu or Asp). As previously mentioned, the first 28 residues

correspond fo the residues present in thymosin a1. The large number of acidic residues
within prothymosin o suggests some type of interaction with histones, which contain a

high percentage of basic residues. The amount of prothymosin o in the nucleus is

similar to that of histones (Sburlati et al., 1993). Barcia et al. (1992) showed that

prothymosin  as well as thymosin & were phosphorylated by casein kinase-2 at a Ser
and a Thr residue located within the amino terminus of the peplides. The paitern of
phospherylation of prothymosin & and thymosin &y were identical. Shortly after these
results were published another group (Sburlati et al, 1993} reporied in vivo
phosphorylation of prothymosin @ at a singie site, identified as Sert by electrospray
ionization mass spectromatry. Since this residue is also acetyiated, prothymosin a has
an acetylserine phosphate as the amino terminal residue. This group found no evidence
of a phosphothreonine residue in the protein and attributed the different findings to an
artifactual phosphorylation occurring during the isolation of prothymosin .
Unfortunately little is known about the significance of the phosphoryiation of either of

these polypeptides (Sburlati et al., 1993).

A preliminary clinical trial studying the safety and efficacy of thymosin Fraction 5
and thymosin oty against chronic hepatitis B infection is presently underway (Mutchnick
et al., 1991). Chronlc hepatitis B is a common form of liver disease associated with an
increased risk of cirrhosis and liver failure. Epidemiological studies have shown a clear
connection between hepatitis B virus (HBV) and hepatocellular carcinoma (HCC)
(Tiollais et al., 1985). The inability of host cellular immune mechanisms to remove
HBYV infected hepatocyles is believed to be responsible for the development of chronic

hepatitis B (Mutchnick et al., 1991). Of all the anti-viral agents previously used 10
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treat chronic hepatitis B, interferon (IFN)-o¢ has been shown to be the most effective
(Perrillo ot al., 1990). Unfortunately IFN-ot treatment leads to remission in less than
50% of patients and the associated side effecis are ofien sevare enough to cause stoppage

of the treatment (Perrillo et al., 1990),

The clinical trial utilizing thymosin Fraction 5 and thymosin o4 as a therapy against

chronic hepatitis B was performed using twelve patients who had exhibited evidence of
active liver disease and were positive for serum HBV DNA (Mutchnick et al, 1991).
Four of the patients were given thymosin Fraction 5, three received thymosin o4 and the
remaining five patienis received a placebo. All of the patlents werg given their assigned
medication by subcutaneous injection twice weekly for six months. Two of the patients

who received thymosin Fraction 5 experienced discomfort at the site of injection two

weeks into the trial and were switched over o injections of thymosin a¢4. Since the
known biological effects of thymosin Fraction 5 and thymosin oy are similar

(Mutchnick et al, 1991), the results of the patients who received either were

combined.

By the conclusion of the study, a significant improvement in thymosin treated
patients was observed. No change was observed in patients who had received the placebo.
Six of the seven thymosin treated patients and one patient receiving placebo cleared HBV
DNA from serum. After treatment, six of the seven thymosin treated patients showed no
signs of any replicative forms of HBV DNA, while replicative forms of HBY DNA were
found in four of the five placebo receiving group. No significant side effects were
observed in patients receiving thymosin or placebo treatment. The improvements in

patients who responded to thymosin treatment were sustained during the 26 month
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follow-up period. The resulls of the pilot study suggest that thymosin Fraction 5 and
thymosin &y are non-toxic in the doses given and they promote disease remission and
cessation of HBV replication in patients with chronic viral infection (Mutchnick et al.,

1981).

Investigations have shown that a class of compounds referred to as C-modulins
(Galoyan et al., 1992) isolated from bovine hypothalamus, are high-affinity
stimulators of thg basal activity of catcium/calmodulin (Ca2+/CaM)-dependent cyclic
nucleolide phosphodiesierase (Galoyan et al, 1992). it was also shown that other
Ca2+/CaM-dependent enzymes including myosin light chain kinase (MLCK),
phosphorylase kinase, and CaM-dependent protein kinase were also stimulated by C-
modulins. One of the C-modulins that was found to be a high-affinity stimulator of MLCK
was idontified as the first 39 residues of thymosin B4. Thymosin B4 is a 43 residue
peplide that has been shown to be a major actin sequestering protein in platelets.
Subsequent experiments showed that another fragment of thymosin B4 (residues 16-
38) and thymosin oy were also high-affinity stimulators of rabbit skeletal muscle (sk)
MLCK (Galoyan et al., 1992). All three of the thymosin peptides stimulated skMLCK in a
Ca2+-independent manner. These findings suggested that C-modulins comprise a system
of universal Ca2+-independent enzyme regulators (Galoyan et al., 1992). The

activation of skMLCK by thymosin oy was the first specific function attributed to the

peptide.
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1.5) Myosin Light Chain Kinase

1.5.a) Eunction

Myosin light chain kinase {MLCK) Is a key enzyme in the regulation of smooth and
skeletal muscle contraction (Hartshorne, 1987). Phosphorylation of Ser19 on each of
the two 20 kDa light chains of myosin by MLCK is thought to be essantial for the
initiation of muscle contraction (Harishorne, 1987). Since MLCK is a Ca2+/CaM-
dependent enzyme, the process of muscle contraction is ultimately linked to

intracellular Ca2+ levels.

1.5.b) Binding Region and Inleraction with Calmodulin

In order to attempt to model how thymosin peptides stimulate skMLCK, it Is
important to examine the background information that is known about the binding of
Ca2+/CaM to Ca2+/CaM-dependent enzymes. The binding regions between Ca2+/CaM
and smooth muscle (sm) MLCK (Lukas et al, 1986), skMLCK (Blumenthal et al,
1985) and several other Ca2+/CaM-dependent enzymes are known (O'Neil and Degrado,

1990).

Calmodulin is a 148 amino acid residue protein present in all eukaryotic cells, that
serves as the primary receptor for intracellular Ca2+ (O'Neil and DeGrado, 1930).
The Ca2+/CaM-binding domains within Ca2+/CaM-dependent enzymes show
considerable sequence diversity, yet most are predicled 1o form positively charged

amphipathic helices {(O'Neil and DeGrado, 1990). The affinity of peptides for CaM
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appears to correlate wilh their ability 1o form positively charged amphipathic helices
(Giedroc et al., 1983). A synthetically prepared peptide composed of only Leu, Lys and
Trp residues (Trp-lLys-Lys-Leu-Leu-Lys-Leu-Leu-Lys-Lys-Leu-Leu-Lys-Leu) in
an amphipathic helical conformation, was found to bind CaM with a dissociation constant
(Kd) of about 0.4 nM. Another synthetic peplide in which all of the Lys residues had
been changed to neutral Gin residues was shown to bind to CaM with a Kd of 10 nM. It
was concluded that about 15% of the total binding energy was contributed by

electrostatic interactions (O'Neil and DeGrado, 1990).

Lukas et al. {1986) showed thai the CaM-binding region of chicken gizzard smMLCK
was made up of an 18-20 residue segment comprising amino acid residues 494 to 513.
This region contained a cluster of basic amino acids and formed an amphipathic o-helical
structure {Lukas et al,, 1986). The Ca2+/CaM-binding region of sSmMLCK is shown in
Figure 6. A synthetic peptide representing the binding domain within smMLCK, called
RS20, inhibited tha Ca2+/CaM-dependent phosphorylation of myosin light chain with a
Kq value of 1.6 nM. This peptide adopted an amphipathic &-helical conformation in the
presence of Ga2+/CaM with four Arg residues and one Lys residua on its polar faca. An
analgous peplide from the Ca2+/CaM-binding protein, skeletal muscle phosphorylase
kinase, that did not contain the first two Arg residues, inhibited Ca2+/CaM only at

concentrations 1000-fold greater than RS20 (Lukas et al., 1986).

Fitzsimons et al. (1992) examined the role of some of the basic residues within the
Ca2+/CaM-binding region of smMLCK by site-directed mutagenesis. A mutant smMLCK
molecule in which the sequence Arg1-Arg2-Lys3 within the Ca2+/CaM-binding domain
was changed to Glu-Glu-Asp did not bind biotinylated Ca2+/CaM. This mutant also had a
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skMLCK

skMLCK

skMILCK

1 5 10
Lys-Arg-Arg-Trp-Lys -Lys-Asn-Phe-Ile-Ala
Arg—Arg—Lys-Trp—Gln—Lys—'I'hr-Gly-His—Ala

15 20
Val-Ser-Ala-Ala-Asn-Arg-Phe-Lys-Lys-Ile
Val-Arg-Ala-Ile-Gly-Arg-Leu-Ser-Ser

25
Ser-Ser-Ser-Gly-Ala-Leu

Figure 6. The Calmodulin Binding Domains of Skeletal Muscle and Smooth Muscle

Myosin Light Chain Kinases. Residues 342-367 of skMLCK and residues 494-

513 of smMLCK comprise the CaM-binding domain within each kinase. The

cluster of positively charged residues at the amino terminus of each peptide is

highlighted. Both sequences are taken from lkura et al., 1992.
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KcaM value 41 times greater than native MLCK. KcaM is the concentration of CaM
requried for the half-maximal activition of MLCK. A second mutant in which Lys6 was
changed to a Glu residue, had a KGaM value 15 times greater than the native MLCK along
with a decrease in Ca2+/CaM affinity. This showed that Arg1, Arg2, Lys3 and Lysé
weare important residues for high affinity CaM binding 1o smMLCK. The results were
consistent with other studies using rabbit skMLCK and chicken non-muscle MLCK in
which analogous residues in both were postulated to play an important role in Ca?+/CaM
binding (Bagchi et al., 1992).

The role of basic residues in the binding of Ca2+/CaM to MLCK is consistent with the
experiments of Blumenthal and Stull (1982), in which the effects of ionic strength on
the activation of skMLCK by Ca2+/CaM were measured. The results showed a marked
inhibition of Ca2+/CaM activation of skMLCK with increasing ionic strength. This
result led to the congclusion that ionic interactions play an important role in the stability

of the Ca2+/CaM/skMLCK complex (Blumenthal and Stull, 1982).

Herring {(1991) prepared a series of mutants of rabbit skMLCK in which basic
residues homologous to those in the Ca2+/CaM binding region of smMLCK were altered.
The sequence near the binding region they examined was Lys-Lys-Tyr-Leu-Met-Lys-
Arg-Arg-Trp-Lys-Lys, which comprised residues 337 to 347 of skMLCK. A series of
mutants were prepared altering the basic residues. It was found that changing the first
two Lys rasidues to Glu residues had little affect on the Vmayx and Ca2+ concentration
required for hatf-maximal activation of the enzyme (ICa2+]9.5max) in the presence of
CaM. A second mutant in which the sequence of residues Lys6-Arg7-Arg8 were changed
to the sequence Glu6-Thr7-Leu8 had a much higher [Ca2+]0.5max than the native

31



enzyme. A third mutant in which the same residues (Lys6-Arg7-Arg8) were changed to
three Glu residues had an even greater [Caa*']o,sn.ax. It was concluded that these three
basic residues were probably interacting with Glu on the CaM moleculs. The mutant
which contained the three Glu residues also failed to exhibit high affinity Ca2+/CaM
binding. A final mutant in which Lys10 and Lys11 were changed to two Glu also had a
low affinity for Ca2+/CaM and an increased [Ca2+]g.5max compared to the native
enzyme. It was concluded that the imporiant basic residues for high affinity Ca2+/CaM
binding in skMLCK were those within the sequence Lys-Arg-Arg-Trp-Lys-Lys
(Herring, 1991).

An interesting question regarding the activation of MLCK in the presence of
Ca2+/CaM is how MLCK is inhibited in the absence of Ca2+/CaM. It was proposed that
the inhibition is due to the interaction of the MLCK active site with another segement of
its polypeptide which can function as a pseudosubstrate, and that this interaction is
dissociated by the binding of Ca2+/CaM (Kemp et al, 1987). This hypothesis of
autoinhibition was first postulated by a comparison of the myosin light chain
phosphorylation site with an homologous site on MLCK. The Ca2+/CaM binding domains
of both smMLCK and skMLCK contain a number of basic residues similar to the sequence
found in the region around the phosphorylation site in smooth muscle myosin light chain.
Another group (Walsh et al, 1982) was able lo prepare a Ca2+/CaM-independent
smMLCK by limited a-chymotryptic digestion. The 80 kDa fragment had a high specific
activity compared to native Ca2+/CaM-dependent smMLCK. They conciuded that the
Ca2+/CaM-independence was a result of the removal of the Ca2+/CaM binding site as
the smMLCK fragment would no longer bind 1o a CaM affinity column. Subsequent

digestion experiments showed that it was also the loss of the autoinhibitory region which
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conferred Ca2+-independent activity on MLCK.

Using a series of mutations in which acidic residues within the active site of MLCK
were mutated to basic residues, Gallagher et al. (1993) were able to locate acidic
residues that were responsible for binding o the autoinhibitory domain of MLCK. They
warg able to show that by changing the sequence Asp784-Glu785-Asp786 in rabbit
smMLCK to Lys-Lys-Lys there was a large decrease in both {Ca2+]0.5max and KGaM
values with no other-changes in the kinetic parameters. A similar mutation in skMLCK
(Asp384-Glu385-Asp386 ---> Lys-Lys-Lys) also resulted in a similar KCaM
decrease and no change in the other kinetic parameters {Gallagher et al., 1993). From
these experiments they concluded that residues 384-386 in skMLCK and the analogous
residues 784-786 in smMLCK were involved in binding to the autoinhibitory domains of
these two kinases. These were the first experimental results that suggested the

importance of ionic interactions in the inhibition of MLCK.

In order to specify the exact location of the autoinhibitory domain of smMLCK, the
group of lto et al. (1991) prepared a series of turkey gizzard smMLCK mutants which
started at Leud47 of the protein and contained varying amounts of the remainder of the
carboxyl terminus of the enzyme. The molecule containing the entire carboxyl
terminus, from Leudd47 to Glu972, possessed kinase activily that was Ca2+/CaM-
dependent. A mutant that ended at Thr778 resulted in an active mutant that was
CaZ+/CaM-independent. Thus it was concluded that the autoinhibitory domain lies on
the carboxyl side of this residue. Truncation to Lys773 and Trp800 also resulted in
constitutively active mutants, although the specific activity of the truncated Trp800

mutant was less than the other shorter mutants. These results led to the conclusion that
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the critical region of the inhibitory domain Is contained in the sequence of residues
Tyr774-Trp800 (Tyr-Met-Ala-Arg-Arg-Lys-Trp), which are homologous to residues
491 to 497 of chicken gizzard smMLCK. None of the active mutants bound Ca2+/CaM,
but the postulated autoinhibitory region did overlap the postulated Ca?+/CaM binding
region for five residues (Aia-Arg-Arg-Lys-Trp). ".

Since the putative Ca2+/CaM binding and autoinhibitory regions within MLCK were
determined the attention now turnad to how Ca2+/CaM interacted with the smMLCK and
skMLCK on an atomic level. Laporte et al. (1380) were able to show that the binding of
Ca2+ to CaM causes conformational changes in the protein which results in the
formation of a surface with considerable hydrophobic character. This hydrophobic
region was able to bind between four and six molecules of 9-anthroyicholine (Laporte et
al., 1980). Although this work showed the probable importance of hydrophobic
interactions in the formation of a Ca2+/CaM-protein complex, it was also noted that the
specificity of Ca2+/CaM associations with other proteins wzs most likely determined by
the complementarity of surfaces and specific lonic or polar interactions between CaM

and other proteins (Laporte et al., 1980).

An early model (Blumenthal and Stull, 1982) proposed that the first step in the
activation of MLCK by Ca2+/CaM involves the hydrophobic-driven binding of Ca2+/CaM
to the enzyme. These hydrophobic interactions are Ca2+-dependent, since the
hydrophobic domain at the site of interaction on CaM is only exposed when Ca2+ is bound
to the protein. As a consequence of the first interaction, short-range interactions such
as electrostatic interactions, hydrogen bondé, and van der Waals interactions would

become possible due to the proper alignment of amino acid residues. 1 is evident that the
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short-range Interactions cannot maintain the stability of the enzyme-protein complex
in the absence of the hydrophobic interactions, since CaM activity is Ca2+-dependent.
Any short range interactions are probably important in strengthening the stability of
the complex, conferring CaM specificity 1o the interaction, and inducing structural
changes In the complex which results In enzyme activation (Blumenthat and Stull,

1982).

The solution structure of the complex between Ca2+/CaM and a synthetic peptide
comprising the binding region of SkMLCK has been solved (lkura et al, 1992). The
crystal structure of a complex between Ca2+/CaM and a synthetic peptide comprising
the binding region of smMLCK has also been solved (Meador et al., 1992). Both
structures were similar overall and & tremendous conformational change was observed
within the Ca2+/CaM molecule. The central helix of CaM (residues 65-93) was
disruptied, bringing the two domains of the protein closer together. This conformational
change results in the formation of a tunnel by the Ca2+/CaM molecule with the
hydrophobic reglons of the protein melded together along one side of the tunnel. Several
hydrophobic interactions between the Ca2+/CaM protein and the binding regions of
skMLCK and smMLCK were observed. In the crystal structure all seven basic residues of
the binding region peptide {smMLCK) were observed to make salt bridges with
Ca?+/CaM (Meador ef al.,, 1892). Also in the solution structure, calculated simulated
annealing structures showed putative interactions between all of the basic residues of

the binding peptide and Glu residues of Ca2+/CaM (lkura et al., 1992).

35



1.6) Stabilization of Peptide Structures by Fluorinated Alcohols

Until recently, experimental evidence for secondary structure in short linear
peptides in waler solution has been difficult to obtain (Dyson et al., 1988a). Stable
structures are not often observed in short peptides since they do not contain the medium
and long range stabilizing interactions that are observed in proteins. With the advent of
more sensitive techniques, such as high-resolution NMR spectroscopy, stable struclures
are being observed in localized regions of peptides. Fluorinated alcohols such as 2,2,.2-
trifluoroethanot (TFE) and hexafluoro-2-propancl (HFP) have been used in solution
studies of a number of peptides (Tappin et al., 1988; Gooley and MacKenzie, 1988; Khan
et al., 1990; Zagorski et a, 1991). Studies have shown that the introduction of these
alcohols to aqueous solutions of these peptides stabilizes the secondary structural
elements of the peptides. The induction of secondary structure in these peptides by
fluorinated alcohols, may be related to the fact that the peptides in question act In
membranes. The co-solvent simulates the lipid environment reducing the water

activity, thus stimulating the peptide to take up its in vivo conformation.

One suggestion is that the addition of these fluorinated alcohols to the peptide solution

does not create new secondary structure but actually stabilizes o-helices which exist
transiently in aqueous solutions (Dyson et al, 1988b). An exception to this rule is in
cases where sequences have nearly equal tendencies to exist as an a-helix or 8-sheet, in
which case the equilibrium will be shifted in favour of the helix. The reason these
structures are not detected in aqueous solutions is that they exist in a rapid equilibrium
with random coil structures and any qualitative detection is observed as a weighted

average of the structural equilibrium state (Williamson and Waltho, 1982).
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A study was done on a 19 residue synthetic peptide corresponding to the C-helix,
containing residues 69 to 87, of myohemerythrin (Dyson et al., 1988a). The two-
dimensional NMR spectra of the C-helix peplide in aqueous solution and 20% (v/v} TFE
were compared. The purpose of the comparison was to observe the structural
differences of the peptide in the different solvents. In aqueous solution strong
daN(i,i+1) NOE connectivities were observed over the whole of the C-helix showing
that the conformational ensemble of the peptide included a substantial population of
extended chain forms. Such structures appear to predominate in the unfolded form of a
peptide in water solution (Dyson et al, 1988b). In addition, dNN{ii+1) and
doN({i,i+2) NOE connectivities were observed, indicating a small but measurable

population of folded conformations.

The dNN(ii+1) connectivilies were observed between residues 11 to 19 of the helix,
which is suggastive of a or 31 helix (Withrich, 1986). For short linear peptides in
solution the dNN(ii+1) distance only becomes short enough to give observable NOEs
between residues with ¢ and y angles in the helix vegion of {¢,y) space (Withrich,
1986). Therefore only regions which have a helical tendency would be expected to give
rise to dNN(ii+1) connectivities, the distances in all other structural types being 100
great. None of the characteristic long range dgN(i,i+3) or dqp(i,i+3) NOE
connectivities which would confirm a helical structure in the C-helix peptide were
detected. Instead what was observed were dgN(i,i+2) NOE connectivities between Lys10
and Phe12 and Phe12 and Glu14 which indicated the presence of local structures and
short range order (Dyson et al, 1988a). These connectivities are characteristic of
reverse turns in the peptide chain (Withrich et al.,, 1984; Dyson et al., 1988a) and

taken with the observed dNN NOE connectivities, implied a significant population of turn
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conformations involving His® to Phei12 and Asp1i to Giul4. Also observed were
dgN(i,i+1) connectivities, which are commonly observed in halical structures
(Waothrich, 1986} in the carboxyl terminus half of the peptide. Thus the NOE data
indicated that in the conformational ensemble of the C-helix, there Is a significant

population of turn-like structures {Dyson et al, 1988a).

In contrast to the short range order that was seen in the aqueous sample of C-halix,
the peptide formed a helix with long range order in a 20% (v/v) TFE solution (Dyson et
al., 1988b). Long range dugN(Li+3) and dgN(i.i+3) connectivities confirmed the
presence of a helix between residues 11 and 15. From the dNN and dgN conneciivitics

observed, the group inferred that the helix exterided from residue 9 or 10 to residue 18

or 19,

The important result that came from this research on the structure of the peptide in
TFE was that the long-range connectivities were only seen in areas where short-range
connectivities typical of helix formation were previously observed in aqueous solutions
of the peptide. Therefore, the addition of TFE did not induce helix formation in new
regions of the peptide, but merely stabilized regions that already possessed helical
characteristics {Dyson et al., 1988b). Therefore it can be concluded that the addition of
fluorinated alcohols to aqueous solutions of peptides, does not result in the creation of
secondary structure, but merely results in the stabilization of the structure the peptide
already possesses (Dyson et al., 1988b). The determination of the solution structure of
the C-helix showed it had a helical content of approximately 50% which agreed very
faﬁourably with the CD analysis in 20% TFE and Chou-Fasman calculations on the

primary structure of the peptide (Dyson et al., 1888b).
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1.6) Objectives of this Research

It is well documented that a struciure-function relationship exists within proteins.
That is, the functionality of a protein is directly related to its three-dimensional
structure. Two-dimensional NMR has proven to be very successful in the datermination
of the three-dimensional structure of small proteins and peptides in sofution. Thymosin
a4 Is a small peptide that has been implicated in a wids-range of different functions.
The three-dimensional structure of the peptide is not yet known nor is the mechanism
behind any of its reputed functions. One of the first specific functions attributed 1o this
peplide is the activation of skMLCK in a Ca2+-independent manner. The objectives of
this research is to determine the three-dimensional structure of thymosin oy by two-
dimensional NMR and CD. The three-dimensional structure of the peptide will be

presented, along with a model which shows the most probable mode of interaction of

thymosin a4 with skMLCK.
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CHAPTER TWO

MATERIALS AND METHODS

2.1) Mateials

2.1.a) Proteins

Synthetically prepared thymosin a1 was the generous gifi of Dr. Su Sun Wang ot

ALPHA-1 Biomedicals Inc. {Foster City, CA}.

2.1.b) Enzymes

o.-Chymotrypsin (EC 3.4.21.1) was purchased from Worthington Biochemical

Corporation (Freehold, NJ 07728).

2.1.c) Chemicals

Sodium chloride {ACS 783), sodium phosphate (B10249), acetonitrile Omnisolv
(B30014) and methanol Omnisolv (B90234) were purchased from BD¥ Inc. (Toronto,
Ontario M8Z 1K5). Deuterium oxide (D20) (99.8 mol%} (MD-175), sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) (MX-1061) and deuterated sodium
hydroxide (NaOD) (40% in D20) were purchased from MSD Isotopes (Pointe Claire-
Dorval, Quebec HO9R 4P7). Deuterated hydrogen chloride (DCl} (35% in D20),

disodium hydrogen phosphate {S-0876), ammonium bicarbonate (A-6141),
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trifluoroacetic acld (T-6508), sodium acetate (S-8625) and phenyiisothiocyanate
(protein sequencing grade) (P-8625) were purchased from Sigma Chemical Company
(St. Louis, MO 63178). High performance liquid chromatography (HPLC) grade glacial
acetic acid (9515-03) was purchased from J. T. Baker Chemical Co. (Phillipsbury, NJ
08865). Triethylamine ({23962-3) and 2,2,2-trifluoroethanol (75-89-8) were
purchased from Aldrich Chemical Company (Milwaukee, Wi 53201). Deuterated
2,2, 2-trifluoroethanol (99%) (75-89-8) was purchased from Cambridge Isotope
Laboratories (Weburn, MA 01801). Phosphoric acid (8425-1) was obtained from
Caledon Laboratories Ltd. (Georgetown, Ontario 1L.7G 4R8). Amino acid standard H
(20088) and 6 N HCI, Sequenal grade (24309) were obtained from Pierce Chemical Co.
{Rockford, IL 61105).

2.2) |nstrumentation

The masses of materials were determined using a Metller AES0 electronic balance

purchased from Fisher Scientific (Canada} Inc. {Ottawa, Ontario).

Small volume aliquots were dispensed using Gilson PipeimanTM P20, P200 and
P1000 from Mande! Scientific Co. Lid. (Guelph, Ontario N1H 6J3). The pipettes were
equipped with tips purchased from Canlab distributed by American Hospital Supply

Canada Ltd. (Mississauga, Ontario).

pH measurements were performed on a Fisher Accumet™™ Model 810 pH meter
manufaciured by Allied Fisher Scientific (Pittsburgh, PA. 15219) and a Coming Model

240 pH meter from Corning Science Products (Corning , NY 14831), equipped with an
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Ingold U457 combination electrode from Ingold Electronics Inc. (Wilmington, MA
01887). All pH measurements were calibrated with pH 4 (R01204-74), pH 7
(R01278-74) and pH 10 {R01206-74) buffer solutions from BDH Chemicals
(Toronto, Ontario M8Z 1K5).

Ultraviolet and visible spectrophotometric measurements were performed on a

Shimadzu UV-160 spectrophotometer from Shimadzu Corporation (Kyoto, Japan).

One-dimensional IH-NMR spectra were acquired at 300 MHz using an AC-300 NMR
spectrometer manufactured by Bruker Spectrospin Ltd. (Milton, Ontarlo LST 1Y6). The

spectrometer was equipped with a 5 mm 1H specific probe.

Two-dimensional homonuclear NMR spectra were acquired at the University of
Western Ontario, London, Ontario at 500 MHz using a Unity-500 spectrometer
manufactured by Varian Associates In¢. {Palo Alto, CA 94304-1030). The instrument

was equipped with a 5 mm triple resonance probe.

Gircular dichroism spectra were recorded on an On-Line Instrument Systems (OLIS)
UV/VIS/CD specirophotometric operating system manufactured by OLIS inc. (Bogart, GA
30622). The CD was the property of Dr. S. Vinogradov of Wayne State University,

Detroit, Michigan.

High performance liquid chromatography was performed using a Waters 600
rultisolvent delivery system, a Waters 411 UV detector and a Waters 745 data module.

Amino acid analysis was done using a Waters Pioo-TagTM (15¢cm x 3.9 mm 1.D.}
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column. Pre-column derivatization of the amino acids was carried out on a Waters
Pico-TagTM Work Station. Peptide mapping was performed using a Waters Delta-
PakTM C18-100 A (30 cm x 3.9 mm LD, 15 um spherical resin) column from Nihon
Watars Lid., Tokyo, Japan. All Waters products were obtained from Waters
Chromatography Division, Millipore Corporation (Milford, MA 01757). HAWP04700
(0.45 um) and HVHP04700 (0.45 pm) membranes used to fiter HPLC solvents were

purchased from Millipore Corporation (Toronto, Ontario).

Deionized distilled water was cbtained from a Milli-Q water system from Millipore

Corporation (Milford, MA 01757).

Two-dimensional NMR data analysis was performed on a Silicon Graphics Indige
R4000 computer using Varian VNMRSGI software purchased from Varian Associates inc.

(Palo Alto, California, 94304-1030).

The three-dimensional structure of thymosin o was determined using distance
geometry, rastrained simulated annealing and energy minimization.  Structural
calculations and anlysis were performed using the NMR_Refine and INSIGHTII modules
which are part of the BioSym software package purchased from Biosym Technologies inc.

(San Diego, California, 92121-2777).

Modelling studies were performed on a Silicon Graphics Indigo R400C computer
using the DOCKING and INSIGHTH modules which are part of the BioSym software package

purchased from Biosym Technologies Inc.
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2.3) Methodology

2.3.a) Chou-Fasman Analysis of the Primary Structure of Thymosin a1

Calculations 1o predict if thymosin oy possessed any secondary struclure were
performed using the primary sequence of thymosin ay (Low and Goldstein, 1979} and

the criteria for the prediction of protein conformation as outlined by Chou and Fasman

{Chou and Fasman, 1974a,b).

2.3.b) Circular Dichroism

Sample Preparation. A thymosin o4 stock solution was prepared in 0.15 M NaCl and

20 mM phosphoric acid, pH 3.50. In order to obtain the greatest accuracy, the
concentration of the stock solution was determined using amino acid analysis. A CD
spectrum of a 0.070 mi aliquot of the stock solution dissolved in 0.180 mi of buffer was
acquired as were spectra of 0.070 ml of the stock solution dissolved in various
concentrations of 2,2,2-trifluoroethanol (TFE). All samples were made up to 0.250 ml

by adding appropriate amounts of buffer.

Spectra Acquisition. Circular dichroism measurements of thymosin oy were
performed using an OLIS UV/VIS/CD spectrophotometer with a 1 mm path length quariz
cell. Spectra were acquired from 250 to 198 nm and contained 52 points, with a time
delay of 3 s at each point. The CD spectra were recorded in millidegrees (mdeg) and

converted into mean residue ellipticity (MRE) using the concentration of the thymosin
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014 stock solution determined by aminc acid analysis. All CD spectra were acquired using
the same cell and care was taken to place the cell in the same position for each spectrum.
All spectra were baseline corracted. The CD spectropolarimeter was calibrated with a

0.1 mg/ml aqueous sample of (+)-10-camphorsulfonic acid.

The a-helix contant of thymosia a4 was determined by measuring the MRE at 222

nm (MRE222nm) and comparing it fo the value of MRE222nm for a complete random

coil (Greenfield and Fasman, 1969) and for a complete a-helix {Toniolo ef al., 1979).

2.3.c) o-Chymotryptic Digestion of Thymosin o1

Enzymatic digestion of thymosin ¢y by a-chymotrypsin was performed in a 1%

ammonium bicarbonate solution at pH 8.3 for 3 h at 37°C (Low and Goldstein, 1979).
a-chymotrypsin was added to the peptide solution to give a final ratio of enzyme to
substrate of 1:50 (w/w). The enzymatic digest was lyophilized to terminate the

reaction. The peplide fragments were isolated by peptide mapping.
2.3.d) Peptide Mapping

Peptide mapping was performed using a Waters 600 HPLC system with a Model 440
UV detector and a Delta-Pak C-18 column. The initial column buffer was 0.05%
trifluoroacetic acid (TFA) and the temperature was 28°%3. The conditions for the
isolation of peptides from the a-chymotrypsin digestion were as follows: 0-20% ACN
in 20 minutes, 20-40% ACN (20-60 minutes), 40-70% {60-90 minutes), 70% ACN
(90-100 minutes), 70-0% ACN (100-110 minutes) with a constant 0.05% TFA
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concentration and a flow rate of 1 mt/min. The UV dstector monitored peptide eiution at
a wavelength of 214 nm. Separaled peaks were collected and lyophilized. The amino acid

‘composition of the separated peaks was delermined by amino acid analysis.

2.3.e) Amino Acid Analysis (Bidlingmeyer et al., 1984)

Reagent Preparation. Eluent A was composed of 0.14 molal sodium acetate trihydrate
and 0.05% (v/v) triethylamine, adjusted to pH 6.4 with HPLC grade glacial acetic acld.
Eluent B was distilled deionized water collected through a Milli-Q water system. Both of
the previous reagents were passed through a 0.45 pm HAWP filter before use on the
HPLC. Eluent C was HPLC grade acetonitrile which was subsequently passed through a
0.45 um HVHP filter before use. The sample diluent contained 5% {v/v) acetonilrile,
4.75 mM sodium hydrogen phosphate, pH 7.4. The redrying reagent was composed of a
22:1 mixiure of methanol:water: triethylamine. The derivatizing reagent was composed

of a 7:1:1:1 mixture of methanol:water:triethylamine:phenylisothiocyanate.

Procedure. Thymosin 4 samples were hydrolyzed in acid washed, pyrolyzed culture
tubes with vapor phase 6N HCI containing 1% phenot! for 24 hours at 110°C in a Waters
reaction vial on the Picotag workstation. After hydrolysis the cuilture tubes were
transferred to a fresh reaction vial and placed on the workstation to dry (until a vacuum
of 65 millitorr was reached). Twenty microliters {(ul) of the redrying reagent was
then added to the thymosin a4 culture tubes, which were replaced into the reacticn vial
and installed onto the workstation to re-dry. The hydrolyzed amino acids were then
derivatized by adding 20 plL of derivatizing reagent to each culture tube, replacing the

culture tubes into the reaction vial, and allowing the vial to sit at room temperature for
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20 minutes. Excess reagent was then removed by re-installing the reaction vial onto the
workstation and walting for a vacuum of 65 millitorr to be achieved. The reaction vial
was left on the workstation for 30 minutes after the suvitable vacuum was reached to
ansure all excess reagent was removed. An extemnal standard composed of 5 pL of Pierce
amino acid standard was dried, redried and derivatized along with the samples of
thymosin ¢y. The derivatized PTC amino acids were dissolved in the sample diluent and
injected onto a Waters Picotag column installed in the Waters 600 multisolvent HPLC
system with & mode! 441 detector set at 254 nm. The temperature of the column was
maintained at 38°C. The separation of amino acids occurred in under 13 minutes using

the following gradient conditions:

Time Flow Rate Eluent A Eluent B Eluent C
(min) (ml/min) (%) (%) (%)
0.0 1.0 94 0 6
10.0 1.0 56 16 28
10.3 1.0 0 40 60
2.0 1.0 0 40 60
12,5 1.5 0 40 60
13.3 1.5 0 40 60
14.0 1.5 94 0 6
30.0 1.5 94 0 6
30.5 1.0 94 0 6

47



Amino acids were quantified using response factors from an external amino acid

standard.

2.3.n NMRB Speciroscopy

Sample Preparation. For the acquisition of one-dimensional TH-NMR spectra of

thymosin oy, the peplide was dissolved in a buffer of 0.15 M NaCl, 20 miM phosphate,
and 0.5 mM DSS in D20 to give a final peptide concentration of 1.08 mM in a total
volume of 0.45 mL. The thymosin oy sample was then transferred to a clean 5 mm NMR
tube (535-PP), and the pH value measured with the Ingold NMR tube pH electrode. The
pH* of the peptide sample was adjusted by appropriate additions of 1 N DClor 1 N NaOD
in D2O. pH* refers to the direct pH meter reading uncorrected for the deuterium isotope

effect (Glasoe and Long, 1960).

For acquisition of two-dimensional homonuclear spectra of thymos'n a4, the peptide
was dissolved in a buffer containing 0.15 M NaCl, 20 mM phosphate and 0.5 mM DSS in
70% HpO and 30% TFE-d3 in a final volume of 0.5 mL. The final peptide concentration
was determined to be 1.93 mM by weight. The pH* of the sample was adjusted to 6.0

with an appropriate addition of 1 N HC! or NaOH.

Data Acquisition and Processing. One-dimensional TH-NMR spectra of thymosin oy

were recorded at 300 MHz on a Bruker AC-300 FT-NMR spectrometer with a 5 mm 1H
selective probe in quadralure detection mode. Typical NMR acquisition parameters were:
16K data points FID; sweep width, 3600 Hz; flip angle, 60°; relaxation delay, 2

seconds; temperature, 298 K; number of transients, 500; line broadening, 0.462 Hz;
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axcitation and decoupling on the HOO resonance. All reported chemical shifts are

relative to the principal resonance of the internal standard DSS.

The phase-sensitive double-quantum filtered COSY and phase-sensitive NOESY
spectra were collected according to standard procedures. Phase-sensitive spectra were
recorded with the hypercomplex method (Staies ot al,, 1982). The TOCSY experiment
was recorded using an MLEV-17 spin lock of 50 ins. In all two-dimensional COSY,
TOCSY and NOESY experiments 2048 data points were collected in the 12 domair and
zaro-filled to 4096 points prior to Fourier transform. In all 2D COSY and NOESY
experiments, 256 time increments were collected in the t1 domain and zero-filled 1o
4096 points. In the TOCSY experiment 128 time increments were collected in the t4
domain and zero-filled to 4096 points. In general, 8 transients were averaged for each
t4 time increment. Spectral widths of 6000 Hz were collected in both cimensions.
Mixing times of 75, 150 and 300 ms were used in the NOESY experiments. All two-
dimensional NMR spectra were recorded at 298 K. Prior to Fourier transformation, the
DQF-COSY data were multiplied by a sinebell function in both dimensions with a smali
amount of sensitivity enhancement applied with a positive exponential. The TOCSY and
NOESY spectra were muiltiplied by a Gaussian apodization function and a negative
exponential for resolution enhancement. The intense solvent peak was removed in the
DQF-COSY and TOCSY experiments by saturation of the solvent resonance frequency
during the relaxation delay. In the NOESY experiments the solvent peak was saturated

during the evolution period and mixing time.

49



2.3.9) NOE Distance and Volume Restrainls

NOE distance and volume restraints were determined using two-dimensional NOESY
experiments in 30% (v/iv) TFE-d3 and 70% {v/v) H20. Three NOESY experiments
were performed with mixing times of 75, 150 and 300 ms. Cross peaks were Integrated
using VNMRSGI software by drawing a box around the desired cross peak and integrating
the peak volume. The integrated intensities were classified as strong, medium or weak
with associated upper distarice limits of 3.0 A, 4.0 A and 5.0 A, respectively. A lowar
distance limit of 1.8 A was used for all observed crosspsaks. A total of 134 NOE distance
restraints and 128 NOE volume restraints were measured. The NOE restraints were
supplemented with seven generic distance restraints corresponding to hydrogen bonds
for regions of regular secondary structure, based on characteristic NOE patterns énd
preliminary structure calculations. For each hydrogen bond, one restraliit holds the
distance between the amide proton and the carbonyl oxygen to less than 2.3 A, whila a
second restraint keeps the distance from the amide nitrogen 1o the carbonyl oxygen

between 2.5 A and 3.3 A to maintain the linearity of this bond.
2.3.h) Structure Calculations

The structure of thymosin oy was determined using the distance geometry algorithm

contained in the program DGl (Havel, 1991), that is part of the NMR_Refine software
package (Biosym Technologies, San Diego, California). The algorithm is based on the

following three steps: bound smoothing, embadding, and annealing.

The experimentally determined NOE distance and volume restraints were loaded onto
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the starting structure of thymosin a1. The starting structure used 1o generaie the final
conformation of the peptide was an axtended chain. Tetragonal smoothing using a
sequential strategy was performed. The bounds were smoothed using a tolerance level of

0.01 and convergence criteria of 0.005.

After the bound smoothing was performed, the embedding was done using 200 eigen
iterations and an eigen criteria of 0.0001. Prospective melrization was chosen and
inverse squared range plus squared avevage weighted majorization was sslected. The

embad dimension was set {0 four.

The deviations in the embedded coordinates were minimized by optimization. In
optimization the initial energy of the system was set at 900 kcal/mol with a time step of
0.35 psec. The calculations gave a convergence for 11 out of 30 structures.

Superposition and analysis of the structures were performed using INSIGHT |l software.

2.3.) Analysis of the Structure of Thymosin &

The analyses of the structures of thymosin o4 were performed by visual inspection
and by superimposing various regions of the structures on 1o one another. The backbone
atoms (N, Ca, C, O) of all of the residues, for the eleven converged structures, were
superimposed cn one another. The root mean square deviation (RMSD) of all of the
structures compared to one another was recorded and an average RMSD was determined.
The backbone atoms of the subset of residues from 16 1o 26 were also superimposed and
the average RMSD of all of the structures compared to one another was also recorded and

averaged. The backbone atoms of residues 5-8 were also measured in the same manner.
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The dihedral angles ¢ and y of all of the residues of the eleven structures of thymosin

a1 with the lowest convergence level were measured and averaged in order to determine

the presence of known stable secondary structure within the peptide.

The distance between the backbone nitrogen atoms of residues separated by three

amino acids residues (i.e. i,i+3) were measured and averaged for all of the residues of

the eleven converged structures of thymosin otq.

2.3j) Modelling the Intoraction with Myosin Light Chain Kinase

The intsraction between thymosin oty and skMLCK was performed using the structure
of thymosin o1 in 30% (viv) TFE-d3 and the siructure of the CaM-binding domain of
MLCK as determined in 30% (v/v) TFE-d3 (Zhang et al/, 1993) and complexed to CaM
(lkura et &l., 1992). The total van der Waals and elecirostatic energy between the two
peptides was monitored using the DOCKING module which is part of the BioSym software
package. The total nonbonded energy was calculaled, while the position of one of the
peptides was altered relative to the other. Some of the torsion angles within the side
chains of residues that came into close intermolecular contact were also altered in order
to find the system with the lowast total energy. The interactive forces between the

peptides ware measured in vacuo using all of the atoms within each peptide.
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CHAPTER THREE

RESULTS

3.1) Chou-Fasman Analysis of Thymosin

The first step in the Chou-Fasman analysis of the primary structure of thymosin o4
is 10 locate a cluster of four residues out of six with a high propensity for forming an G-
helix. Near the carboxyl terminus of the peptide, residues 24 to 27 (Glu-Glu-Ala-Glu)
are all strong helix formers (Table Il). Analyzing the sequence in both directions and
calculating the helical affinity of every tetrapeptide encountered predicts how iong the
helix in the peptide is. The next residue after Glu27 is a helix breaker (ba), Asn28,
which is alse the final residue of the peptide. Thus Glu27 is predicted to be the residue
at the carboxyl terminus of the helix. The first tetrapeptide towards the amino terminus
capable of stopping helix propagation is residues 12 to 16 (Thr-Thr-Lys-Asp). All
four of these residues are either weak or indifferent helix formers. Examining the
residues between Leu16 and Glu27 inclusive, each segment of six residues has an
average Pa (<Po>) value greater than 1.03 (Table il) and also the <Po> value is
greater than the <PB> or <Pc> vaiue. Therefore the Chou-Fasman calculations predict

that the helix begins at Leu16 and extends to Glu27. The predicted helicai portion of

thymosin a4 is twelve residues in length.

The Chou-Fasman rules for predicting structural conformation within proteins aiso

addresses the probability of finding particular residues at particular locations within a

helical conformation. The helix in thymosin o4 would have an amino terminus composed
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Table II

Confomat ional Parameters for the Residues

of Thymosin o)

Amino Acid Pod paP Bcc
Serl 0.79 0.72 1.27
Asp?2 0.98 0.80 1.09
Ala3 1.45 0.97 0.66
Ala4d 1.45 0.97 0.66
vald 1.14 1.65 0.66
Asp6 0.98 0.80 1.09
Thr7 0.82 1.20 1.05
Ser8 0.79 0.72 1.27
Ser9 0.79 0.72 1.27
Glull 1.53 0.26 0.87
Ilell 1.00 1.60 0.78
Thrl2 0.82 1.20 1.05
Thrl3 0.82 1.20 1.05
Lysl4 1.07 0.74 1.05
Aspl5 0.98 0.80 1.09
Ieulb 1.34 1.22 0.66
Lys17 1.07 0.74 1.05
(Glul8 1.53 0.26 0.87
Lysl9 1.07 0.74 1.05
Lys20 1.07 0.74 1.05
Glu2l 1.53 0.26 0.87
Val22 1.14 1.65 0.66
Val23 1.14 1.65 0.66
Glu24 1.53 0.26 0.87
Glu25 1.53 0.26 0.87
Ala26 1.45 0.97 0.66
Glu27 1.53 0.26 0.87
Asn28 0.73 0.65 1.33

@helical potential
bp-strand potential

Crandom coil potential
(Table adapted from Chou and Fasman, 1974a)
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of the residues Leu16-Lys17-Glu18 and a carboxyl terminus made up of the residues
Glu25-Ala26-Glu27 based on the zbove prediction. The average value for any given
residue occurring at the amino terminus or the carboxyl terminus of a helix is 0.097
{Chou and Fasman, 1974a). The values for Leu, Lys and Glu are 0.056, 0.057 and

0.195 respectively (Chou and Fasman, 1974a). Therefore Glu is the only residue to

have a high affinity for the amino terminus of an a-helix. The frequency values for Glu

or Ala to occur in the carboxyl region of an &-helix are 0.124 and 0.118, respectively

{Chou and Fasman, 1974a) are well above the average for being found in this location.
The frequency value of having an Asp residue at the amino terminus non-helical region
is 0.081, which is comparable to the average for all residues of 0.082 (Chou and
Fasman, 1974a). The frequency value for having an Asn residue at the carboxyl
terminus non-helical region is 0.120, which is well above the average for all residues
of 0.080 (Chou and Fasman, 1974a). This stalistical examination of the composition of
the carboxy! terminus of the predicied peptide corresponds reasonably well with the

Chou-Fasman rules.

The residues making up the center of the helix region all have a higher than average
frequency for being found in this region. The average value for all residues being found
within the center of a helix is 0.112 (Chou and Fasman, 1974a). The residues
comprising the centre region of the thymosin o4 helix have frequency values as follows:
Glu{0.177), Val{0.166) and Lys(0.126). There are no Pro residues within the helix

which would disrupt the helical conformation.

The presence of B turns within a protein can also be predicted using the set of rules

devised by Chou and Fasman {Chou and Fasman, 1974b). The frequency of occurrence
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(ft) for a residue at each of the four positions within a B turn is listed in the Chou-
Fasman rules for predicting secondary structure. To predici a B turn, the product of the

ft values for each position (pt) must be greater than 0.5 x 10'4. <Pa> for the sequence

must be less than 0.90, and <Pt> must be greater than <PB>. All of the above criteria

are met by the sequence of residues 6 to 9 (Asp-Thr-Ser-Ser) of thymosin o4. For

this sequence pt equals 1.26 x 10‘4, while <Pt>, <Po> and <PB> equal 1.345, 0.845

and 0.860 respectively (Table 1ll). Thus a B turn is predicted between residues 6 to 9

of thymosin a.y. The complete prediction of the secondary structure of thymosin o4

based on the Chou-Fasman rules is shown in Figure 7.
3.2) One-Dimensional NMR Measurements of Thyvmosin &

Initiai one-dimensional 1H-NMR spectra of thymosin o in 20 mM sodium
phosphate, 150 mM NaCl in D20, were acquired at 300 MHz at various pH values.
Spectra were recorded at five different pH values in the order 9.0, 8.0, 7.0, 6.0 and 5.0

(Figure 8). The spectra did not change appreciably between pH values 9.0 and 6.0, but

at pH 5.0 the spectrum changed dramatically, especially in the aCH region of the
spectrum (4.0-4.5 ppm). All of the thymosin o1 spectra in this pH range were

characterized by very sharp resonances.

A one-dimensional TH-NMR speciium of thymosin & in 20 mM sodium phosphate,

150 mM NaCl in 60% (v/iv) 2,2,2-trifluoroethanol-d3 (TFE-d3) and 40% (viv) D20

at pH 6.0, was acquired. When compared to a spectrum of thymosin o1 in the same
buffer conditions and 100% D20, the spectrum in 60% (v/v) TFE-d3 was

characterized by broader resonances and a change in position of some of the resonances
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Table ITI

Conformational Parameters for the Sequence

< Thr7, SerS and Serd Withi
Thymosin o

Residue pga  pPpb pcc  ptd

Asp6 0.98 0.80 1.09 0.137

Thr'/ 0.82 1.20 1.05 0.093

Ser8 0.79 0.72 1.27 0.095

Ser9 0.79 0.72 1.27 0.104

@helical potential
ba-strand potential
Crandom coil potential
dturn potential
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1 5 10
Ac—-Ser-Asp-Ala-Ala-Val-Asp-Thr-Ser-Ser-Glu
c ¢ ¢ ¢ ¢ t t t t c

15 20
Ile-Thr-Thr-Lys-Asp-leu-lys-Glu-Lys-Lys
¢ ¢ ¢ € ¢ a o a o o

>
Glu-Val-Val-Glu-Glu-Ala-Glu-Asn

a a a o a a x C

Figure 7. Secondary Structure Prediction for Thymosin @i. The predicted
secondary structures are annotated a (helix), t {tum) and ¢ {coll), Predictions

were based on the procedure described by Chou and Fasman (1974a.b).



«

‘ ) 3 pem
Figure 8. pH" Titration of Thymosin a4. 300 MHz TH-NMR spectra of thymosin
a4 in 20 mM phosphate, 0.15 M NaCl, 0.5 mM DSS in D20 at 300 K at pH® 9.0

(A). 8.0 (B). 7.0 (C), 6.0 (D) and 5.0 (E).
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in the aCH region of the spectrum {Figure 9}
3.3) Circular Dichroism of Thymosin ¢4

A series of CD spectra of thymosin o1 were recorded in the presence of various
concentrations of TFE. The MRE222nm was used to calculate the percentage of a-helical
structures. The CD spectrum of thymosin a4 in 0% {v/v) TFE showed the presence c¢f a
limited amount of stable secondary structure (Figure 10). The MRE222nm was -
3158.7 deg-cm2ldmo|. Using a MRE222nm of -38 000 deg-cmaldmol for a complete
a-helix (Toniolo et al., 1979) and 3900 deg-cm2/dmol for a complete random coil
(Greenfield and Fasman, 1969), the calculated a-helical content of the peptide is
16.8% in aqueous solution, which corresponds to four residues being in an a-helical
conformation. The calculation is based on the observation that a linear relationship
axists between the MRE222nm value and the helical content. There was a large
minimum absorption band at 203 nm (MRE203nm = -12 489.3 deg-cm2!dmol) which

confirmed that most of the peptide was in a random coil form.

The subsequent spectrum of thymosin oy in 10% (viv) TFE showed no change in the
size of the band at 222 nm (Figure 11). There was an increase in the band at 203 nm
(MRE203nm = -7788.7 deg-cm2/dmol), which was still the position of minimum

absorption {Figure 11). In subsequent CD spectra of the peptide in 20% {v/v) and
30% (v/v} TFE, the MRE222nm decreased in value and the large negative band at 203
nm shifted to 208 nm (Figure 12). The minimum value of MRE222nm was recorded

with thymosin o4 in a 30% (v/iv) TFE solution (-13 141.3 deg-cm2/dmol). No

further decrease in MRE222nm was observed for the peptide in 40% (v/v} and 50%
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Figure 9. TH-NMR of Thymosin ay in 100% (Vi) D20 and 60% (vAv) TFE-d3.
The 305 MHz spectra of the peptide in 100% (viv) D20 (A} and 60% (vN) TFE-
da (B) are shown. Bolh spectra contained 20 mM phosphate, 0.15 M NaCl, 0.5
mM DSS at pH* 6.0. The spectra were recorded at 300 K.
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Figure 10. CD Spectrum of Thymosin @1 in Aqueous Solution. The peplide
concentration was 36 UM In 20 mM H3POg4, pH 3.50. The spectrum was trecorded

using & 1 mm path length cell and was baseling corrected. The spectrum was
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Figure 11. CD Specirum of Thymosin a4 in 0% (v/V) and 10% {(viv) TFE. The
spectrum of the peptide in 10% (vAv) TFE is indicated by closed clrcles () and the
spectrum of the poptide in 0% (vv) TFE by open circles (o). The conceniration of

the peplide was 36 UM in both spectra.
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Figure 12. CD Spectra of Thymosin a1 in Various Amounts of TFE Added. The

spectra of thymosin a4 in the following concentrations of TFE are shown: 20% O,

30% {0), 40% @), 50% &}, and 60% @). The

0.1 mg/ml aqueous solution of (+)-10-camphorsulionic acid.

CD instrument was calibrated with a



(viv) TFE solutions but an increase was cbserved at 60% (v/v) TFE (Table IV).

Figure 13 shows a graphical representation of the change in the MRE values at 222
and 203 nm as a function of the amount of TFE added. The MRE222nm value does not
change significantly between 0% (v/v} and 10% (v/v) TFE added but a significant
decrease is observed at 20% (v/iv) TFE added and continues to decrease at 30% (v/v)
TFE added. A significant increase in the MRE222nm value is observed when 60% (v/v)
TFE added. The MRE203nm value increases dramatically between 0% (viv) and 10%
(viv) TFE added, but shows little change in subsequent spectra of the peptide with

increasing amounts of TFE added.

The CD titration data clearly shows a narrow isodichroic region from 202 to 207 nm
(Figure 14). Since an isodichroic region, rather thar an isodichroic point, exists the
formation of secondary structure within thymosin @q may invoive more than just two
states (i.e. random coil and a-helix). In the TFE ftitration of the aqueous solution of
thymosin o4 there is very little change in the MRE222nm value between 0% (v/v) and
10% {v/v) TFE added to the solution, yei there is a substantial increase in the MRE203
nm. The calculated amount of helicity of thymosin a4 in 0% (v/v) TFE is 16.8% while
the amount of helicity in 10% (v/v) TFE is 17.5%. There is some change in the
secondary structure of the peptide occuring which does not include any substantial

increase in the helicity of the peptide. It is possible that the structural change is the B-

turn predicted by the Chou-Fasman analysis of the primary structure of thymosin 4.
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Figure 13. TF
The observed MRE203nm and MRE222nm values for the pepiides as

Thymosin Q4.
a function of the amount of TFE added are plotted. The MRE203nm values are

indicated by closed circles (¢) and the MRE222nm values by open circles ().
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Figure 14. Isodichroic Region in the CD Spectra of Thymosin aq at Various
Amounts of TFE. The spectra of the peptide in the following amounts of TFE added
are shown: 0% (VAV) (o), 10% (v/v) (e), 20% (vv) () and 30% (vh) (m.
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3.4) g-chymotryptic Digestion of Thymosin &4

In the initial primary sequence determination of thymosin oty it was observed that
o-chymotrypsin cleaved the peptide quite unexpecledly after Lyst4 (Low and Goldstein,
1979). In order to confirm this result an o.-chymotryptic digest of thq peptide was
performed under the same conditions. The a-chymotryptic digestion of thymosin o4
produced five peaks when the peptides were separated by reverse phase HPLC (Figure
15). The peaks are well separated and were identified by amino acid analysis. The
largest peak, representing 37.6% of the total peak areas, eluted at 24,1% ACN (28.6

min) and was identified as undigested thymosin ay. The next two largest peaks {19.6%

and 18.2% of the area) eluted at 20.8% ACN (21.8 min) and 21.7% ACN (23.6 min}
and were identified as thymosin o 1{15-28) and thymosin o(1-14). The two

remaining peaks, representing 7.0% and 6.3% of the total area, eluted at 17.9% ACN

(17.8 min) and 24.7% ACN (29.3 min) respectively, and were identified as thymosin

o.1(17-28) and thymosin ay(1-1€). Examining the sequence of the peptide shows that

a-chymotrypsin predominantly cleaved thymosin o1 after Lys14, while a smaller

amount of the peptide was cleaved after Leu16. The complete amino acid analysis of the
peaks of digested thymosin o collected in the o-chymotryptic digest of peptide is shown
in Table V.

3.5) Two-dimensional NMR of Thymosin o

3.5.a) Amino Acid Spin System Identification

In order to identify and sequentiaily assign the amino acid spin systems within

69



010<
4
€
<
o 2
; 3
B
O 0.05
2
-3
§ 1
2
|
0.004
Y T 1 Y
0 10 20 30 40
TIME (min)

Figure 15. HPLC Map of the a-chymolryptic Digest of Thymosin ay. Thymosin

o that had been subjected to 3 hours of a-chymolryptic digestion was

fractionated on a Waters Delta-Pak C18 column. The peaks correspond to the
following peptides: (1) thymosin @ 1(17-28); (2) thymosin cq(15-28); (3)
thymosin a1(1-14); (4) thymosin &1; (5} thymosin @1(1-16).
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TABLE V

amino Acid C tion of Peptides F 1

in the o~Chvmotrvptic Digestion of Thvmosin o

. Peptide 2 Peptide 3
(17-28) € (15-28) {1-14)
Residue No., Observed Residue No. Observed Residue No. Observed
AsSp 1.35 (1)* Asp 1.87 (2) Asp 2.17 (2)
Glu 5.56 (5) Glu 6.23 (5) Glu 1.52 (1)
Ser 0.69 (0) Ala 0.98 (1) Ser 2.79 (3)
Thr 0.25 (0) val 1.35 (2) Thr 2.70 (3)
Ala 1.31 (1) Leu 1.02 (1) Ala 1.98 (2)
val 1.52 (2) Lys 2.55 (3) Val 0.87 (1)
Lys 2.26 (3) Ile 0.93 (1)
Lys 1.03 (1)
Peptide 4 Peptide 5
(1-28) (1-16)
Residue No, Observed Residue No. Observed

Asp 4.68 (4) Asp 2.69 (3)

Glu 7.53 (6) Glu 2.05 (1)

Ser 3.28 (3 Ser 2.70 {3)

Thr 2.93 (3) Thr 2.41 (3)

Ala 2.99 (3) Ala 1.93 (2)

val 2.01 (3) Val 1.34 (1)

Ile 0.83 (1) Ile 0.93 (1)

Leu 0.97 (1) Ieu 1.00 (1)

Lys 2.77 (4) Lys 0.96 (1)

@Numbers in parentheses represent the sequence of
residues represented by the fragment isolated from

thymosin ;.

*Numbers in parentheses represent the number of expected
amino acid residues for the corresponding peptide.
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thymosin a1, three two-dimensional NMR experim‘ems were utilized. The DQF-COSY
{(Figure 16) and TOCSY spectra (Figures 17) were intially used to identify the amira
acid spin systems present. A NOESY spectrum with a mixing time of 300 ms {Figure
18) was used in order to sequentially assign the amino acid spin systems within
thymosin cq. All of the homonuclear two-dimensional NMR experiments of thymosin o
were acquired with the peptide dissolved in 30% (v/v} TFE-d3 and 70% {viv) H20. it
was shown by CD that the peptide possesses the highest amount of helica! structure under

these solvent conditions.

Assignment of the NMR resonances of lle11 and Leu16 were easily accomplished since

there is only one copy of each residue in thymosin oy. Only one copy of Asn exists
within thymosin o4, but the assignment of this residue was not as straightforward since
the spin system of this residue is similar to that of Asp, of which there are three copies

in the peptide.

The assignment of lle11 and Leu16 was initiated by observing the paitern of methyl
resonances in the high field region of the DQF-COSY spectrum (Figure 19). For lleil
the 8CH3-yCH2 connectivities at 0.98, 1.29 ppm and 0.98, 1.61 ppm are characteristic
of the spin system of this residue (wathrich, 1986). These resonances are an excellent
starting point for assigning the remaining resonances of lle11. All of the remaining
resonances of lle11 were then assigned using the DQF-COSY spectrum and confirmed

using the TOCSY spectrum (Figure 20).

The two remaining high field cross peaks at 0.90, 1.72 ppm and 0.86, 1.72 ppm, in
the high fieid region of the DQF-COSY spectrum, could then be assigned to the YCH2-
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Figure 16. Phase-Sensitive DQF-COSY Spectrum of Thymosin @y. The sample for
two-dimensional TH-NMR aquisition contained 1.93 mM of the peplide dissolved in
3G% (viv) TFE-d3 and 70% (v/v) H20 in 20 mM phosphate, 0.15 M NaCl, 05

mM DSS, pH 6.0. The spectrum was recorded al 500 MHz using spectral widths of
6000 Hz in both dimensions. A tolal of 2048 data points were collected in the 12
domain and 128 11 increments were used. The speclrum was recorded at 298 K.
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Figure 17. Homonuclear TOCSY Spectrum of Thymosin @y. The specirum was
recorded at 500 MHz using spectral widlhs of 6000 Hz in both dimensions. A lotal
of 2043 data points ware collected in the 12 domain and 128 11 increments were

used. The sample contained 1.93 mM of the peplide dissolved in 30% (v/v) TFE-
d3 and 70% (vAV) H20 in 20 mM phosphate, 0.15 M NaCl, 0.5 mM DSS, pH 6.0.
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Figure 18. Phase-Sensitive NOESY Spectrum of Thymosin ay. The spectrum was
recorded at 500 MHz with a mixing time of 300 ms. Two other NOESY spectra with

mixing times of 75 and 150 ms were also acquired. The sample contained 1.93 mM
of the peplide dissolved In 30% (v~} TFE-d3 and 70% (viv) H20 in 20 mM

phosphate, 0.15 M NaC), 0.5 mM DSS, pH 6.0.
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Figure 19. High-Field Region of the DQF-COSY Spectrum of Thymosin a4. The J-
connectivities for lle11 (-} and Leuté (——) are shown. Sample conditions are

as listed In Figure 16 for all spectra unless stated otherwise.
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Figute 20. Assignment of the Low-Field Resonances of Isoleucine 11 and Leucine
16. The assignment of the NH-aCH (i,)) cross peaks for lle11 (111) and Leul6

(L16) are shown in the TOCSY specirum of the peplide. Also shown are the
resonances belonging to Lys14 (K14) and Val23 (V23).
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SCH3 cross peaks of Leu16 (Figure 19). The remaining resonances of Leui6 could be

assigned using the DQF-COSY and TOCSY spectra (Figure 20).

The remaining high field cross peaks in the DQF-COSY spectrum of the peptide belong
to the YCH3-BCH cross peaks of the three Val residues. The oCH and NH resonances of the

thres Val residues were assigned at (7.84, 4.13 ppm), (7.93, 4.07 ppm) and (8.04,
4.06 ppm). Valine 22 and Val23 were sequence-specifically assigned using the aCH-

NH(i,i+1) connectivity between these two residues at 4.07, 8.04 ppm (Figure 21) and
the NH-NH(i,i+1) cross peak at 7.93, 8.04 ppm. This remaining aCH-NH cross peak

at 7.84, 4.13 ppm is assignable to Vai5. The complete assignment of the resonances of

the Val residues is shown in the TOCSY spectrum in Figure 22.

Aspartic acid 6 (8.37, 4.46 ppm) was assigned via Iwe aCH-NH, YCH3-NH and NH-

NH (Figure 23) NOESY cross peaks with Val5. The NH proton of Asp6 could be seen in

the NOESY spectrum, but the @CH resonance was assigned from the TOCSY spectrum

where ils position was more easily observed.

Alanine 4 (8.14, 4.37 ppm) was sequentially assigned through a NH-NH(,i+1)
NOESY cross peak with Val5 at 8.13, 7.84 ppm (Figure 23). The remaining resonances

belonging to Ala4 were assigned from this initial assignment. The aCH-NH(i,i+1) and

BCH-NH(i,i+1) cross peaks between Ala4 and Val5 at 4.36, 7.84 ppm and 1.45, 7.84

ppm, respectively, were also observed.

Alanine 3 (8.11, 4.34 ppm) couid be assigned by using the o.CH-NH(i,i+1)

connectivity with Alad4 at 4.34, 8.14 ppm (Figure 24). The remaining Ala resonances
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Figure 21. Sequence-Specific Assignment of the Valanyl Residues of Thymosin

oti. The contour plot shows the aCH-NH (i,i+1) connectivity observed between

Val22 and Vai23 in the fingerprint region of the NOESY spectrum of the peptide.

No connectivities between ValS and the other Val residues were observed.
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Figure 22. Assignment of the Side Chain Resonances of the Valanyl Residues of
Thymosin a4. The aH, BCH2 and YCH3 resonances belonging to the three valanyl

residues in the peplide are shown in the TOCSY spectrum of thymosin ct4.
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Figure 23. Amide Region of the NOESY Spectrum of Thymosin 1. The above region

of the NOESY spectrum shows the NH-NR (i,i+1) connectivilies between A4/VS,
vs5/D6, ET0/E11, D15/L16, L16/K17, E21/V22 and V23/E24. Two NH-NH

(i,i+2) connectivities between L16/E18 and K20/V22 are also shown,
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Figure 24, Sequence-Specific Assignment of the Alanyl Residues of Thymosin .
The contour plot of the NOESY spectrum shows the ctCH-NR (i,i+1) connectivity

observed between Ala3 and Alad. The aGH-NH (i,i+1) connectivily between

Ala4 and Vals is also displayed.
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were assignable to Ala26 (8.06, 4.28 ppm}. Alanine 26 showsd no observable

connectivities to the other two Ala residues (Figure 24).

Glutamic acid 24 {8.35, 4.27 ppm) was assigned from the NOESY cross peak with
Val23 in the fingerprint region of the spectrum (4.27, 8.04 ppm). The NH-NH
(Figure 23) and YCH3-NH cross peaks between these residues were also observed at
8.35, 8.04 ppm and 2.35, 8.04 ppm, respectively. Giutamic acid 25 {8.24, 4.30
ppm) was assigned through its strong NH-NH cross peak (8.35, 8.24 ppm) with Glu24.
The o.CH-NH (4.27, 8.35 ppm), BCH-NH (2.09, 8.24 ppm) and YCH3-NH (2.33, 8.24
ppm) cross peaks between these two residues were also observed. A cross peak could be
seen between Glu24 yCH2-Glu25 BCH (2.33, 2.14 ppm) in the high field region of the
spectrum. The assignment of the resonances belonging to Glu10, Glu18, Glu24, Glu25

and Glu27 is shown in the TOCSY spectrum in Figure 25.

Threonine 12 was sequentially assigned through its NOESY connectivity with llet1

(Figure 26). The aCH-NH cross peak at 4.19, 8.22 ppm between these two residues
was observable in the fingerprint region, as was an NH-NH cross peak at 8.02, 8.22
ppm. A strong YCH3-NH cross peak between these two residues was seen at 1.29, 8.22
ppm (Figure 26). Threonine 13 was assigned through its NH-NH, a.CH-NH, and 8CH3-
NH (Figure 25) NOESY connectivities with Thr12. Lysine 14 was sequentially assigned
through its 8CH3-NH(i,i+1) cross peak with Thr13 at 1.31, 7.99 ppm (figure 26).
Aspartic acid 15 was sequentially assigned through its aCH-NH(i,i+1) connectivity
with Lys14 at 4.18, 8.11 ppm. The NH-NH(i,i+1) (Figure 23) and BCH-NH(i,i+1)

(Figure 27) cross peaks between these two residues were aiso observed as was a weak

YCH2-NH cross peak. An 0CH-NH cross peak between Asp15 and Leut6 was observed at
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Figure 25. Assignment of the Side Chain Resonances of the Glutamyl and Seryl
Residues of Thymosin ay. The assignment of the resonances belonging to Glutamyl

(E) residues 10, 18, 24, 25 and 27 are shown along with Seryl (S) residues 8
and 9 In the TOCSY spectrum of the peptide. The residues were sequentially
assigned using the NOESY spectrum.
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Figure 26. Sequence-Specific Assignment of Residues 11 to 14 of Thymosin ay. The

contour plot shows the sequence-specific assignment of residues Thr12 (T12),
Thr13 (T13) and Lysi4 (K14) using le1t (I11) as a starting point. All

connectivities are side chain to NH (1,i+1) connectivities between the residues.
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Figure 27. Sequence-Specific Assignment of Aspartic Acid 15 of Thymosin as.
The contour plot of the NOESY spectrum shows the BCH-NH (i,i+1) connectivity
betwesn Lys14 {K14) and Asp15 (D15) al 1.67, 8.1t ppm.



4.56, 7.92 ppm. A strong NH-NH cross peak was observed between these two residues

at 8.11, 7.92 ppm (Figure 23).

Lysine 17 (8.15, 4.14 ppm) was initially assigned through a strong BCH-NH cross
peak with Leu16. The NH-NH (Figure 23) and aCH-NH cross peaks bstween these two
residues were also observed. Glutamic acid 18 (8.16, 4.23 ppm) was assigned through
its ®CH-NH connectivity with Lys17. Due to the similarity of their positions, no NH-
NH cross peak could be observed for this pair of residues. Lysine 19 (8.07, 4.27 ppm)
was assigned through its strong BCH-NH connectivity with Glu18 at 2.11, 8.07 ppm.
The intensity of this cross peak strongly suggested an i,i+1 position between these two

resonances. This is also the only position in the sequence of thymosin a4 that a Glu

residue is directly to the amino terminus of a Lys residue. After the initial BCH-NH
cross peak between Glu18 and Lys19 was determined, the oCH-NH and NH-NH cross
peaks were easily detected. Lysine 20 {8.22, 4.23 ppm) was the iast Lys residue
assigned. The oCH-NH and NH-NH cross peaks between Lys19 and Lys20 wete
observed. Glutamic acid 21 (8.23, 4.28 ppm) was assigned through the aCH-NH cross
peak with Lys20. Glutamic acid 21 exhibited strong NH-NH (Figure 23) and aCH-NH

cross peaks with Val22.

The assignment of the three Ser residues was not so siraightforward as many expected
cross peaks associated with these residues were either absent or very weak. Serine 8
(8.23, 4.3% ppm) and Ser9 (8.21, 4.47 ppm) were assigned through the aCH-NH
cross peak between these two residues. The resonances assigned to Ser8 and Ser9 are
shown in the TOCSY spectrum in Figure 25. No NH-NH cross peak was observed between

these two residues in the NOESY spectra. The remaining Ser resonances are assignable to
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Serl (8.44, 4.44 ppm). The assignment of the oCH-NH cross peaks for 24 of the 28
residues in thymosin oy is shown in the DQF-COSY spectrum in Figure 28. The

complete sequence-specific assignments for the residues of thymosin ¢y are listed in

Table VI.

3.5.0) Non-sequential NOE's

Numerous conrnectivities were identified between distant residues along the peptide

chain, in addition to the sequential NOE cross peaks observed. In the fingerprint region

medium-range aCH-NH(i,i+3) cross peaks were observed between Leu16 aCH-Lys19
NH, Lys17 aCH-Lys20 NH, Lys19 aCH-Val22 NH, Glu2i o.CH-Glu24 NH and Val22
oaCH-GIu25 NH. Four medium range NH-NH(i,i+2) NOESY cross peaks, Leu1é NH-
Glu18 NH, Glu18 NH-GIu20 NH, Glu20 NH-vVal22 NH and Val22 NH-Glu24 NH, were
observed in the amide region of the NOESY spectrum (Figure 29). A dNN(ii+3) cross
peaks between Val23-Ala26 was also present in this region of the spectrum (Figure

29).

Other non-sequential i,i+3 cross peaks that were observed inciuded; Lys19 BCH-
Vai22 NH, Lys19 yCH2-Val22 NH, Glu21 BCH-Giu24 NH and Val23 BCH-Ala26 NH

cross peak. Two ii+4 cross peaks were observed between Leu16 BCH-Lys20 NH and
Glui8 BCH-Vai22 NH. An i,i+2 cross peak was observed between the Lys20 aCH-Val22

NH cross peak at 4.23, 7.93 ppm. Figute 30 gives a summary of the sequential and

medium-range NOEs observed between residues within thymosin oy,
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Figure 28. Fingerprint Region of the DQF-COSY Spectrum of Thymosin aj. The

sequence -specific assignments of the otCH-NH (i) cross peaks of 24 of the 28

residues within the peptide are shown.
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TABIE VI

Sequence-Specific Assionments of Thymosin o1

residue NH oCH iCH others

Serl 8.44  4.44 4.00

Asp2 8.45 4.64  2.73, 2.69

Ala3 8.11 4,34 1.48

Alad 8.14  4.36  1.45

val5 7.84 4.13  2.12 1CH3 0.98

Asp6 8.37 4.76  2.84, 2.72

Thr? 8.10 4.18 4.33 8CH3 1.32

Ser8 8.23 4.39 3.94, 3.86

Ser9 8.21 4.47  3.96, 3.87

G1lul0 8.37 4.32  2.12, 2.03  1CH2 2.42

Ilell 8.02  4.19 1.96 YCHz 1.61,1.29,
(CHg 0.98, 8CH3 0.93

Thrl2 8.22 4.32 &CH3 1.30

Thrl3 §.1z 4.21 4.33 8cHs 1.31

Lys14 7.99  4.18 1.91 CHz 1.50, 1.52,
OCH2 1.70, €CH2 2,99

AsplS 8.11 4.56  2.79

Leulb 7.92 4.23 1.76 TH 1.72,
SCH3 0.96, 0.90

Lys17 8.15  4.14 1.94 1CHz 1.49,
SCH2 1.71, €&CH2 3.02

Gluls8 8.16 4.23 2.1 YCHe 2.44

Lysl$ 8.07 4,27 1.93 YCH2 1.51, OCH2 1.71,
€CH2 3.02

Lys20 8.22 4.23 1.91 YCH2 1.50, 8CH2 1.69,
eCH2 2.99

Glu2l 8§.23 4.28 2.10, 1.96  YCH2 2.35

val22 7.93  4.07 2.21 1CH3 1.06

val23 8.04 4.06 2.18 YCH3 1.02

Gluz4 8.35 4.27 2.09 YCH2 2.33

Glu2s 8.24 4.30 2.14 YCH2 2.38

Ala26 8.08 4,28 1.42

Glu27? 8.14 4.23 2.09 1CH2 2.45

Asn28 7.92 4.52 2.81, 2.71
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Figure 29. Medium-Range NOE Conneclivities in the Amida Region of the NOESY
Spectrum of Thymosin 4. The contour plot of the amide region of the NOESY

spectrum shows medium-range NH-NH NOE connectivities observed between the
amide protons of Leul6/Glu18, Glu18/Lys20, Lys20/Val22, Val2/Glu24, and
Val23/Ala2é.
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3.6) Chemical Shift Index for Thymosin &1

The chemical shift values for ali of the aH resonances of thymosin o¢ and the
chemical shift values expected for these resonances in a random coil configuration are
listed in Table VIi. The chemical shift index is defined as the difference between the
measured and random coil chemical shifts for a particular resonance (Wishart et al.,
1991). Many of the cH protons are shifted upfield from their random coil positions,
especially those within the carboxyl terminal half of the peptide. This upfield shift of
the resonance position is indicative of these residues being within an «-helical

conformation {Wishart et al., 1992).

3.7) Determination and Description of the Three-Dimensional
Structure of Thymosin ¢t

The calculation of the three-dimensional structure of thymosin o1 was Initiated
using the primary structure of the peptide in an extended chain conformation. The pH of
the system was set to 6.0 to correspond to the conditions of the two-dimensional IH.
NMR acquisition. The starting structure was energy minimized until the root mean
square deviation (RMSD) was 0.0001 A. The final three-dimensional structure of

thymosin a4 was determined with a total of 134 NOE distance iestraints and 128 NOE

volume restraints. Figure 31 shows a distribution of the sequential and medium-range

NOEs observed between residues within thymosin o..

Thirty structures were generated using distance geometry, of which only eleven had

acceptable convergence within the proposed helical region (residues 16-26).
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TABLE VII

Resonances of Thymosin €

Serl
Asp2
Ala3
Alad
Valb
Agpé
Thr7
Sers8
Ser9
Glul0
Tlell
Thrl2
Thrl3
Lysl4
AsplS
Leulé
Lysl?
Glul8
Lysl9
Lys20
Glu2l
Val22
Valz3
Glu24d
Glu25
Alazb6
Glu2?
Asn?28

*random coil chemical shift wvalues

4.44
4.64
4.35
4.37
4.13
4.76
4.18
4,39
4.47
4.28
4.18
4,32
4.21
4.18
4.56
4.23
4.14
4.23
4.27
4.23
4.28
4.07
4.06
4.27
4.30
4.28
4.23
4.52

Withrich, 1986.

**delta oH = (Sobs oH - dcoil aH)

94

4.50
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4,35
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Figure 31. Plot of the Number of NOE Distance Restraints for Each Amino Acid in
Thymosin ay. The number of sequential connectivities per residue is represented by

closed columns and non-sequential connectivities by open columns. All constraints

appear twice, once for each interacting residus. No Intra-residue connectivities were

Inciuded in the graph.
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Acceptable convergence in the helical region was set at a maximum RMSD of 2.0 A
between any two compared structures. Therefore the eleven structures that were
selected had RMSD values less than 2.0 A when the backbone atoms of residues 16 to 26
of the structures were superimposed on each other in a pairwise manner. Therefore
each of the structures were compared to the remaining structures. All of the eleven
structures had high RMSD values when the backbone atoms (N, Ca, C and O) of ali
residues were superimposed. The average backbone RMSD between all pairs of
structures for all residues is 5.78 £ 1.15 A, This is a result of the iack of medium-
range NOEs observed between residues within the sequences 1-4, 9-15 and 27-28. A
stereoview of the superposition of the backbone atoms of all the residues is shown in
Figure 32. It is obvious that no regular structure is obvious from superimposing the
structures in this manner, although the density of atoms appears to be greater in the

carboxyl termimal region than in the rest of the peptide.

When the backbone atoms of residues 16 to 26 are superimposed the <RMSD> value is
substantially lower. The average backbone RMSD between all pairs of structures for

residues 16 to 26 is 0.86 + 0.26 A. A stereoview of the superposition of the backbone

atoms of these residues is shown in Figure 33. Figure 33 shows residues 13 to 28 of

thymosin «{ with residues 16 to 26 superimposed. Visual inspection of the

superimposed structures shows that residues 16 to 26 exhibit a helical-like structure.

Superimposing the backbone atoms of residues 5 to 8 gives an <RMSD> value of 1.40

+ 037 A. These residues comprise the putative turn region as determined by the

presence of a smail number of medium-range NOE measurements between residues

within this sequence. A stereoview of residues 3 to 10 of thymosin o4 with residues 5
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Figure 32. Stereoview of the Fina! Structures I. The eleven best structures calculated
for the peplide are displayed with the backbone atoms (N, Ca, C and O} of all residues

superimposed.

97



The eleven best structures

Figure 33. Stereoview of the Final Structures Il
od wilh the backbone atoms of residues 16 10 26

calculated for the peptide are display

superimposed.
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to 8 superimposed is shown in Figure 34. Visual inspection shows that there is some

degree of order within residues 5 to 8 which comprise a turn-like structure.

The distances between the {i,i+3) backbone nitrogen atoms of the eleven baest
converged structures were measured. Table VIl gives a list of the average distance and
the value of one standard deviation for each pair of atoms. A noticeable decrease in the
distance is cbserved for the pairs of atoms within the proposed helical region (residues
16 to 26) as compared to those outside of this region. Most of the distances are within
the range expected for an ideal c-helix {4.86 A), and are much too low for those
distances associated with an idea! B-strand (9.94 A} or extended chain (10.83 A). Al
of the average distances within the helical regions have low standard deviations
associated with their averages. Within the proposed turn region the N,N(i,i+3}
distances beginning from the first two atoms in the turn, ValSN and Asp6N, are 6.01 and
6.17 A respectively. Again these distances are much lower than the same distances
associated with a B-strand or random coil. In pardicular the distance between Asp6N and
SeraN (6.17 A) is clearly within the range expected for a turn conformation of
approximately 6.0 A, and has a low standard deviation associated with the average of this

distance.

The dihedral angles of the eieven best converged structures were measured and
averaged. The presence of a helix between residues 16-26 is clear in the analysis of the
backbone dihedral angles shown in Figure 35. The plot of ¢ and y versus the sequence of

the peptide shows that residues 16-26 possess angles in the region characteristic of an

o-helix. In an ideal a-helix the ¢ and Wy angles are equal to -57° and -470,
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Figure 34. Sterceview of the Turn Region of Thymosin &y. The residues 310100t the

eleven best structures are displayed with the backbone atoms of residues 5 to 8

superimposed.
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TABLE VIIX

Averadge Distances Between the (i,i+3) Backbone Nitrogen Atoms

of the Eleven Best Structures Generated for Thymosin o

Residues  Distance (A)
Serl/Alad 8.17 (1.40)*
Asp2/Val5 9.01 (0.81)
Ala3/Aspb 8.34 (1.17)
Ala4/Thr7 8.03 (0.72)
Val5/Ser8 6.01 (1.00)
Asp6/Ser9 6.17 (0.34)
Thr7/Glul0 7.70 (0.98)
Ser8/Ilell 8.25 (0.94)
Ser9/Thri2 8.87 (1.21)
Glul0/Thrl3 9.36 (0.80)
Ilell/Lysl4 9.01 (1.21)
Thri2/Aspl5 7.69 (1.07)
Thrl3/Leul6 7.04 (1.18)
Lys14/Lysl7 7.46 (0.73)
Aspl5/Glul8 7.67 (0.33)
Leul6/Lysl9 5.04 (0.56)
Lys17/Lys20 4.28 (0.36)
Glul8/Glu2l 4,00 (0.43)
Lys19/Val22 3.69 (0.14)
Lys20/Val23 4.23 (0.24)
Glu21/Glu24 4,09 (0.17)
Val22/Glu25 4.87 (0.13)
Val23/Ala26 4.03 (0.17)
Glu24/Glu27 7.31 (0.70)
Glu25/Asn28 8.50 (0.99)

*standard deviation in parentheses.
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Figure 35. Analysis of the Dihedral Angles of Thymosin a. The graph shows the

average dihedral angles for all of the residues of the eleven best structures cakulated

tor the peptide. The ¢ and y angles are shown by closed and open columns,

respectively.
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respectiviey (Creighton, 1993). The ¢ angle of Leu16 and the y angle of Ala26 are not

characteristic for that expected for an o-helix, but this is not surprising as these two

residues comprise the amino and carboxy! termini of the helical region. The presence of

a turn starling at Val5 is not readily obvious from an examination of Figure 35.

A helical whee! depiction of the helical region of thymosin aty is shown in Figure 36.
Examining the relative location of the side chains ot the residues making up the helix,
shows that this region is amphipathic. The four hydrophobic residuss, Leul6, Val22,
Val23 and Ala26, occupy one side of the helix, while the polar residues, Lys17, Glu18,
Lys20, Glu21, Glu24 and Glu25, occupy the opposite side of the helix. One exception is
the presence of Lys19 along the hydrophobic face of the helix. A closer examination of
the division of the residues shows that the four Glu residues occupy an arc of
approximately 133° along one face of the whesl, while the four hydrophobic residues
occupy an arc of approximately 140° along the other face of the helix. Therefore the
acidic and hydrophobic residues are tightly clustered along their respective sides of the

helix.

3.8) Modelling_the Interaction of Ti In &1 with Myosin Light Chain Ki

The interaction between thymosin oy and skMLCK was modelled using the DOCKING

module of the INSIGHTII software package manufactured by Biosym Technologies. The
Ca2+/CaM-binding domain of skMLCK was built into an o-helix using the BIOPOLYMER

module of INSIGHTII, The peptide has been shown to exist in a helical conformation when

complexed to Ca2+/CaM (lkura et al., 1992) and in a solution of 40% (v/v) TFE-d3

(Zhang et al., 1993). The coordinates for the published structures of the Ca2+/CaM-
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Figure 36. Helical Wheel of Thymosin ¢&¢q. The helical wheel representation of

residuss 16 to 26 of the peptide is shown. Visual inspection shows that the hetix

is amphipathic.
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binding domain of skMLCK were not available. The solution structure of thymosin oty
showing the lowest consistent RMSD when compared to all of the other calculated
structures above was used in the complex. The total intermolecular energy between the
two peptides as they were brought close together was continuously calculated. The total
energy measured was the sum of the van der Waals and coulombic energy between the two

pepiides.

To examing the possibility of an electrostatic interaction between the two peptides,
residues Glu18, Glu21, Glu24 and Glu25, which lie along one side of the halical region
of thymosin 1 were aligned with the positively charged residuses, Lys1, Arg2, Arg3,
Lys5 and Lys6é at the amino terminal of the skMLCK peptide. The position of thymosin
o1 was altered relative to the skMLCK peplide while the total energy was monitored.
When the lowest possible energy was obtained, the angles of the side chains of the
residues that made intermolecular contacts of less than 6 A were varied in order 1o
attempt to find a lower energy system. No alteration in the backbone conformation of
either peptide was made during the modelling study. The total energy of the system of
intermolecular interactions possessing the lowest energy had a value of -1050.7
kcal/mol. Of this total energy -1059.7 kcal/mol was coulombic and 9.0 kcal/mol was

van der Waais energy. Several short intermolecular interactions (<3.0 A) were

observed between the Glu residues of thymosin ¢4 and the Lys and Arg residues of the
skMLCK peptide (Figure 37). Residues Glu18, Glu2t and Glu24 of thymosin ¢ty and
Arg2, Lys5 and Lys6 of the skMLCK made particularly close contact. The stereoview
diagram (Figure 38) of the electrostatic interaction model shows that the negatively and
positively charged residues on the different peptides interlock in a zipper-like manner.

A summary of the observed hydrogen bonds between the side chains of these residues is
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Thymosin o4

skMLCK

Figure 37. Electrostatic Model of the Interaction of skMLCK with Thymosin &1.

The entire Interaction between the two peptides Is shown In (A), and an

enlargement of the primary Interacting regions is shown in (B).
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Figure 38. Stereoview of the Electrostatic Interactions Between skMLCK and

Thymosin 4. The primary site of interaction between the Glu residues of

thymosin a4 and the basic residues of skMLCK is shown.
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listed in Table IX.

To examine the possibility of the interaction between skMLCK and thymosin o4 being
hydrophobic in nature, the hydrophobic side of the helical region of thymosin o4 was
orientated so that it faced the large hydrophobic residues Trp4 and Phe8 of skMLCK.
These two hydrophopic residues in skMLCK have been shown to be particularly
important for the binding of CaM. Again several short intermolecular distances were
observed between these two peptides as shown in Figure 39. The total energy of this
system was -750.0 kcatmol which is only 71% as low as the energy observed in the
electrostatic model. A stereoview of the interaction between the two peptides (Figure
40) shows that Val23 does not participate in the hydrophobic interaction with Trp4 and

Phe8 of skMLCK as it is oriented away from the region of interaction.

It has been shown that two thymosin o4 related peptides, thymosin B4(1-39) and
thymosin B4(16-38), are also high affinity stimulators of skMLCK (Galoyan et
al.,1992). The primary structure of thymosin 84 is shown in Figure 41 (Low et al.,
1981). The solution structure of thymosin B4, a 43 amino acid residue peptide, in 50%
hexafluoroisopropyl-da alcohol is known (Zarbock et al, 1990). Thymosin B4 is made
up of two helices comprising residues 4-16 and 30-40. In the first helicai region of
thymosin B4 (residues 4-16) charged residues again predominate. There are four
acidic residues (Asp5, Glug, Glu10 and Aspi3} as well as three basic residues (Lys11,
Lys14 and Lysi6). The second helical region of thymosin B4 (residues 30-40) is
dominated by charged and polar residues (Lys31, Glu32, Glu3s, GIn36, Glu37, Lys38
and GiIn39).
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Atoms Distance Argle

(A (N-H--Q_

R2 HH11/E24 CE2 1.87 155.8°
R2 HH12/E25 CEl 4.89 63.9°
R2 HH12/E25 OE2 5.04 39.7°
K5 HZ1/E18 CEl 2.86 123.5°
K6 HZ1/E24 CEl 2.75 74.2°
K6 HZ2/E21 OE2 2.05 109.4°
K6 H23/E24 CEl 1.78 141.9°
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Thymosin oy

Figure 39. Hydrophobic Model of the Interaction of skMLCK with Thymosin ay.
The entira [nteraction between the two peptides is shown in (A), and an

enlargement of the primary interacting regions is shown in (B).

110



R g X

Figure 40. Stereoview of the Hydrophobic Interaction Between skMLCK and Thymosin
ay. The primary site of interaction between the hydrophobic tesidues of thymosin &4

(Leu16, Val22, Vai23 and Ala26) and skMLCK (Trp4 and Phe8) is shown.
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1 5 10

Ser-Asp-Lys-Pro-Asp-Met-Ala-Glu-Ile-Glu
11 15 20
Lys-Phe-Asp-Lys-Ser-Lys-Leu-Lys-Lys-Thr
21 25 30
Glu—Thr—G]n—Glu—Lys-Asn—Pro-Ieu—Pro—&:
31 35 40
~ - l — -—

41

Gly-Glu—-Ser

Figure 41. The Primary Structure of Thymosin B4. The helical regions of the

peptide, as observed in the solution struciure {Zarbock et al., 1990), are underlined.

The sequence is taken from Low ot &/, 1979.
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The relative stimulating ability of skMLCK by the three thymosin pepfides are in the
order: thymosin B4(1-39) > thymosin B4(16-38} > CaM > thymosin aq. In the case of

thymosin B4(1-39) and thymosin B4(16-38) the important region in the interaction
of skMLCK would be expected fo be within a sequence common to both peptides. This
would involve the helical region comprised of residues 30-38. |f this region is

responsible for the activation of skMLCK it would then be appropriate to look for

structural similarities between this region and the helical region within thymosin aj.
In the helical wheel representation of thymosin B4 (30-38) shown in Figure 42, polar
residues Glu32, Glu35 and GIn36 lie along one face of the heix. Residues Glu32 and

Glu35 are in analogous positions along the helix as residues Glui8 and Glu2i of

thymosin oq. The helical region is definitely amphipathic, except for the case of Glu 37

which lies along the non-polar face of the helix.

The helical region of thymosin B4 comprising residues 4-16 is less amphipathic than
the previous helices examined (Figure 42). The boundaries between non-polar, basic,
acidic and polar residues around the helix are not well-defined. No large areas of charge

separation would be expected to predominate along any side of this helical region.

Hydrophobic interadtions have been implicated in the binding of CaM to the binding
peptide of smMLCK and skMLCK. In the structures of both complexes many possible sites
of hydrophobic interactions were observed. Also seen though, were many possible ionic
interactions between oppositely charged residues. Analyses of the hydrophobicities of
the residues within the common helical segment of thymosin B4(1-39) and thymosin
B4(16-38), shows that it is unlikely that hydrophobic interactions play a major role ih

its binding 1o MLCK since there is only one true hydrophobic residue in the sequence
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K14
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K31

Q38

€33 E35
Q39

Figure 42. Hefical Wheel of Thymosin B4(1-238). The two helical regions of thymosin
B4(1-39) are shown. Wheel (A) depicts residue 4 to 16 while whee! (B} depicls
rasidues 30-39. The helical wheel for thymesin P4(16-38) would contain residues

30 1o 38 as depicted in whee! (B).
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(1te34). Although there is a conserved residue in the sequence of thymosin oy (Val23),
it is unlikely that these residues are the dominant sites of interaction with MLCK, since

they are on the opposite side of the helix and the electrostatic interactions would be

expected to dominate.

Analyses of the hydrophobicity of the side chains of the residues making up the tour
MLCK-stimulating polypeptides (CaM, thymosin B4(1-39), thymosin B84(16-38) and
ihymosin ¢11), show that CaM contains a much greater percentage of hydrophobic side
chains than the other peptides. Figure 43 shows a plot of the hydropathy of the side
chains within CaM versus the residue number. Forty nine of the 148 side chains within
the protein are hydrophobic (33.1%). Figure 44 shows a similar plot for thymosin o,
where only 8 out of 28 (28.6%) of the side chains of the residues are hydrophobic. The
hydropathy plot for thymosin B4(1-39) is shown in Figure 45. In this peptide only 7
of the 39 (17.9%) side chains are hydrophobic. Wiihin helical regions common to both
thymosin B4{16-38) and {1-39) (i.e. residuas 30-38), there is a single residue with
a hydrophobic side chain (lle34). The analysis of the hydropathies of the side chains of
the thymosin peptides compared to the residues of CaM, show that the relative number of
hydrophobic residues in the thymosin peptides is low compared to CaM. This result
suggests that hydrophobic interactions would not be an important mode of interactions
between the thymosin peptides and other molecules. In contrast hydrophobic

interactions play a large role in the association of Ca2+/CaM with its target proteins.
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Figure 43. Hydropathic Plots of the Residues of Calmodulin. The hydropathies of
the side chalns of residues 1 1o 80 of CaM are displayed in (A} and those of residues
81 to 148 are shown in (B). The sequence Is for E. coli expressed chicken
calmodulin (Putkey et al., 1985). The hydropathies for the side chains of the
residues are iaken from Kyte and Doolittla, 1982,
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Figure 44. Hydropathic Plot of the Residues of Thymosin aq. The hydropathies of
the side chains of the residues of thymosin (1 are displayed. The bar above the

plot shows the helical region within the peplide. The hydropathies for the side
chalns of ihe residues are taken from Kyte and Doolittle, 1982,
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Figure 45. Hydropathic Piot of the Residues of Thymosin B4{1-38). The
hydropathies of the side chains of the residues of thymosin B4(1-39) are
displayed. The hydropathic piot of thymosin Pa(16-38) Is also contained within
this plot. The bars above the plot show the helical regions within thymosin Be(1-
36) based on the solution structure of thymosin Ba (Zarbock et al., 1950). The
hydropathies for the side chains of the reskdues are taken from Kyte and Doolittle,

1982.
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CHAPTER FOUR
DISCUSSION
4.1) Wmﬁu[e_oi_thxmm1

Thymosin ¢4 is a highly active polypeptide isolated from thymus Fraction 5 (Low

and Goldstein, 1979). The primary structure of the peptide is known (Figure 4) (Low

and Goldstein, 1979) but the three-dimensional structure is not. Thymosin oy and
Fraction 5 have shown promise as an effective therapy for chronic hepatitis B in ongoing
clinical trials, yet the exact mode of action of either against hepatitis B is unknown

(Mutchnick et al, 1991). It is hoped that the determination of the thrse-dimensional

structure of thymosin oty can help in determining the exact mechanism by which the

peptide modulates immune responses against hepatitis B.

The Chou-Fasman analysis of the primary stucture of the peptide predicts an a-helix

region comprising residues 16 to 27 and a B-turn made up of residues 6 to 9 (Figure

7). It has also been shown that a.-chymotrypsin cleaves thymosin o4 at Lys14 instead

of the nearby residue, Leu16, which suggests a conformational susceptibility at Lysi4

(Low and Goldstein, 1979). The resuits show that the peplide is cleaved by o-

chymotrypsin at Lys14 and Leu16 (Figure 15 and Table V) in a 3:1 ratio.

a-Chymotrypsin is known to clip proteins and peptides on the carboxyl terminal side

of large hydrophobic aromatic residues (Phe, Tyr and Trp) {Creighton, 1993). Within

the amino acid sequence of thymosin &1 there are no aromatic residues. The cleavage
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after Leu16 is explainable, since Leu is a hydrophobic residue and has a van der Waals
volume of 124 Aa. which is comparable to the volumes of Phe, Tyr and Trp (135, 141
and 163 A3 respectively) (Creighton, 1993). The cleavage after Lys14 is not so
straightforward. Although Lys is a large residue, having a van der Waals volume of 135
A3. it is extremely hydrophilic. The closest large hydrophobic residue near Lysi4,
aside from Leu16, is lle11 which is slightly more hydrophobic than Leu. The next two
residues after lle11 are Thri2 and Thri3. The catalytic centre of o-chymotrypsin is
made up of a deep hydrophobic pocket containing several Thr and Ser residues
(Creighton, 1993). It may be possible that Thri2 and Thr13 of thymosin a.¢ interact

favourably with the pocket of a-chymotrypsin leaving the peptide bond between Lys14

and Asp15 in a susceptible position.

The finding that thymosin ¢ is cleaved after Lys14 and Leu16 in a 3:1 ratio suggests

that in aqueous solution, thymosin o.q is rapidiy converling between more than one

conformational state. As seen by the CD analysis these states are predominantly a

random coil and o-helix (Figure 12). Since the amount of ct-helix within the peptide is
small in aqueous solution (Figure 10}, the o-chymotryptic digestion may suggest that

thymosin a.q is cleaved after Leu16 when the peptide is in a helical state and Lysi4

when in a random coil configuration. These results also suggests that the helix in

thymosin cq begins in the vicinity of Leuis.

The preliminary one-dimensional 1H-NMR spectrum of thymosin a4 acquired at
300 MHz in 20 mM phosphate, 150 mM NaCl, pH* 5.98 dissolved in 100% D20 was
characterized by very sharp resonances (Figure 9). Sharp resonances are

characteristic of random coil structures (Wothrich, 1986}, since these structures
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experience much less transverse (spin-spin) relaxation and therfore have much longer
T2 times which gives rise to sharper lines. The initial TH-NMR spectrum of the peplide
in 60% (viv) TFE-d3 resulted in a spectrum with much broader resonances suggesting
that the introduction of the fluorinated alcohol resulted in the stabilization of some type
of secondary structure within the peptide. Although this experiment provided initial
evidence that the peptide did possess some type of stabla structure in TFE-d3, the
amount of TFE required to provide the maximum amount of stable structure cculd not be
precisely determined using this technique. Although the broadening of the resonances
could also have been atiributed 1o aggregation, subsequent CD experiments confirmed the
addition of TFE resulted in an increase in the amount of stable helical structure. No

evidence of aggregation was observed in the NOESY spactrurn of the peptide in TFE-d3.

The above resulls made it necessary to acquire a CD spectrum of the peptide to

confirm that thymosin ¢ty in aqueous solution exists as a random coil or contains a very

small amount of stable secondary structure. Secondly, it was important to determine the

conditions under which the secondary structure of the peptide was most stable. The

amount of TFE required 1o cause thymosin ¢¢ to adopt the maximum amount of secondary

structure would then be added to the NMR samples in order to determine the three-

dimensional structure of the peptide.

The CD spectrum of thymosin &1 in aqueous solution confirms that the peptide Is

predominantly a random coil under these conditions with only 17% of the peptide in an

o-helical conformation. As TFE is added to an agueous solution of the peptide the CD

spectrum begins to resemble that expected for an a-helical structure (Figure 12).
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The shoulder at 222 nm clearly indicates the presence of o-helix. The MRE222nm
decreases significantly with increasing concentrations of TFE, up to 30% (v/v), which
stabilizes the c-helix within the peptide. The MRE222nm value reached a minimum
value of -13141.3 deg-cmZ/dmol in a sample of thymosin 1 containing 30% (v/v)

TFE. The o-helical content of thymosin 1, as measured by CD, is 40.7% in 30%

(v/v} TFE.

The DQF-COSY, TOCSY and NOESY spectra of thymosin o4 were initially used to make

resonance assignments and determine the secondary structure of the peptide. [n total,
24 out of 28 residues were assigned unambiguously. The residues whose assignments
were ambiguous included Ser1, Asp2, Glu27 and Asn28. All three of these residues are
located at the ends of the peptide and probably have little influence on the overall
solution structure of the peptide. Since they are located at the ends of the peptide they
would be expected to have greater mobility and thus give rise to less intense cross peaks
with neighbouring residues. Ser1 and Glu27 were assigned by default since the other
Ser and Glu residues were unambiguously assigned. Since Asp and Asn residues both
belong to the AMX spin system (Wathrich, 1986} they were more difficult to assign. Of
the remaining possible cross peaks that were assignable to these residues, the aCH
resonance positions were almost identical (c.f. 4.52 and 4.64 ppm) but they differed
significantly in the position of their amide resonance (c.f. 7.92 and 8.45 ppm). It was
concluded that Asn28 is at 7.92 and 4.52 ppm since it is at the carboxyl terminus and
this would be expected to cause an upfield shift in the position of the resonances of this
residue {Wathrich et al, 1984). The remaining AMX spin system is assignable to Asp2
at 8.45 and 4.64 ppm. |
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The pattern of observed medium-range NOE cross peaks clearly Indicates the

presence of an o-helix within thymosin o (Withrich, 1986). This conclusion is
supported by fourteen short-range NH-NH (ii+1) connectivities and five medium-
range aCH-NH (i,i+3) and four NH-NH (i,i+2) connectivities observed betwean

residues 16 to 26. The observed o.CH-NH (i,i+3) connectivilies were betwesn the

pairs of residues; Leu16/Lys19, Lys17/Lys20, Lys19/Val22, Glu21/Glu24 &and
Val22/Glu25. In the amide region of the spectrum, NH-NH (i,i+2} connectivilies were
observed between Leu16/Lys18, Glu18/Lys20, Lys20/Vai22 and Val22/Glu24. A NH-
NH (i,i+3) cross peak was also observed between Val23/Ala26. Two isolated NH-NH
(i,i+1) cross peaks between Ala4/Vals and ValS5/Aspé were also observed suggesting

some type of stable secondary structure within this region of the peptida.

Distance geometry calculations using the observed NOE distance and volume restraints
gave convergence for 11 out of 30 calculated structures for thymosin o1. The ratio of
converged structure per structural calculation is quite low, which is a result of the
small number of medium-range NOE measurements. The pattern of NOE connectivities
and the resuits of the structural determination indicate that thymosin o4 is composed of
three structurally distinct conformations. Residues located at the amino terminal end
(residues 1-4), within the centrat region (residues 9-15) and at the carboxyl
terminal end {residues 27-28) appear lo exist in an extended conformation. The most
definitive secondary structural elements within the peptide is an «-helix between
residues 16-26 and a turn between residues 5-8. The regions between residues 5 1o 8
and 16 to 26 have a low coordinate RMSD. The helical region is well-defined in terms of
N,N(i,i+3) distances (Table VIll) and dihedral angles (Figure 35). An ideal helix would
possess ¢ and y angles of -579 and -479, respectively (Creighton, 1993) and
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N,N(i,i+3) distances of 4.86 A. The turn region is not as well-defined by its dihedral
angles, but does possess N,N(i,i+3) distances much shorter than those expeacted for a
random coil (Wagner, 1990). There is no evidence that either of the terminal regions

fold back on the rest of the peptide, so the overall structure of the peplide is extended.

The determination of the N- and C-cap residues of the a-helix is based on the
analysis of the dihedral angles and N,N(i,i+3) distances. Although the ¢ angle of Leulé
is not within the range of an c-helix, it does have a helix-like y angle and the
N,N{i,i+3) distance between Leu16 and Lys19 is similar to that of an ideal a-helix.
Therefore Leui6 is concluded to be the N-cap of the a-helix. Similarly, Ala26 has a
angie outside the range expected for an o-helix, but it does have a helix-like ¢ angle and

the N,N(i,i+3) distance between Val23 and Ala26 is similar to that expected for an a-

helix. Therefore Ala26 is concluded to be the C-cap of the a-helix.

As previously mentioned, only 11 out of 30 calculated structures gave acceptable
convergence within the helical region of the peptide. The main reason for this low
convergence rate is due to the low number of medium-range NOE connectivities. Within
the low density of medium-range NOE measurements it is expected that more than one
structure could satisfy the NOE distance restraints. Undoubtedly thymosin oy is very
flexible in solution and the structure of this peptide cannot be represented accurately by
an average structure or even by superimposing a group of molecules that give acceptable
convergence. The structure of this peptide would best be represented as a movie in
which each frame contained a structure that agreed with the experimental NOE distance

restraints. The movie would show all of the conformations accessible o the peptide.
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The amount of helicity predicted by the Chou-Fasman analysis {42.9%) agrees very

well with the CD spectrum of thymosin oy in 30% (v/v) TFE (40.7%) and the NMR

solution structure (39.3%) (Table X). In agueous soiution the CD analysis sho»‘fd that
only 17% of thymosin & is in a helica! conformation. Therefore the CD resuits do not
agree with the Chou-Fasman analysis in aqueous solution. The Chou-Fasman analysis
agrees with the CD and NMR resuits when the peptide is in its most stable conformation
in a solution of 30% (viv} TFE. The prediction derived using the Chou-Fasman aralysis
relies on the identity of a parlicular amino acid residue and the identity of the residues
surrounding that residue. The Chou-Fasman analysis does not take into account different
solvent conditions when determining the propensity of a residue sequence to formn any

type of secondary structure. It can be concluded that the results of the CD and NMR

analysis of thymosin o in 30% (v/v) TFE agree with the Chou-Fasman analysis.

A study was done in which 11 separate fragments of bovine growth hormone, a 191
residue protein, were synthetically prepared in order to study the effect of TFE on their
o-helicity (Lehrman et al, 1990). The peptides prepared corresponded to the
following sequences in the parent protein: (1) residues 1-17; (2) residues 12-34;
(3) residues 27-47; (4) residues 43-64; (5) residues 56-80; (6) residues 78-95;
(7) residues 96-133; (8) residues 130-150; (9) residues 145-162; (10) residues
153-180; (11) residues 179-191 (Lehrman et al, 1990). The helical content of
each peptide in a 10 mol % TFE solution was measured by CD and compared to the
predicted helical content for each peptide (Chou and Fasman, 1974) and the helical
content of each segment in the corresponding x-ray crystallographic structure of the

parent protein (Abdel-Meguid ot al., 1987). The results showed a better correlation

petween the TFE-enhanced a-helicity and the predicted o-helicity of the peptides, than
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TAEIE X

Comparison of the Helical Content of Thvmosin o3

Det :ned by Chou-F D and NVR Analysi
Method % Helicity No. of Residues
Chou-Fasman 42.9 12.0
&) 40.7 11.4
NR 39.3 11.0
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the TFE-enhanced «-helicity and the helical content of the peplides in the corresponding
protein structure {Lehrman et al, 1990). The TFE-enhanced a-hslicity agreed within
20% of the predicted o-helicity for 8 of the 11 peptides, while the TFE-enhanced «-

helicity agreed within 20% of the a-helicily in the corresponding protein structure for

only 3 of the 11 peptides (Lehrman et al., 1990).

The results from the above experiments suggest that the Chou-Fasman predictive
method is more accurate in determining the a-helical propensities of specific amino
acid sequences than it is for their protein-linked conformations {Lehrman et al.,
1990). The Chou-Fasman analysis averages the conformational preferences of
individual groups of amino acids and does hot take into account any conformational

preferences resulting from local environmental factors within the protein (Lehrman et

al., 1490). The resulls also show that the TFE-enhanced a-helicity of peptides derived

from parent proteins is not always an accurate reflection of the amount of a-helicity

contained in the corresponding sequence within the parent protein. The use of TFE in the
stabilization of «-helical structures should be restricted to the study of small, linear
native peptides. In addition, if the structure of a peptide derived from a parent protein
is solved with the peptide dissolved in a TFE solution, it cannot be assumed that the

sequence in the parent protein corresponding to the peptide possesses the same

structure.

It is worth examining the sequence of residues that comprise the helical region ot

thymosin ¢4 (Leu-Lys-Giu-Lys-Lys-Glu-Val-Val-Glu-Glu-Ala). Charged residues
dominate within this sequence. Electrostatic, dipole and side-chain interactions have all

been shown to contribute to helical stability (Shoemaker et al., 1987). Electrostatic
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intaractions have been found to be particularly important in stabilizing helices in short
synthetic peptides (Marqusee and Baldwin, 1987). in thymosin o1, Lys-17/Glu-21
and Lys-20/Glu-24 are most likely to form salt bridges. Such an arrangement of
residues is similar in a group of peptides studied by Marqusee and Baldwin (Marqusee
and Baldwin, 1987). They found that synthetic peptides with Glu and Lys residues with
an (ii+4) spacing stabilized the helical conformation relative to the (i,i+3) spacing.
They also showed that the stabilization of the helical conformation was essentially equa!
when the Glu and Lys residues were reversed in the (i,i+4) spaced peptides. in the

helical region of thymosin o¢ the spacing of the Lys and Glu residues is expected to

contribute significantly to the stability of the helical conformation.

The CD titration profile using TFE clearly shows the presence of an isodichroic region
between 202 and 207 nm (Figure 14), which suggests that two major structural
elements prevail; «-helix and random coil. However, the structural transition that
occurs during the titration with TFE involves more than two elements since an
isodichraic region rather than an isodichroic point is observed (Khan et al, 19380).
There is a distinct possibility that the third structural element could be a B-turn
comprising residues 6 to 9 as suggested by the analysis of the primary structure of the
peptide. When the GD spectra of thymosin @ in 0% and 10% (v/v) TFE are compared
(Figure 11), it is observed that as the concentration of TFE is increased, there is no
change in the MRE222nm. indicating that the o-helical content of the peptide has not
significantly changed. However, there is a significant change in the MRE203nm between
the sample of thymosin & in 0% TFE and 10% (v/v) TFE. In 0% (v/v) TFE the value
of MRE203nm is -12 499.24 deg-cmzidmcl while in 10% (v/v} TFE MRE203nm is

equal to -7788.67 deg-cm2/dmol. As the amount of TFE added to the peptide sample is
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increased to 20% (v/v), the minimum absorption band shifts from 203 nm to about

207 nm, which is characteristic of a-helical secondary structure.

One interpretation of the observation that the formation of the B8-turn within the
peptide occurs before the formation of the a-helix. Such a result may have implications
in the folding of the peplide. In order for the peplide 10 adopt a hslical conformaticn the
formation of the B-turn may be a prerequisite. The formation of the B-turn may lower
the energy required for the formation of the a-helix, since it limits the space that the
residues comprising the helix have to occupy. The lowering of the energy of formation

may then permit the necessary hydrogen bonding between atoms required for the

formation of the u-helix. Another explanation is that the turn region between residues
5 to 8 is a type 3 B-turn which has dihedral angles similar to that observed in an -
helix (O'Neil, personal communication). The formation of this turn may induce the
transient formation of a series of turns between residues 9 to 15 which induces the

formation of the helix between residues 16-26.

4.2) Stabilization of Thymosin o1 by Trifluorgoethanol

In the past it has been difficult to detect any stable secondary structure within smal
peptides in aqueous solution, mainly because smali peptides are able to rapidly
interconvert between more than one conformational state in aqueous solution (Dyson et
al,, 1990). The addition of fluorinated alcohols, such as TFE, stabilize small helical-
forming peptides which are predominantly random coils in aqueous solution, by
increasing the equilibrium in favour of the helical conformation of the peptide (Dyson et

al., 1990). By this method the addition of the alcohol does not create any new structure
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within the peptide, but merely stabilizes the helical structure the peptide already
possesses (Dyson et al, 1990). Thymosin oty contains a small measurable amount of
helicity in aqueous solution (Figure 10} and the amount of helicity increases as more
TFE (up 10 30% (v/v)) is added to the peptide sample. Therefore the addition of TFE to

thymosin a4 pushes the equilibrium in favour of the helical over the random coil

conformation.

The arrangemsnt of residues in the helical region may provide some clues as to why
thymosin o4 shows little stable secondary structure in aqueous solution but is largely
helical in 30% TFE. One suggestion is that in a lower dielectric constant environment,
as such for TFE, charged pairs would interact more strongly than in aqueous selution
(Khan et al., 1990). In thymosin oy the addition of TFE would then be expected to
increase the stabilization of the helical conformation mainly through ionic interactions
between ihe side chain atoms of Lys17-Glu21 and Lys20-Glu24. In aqueous solution
these residues would be expected to form strong ionic interactions with the soivent

molecules.

Experiments performed by Zhou et al. (1993) offer a second explanation to the
stabilization of helical structures by fluorinated alcohols. They prepared an
amphipathic o-helical modsl peptide, Glu-Ala-Glu-Lys-Ala-Ala-Lys-Glu-Ala-Glu-
Lys-Ala-Ala-Lys-Glu-Ala-Glu-Lys, and found that the amount of helicity within the
peptide was pH dependent in aqueous solution but was pH independent in a solution
containing 30% (viv) TFE. The pH independency of the structure in TFE suggests that
the effect of TFE in helix stabilization is not a result of its smaller dieleclric constant,

that should enhance ionic interactions betwsen charged groups compared to water (Zhou
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et al., 1993).

Oiher studigs suggest that the stabilizing effect of TFE may be a result of its lower
basicity than water {Llinas and Klein, 1975). The lower basicity of the solution would
result in a decrease in hydrogen bonding between protons within the peptide to the
solvent, and consequently strengthened hydrogen bonds betwsen residues within the
protein. Thus the pH independency in TFE of the model peptides used by Zhou et al.,
(1993) would be a result of the strengthening of the hydrogen bonds between the side

chains of the Lys and Glu residuss.

Other results {(Zhou et al., 1993) have also shown that the more hydrophobic the

nonpolar face of an amphipathic helix, the more stable the a-helix is in TFE solutions.
The increased stability of a single-stranded a-helix is thus a result of enhancing the
hydrophobic interactions between peptide and solvent molecules. This would resuit in

the clustering of the hydrophobic side chains of the helical region. In the case of

thymosin o1 this would involve interactions between Leu16, Val22, Val23 and Ala26

with TFE molecules, which indeed all cluster along one face of the a-helix (Figure 36).

Since the helical region of thymosin a4 is highly amphipathic, it is impossible to
determine what causes the stabilizing effect of TFE on the peptide. If TFE stabilizes

secondary structure within small peptides both electrostatically and hydrophobically,

the arrangement of residues in the amphipathic helix of thymosin o1 is optimal for

stabilization by both effects. To more definitely determine by which method fluorinated
alcohols stabilize structure within small peptides, synthetic non-amphipathic helical

peptides {such as poly-L-lysine) should be studied. |f fluorinated alcohols stabilize

131



helices by promoting intra-chain hydrogen bonds then adding one to an aqueous solution
of poly-L-lysine should promote helix formation. If the effect is hydrophobically

driven, then no helix should form.

Although the structure of thymosin o in 30% (vA) TFE-d3 presented here cannot
be absolutely ascertained to be physiologically correct, it is doubtful that the
predominantly random coil conformation observed in aqueous solution is active.
Considering the diverse activities aitributed to this peptide it is most likely that it
contains some type of stable secondary structure in its active form. The best method to
determine the in vivo structure of thymosin a.q is with the peptide bound to a receptor
or any other polypeptide that it may interact with. Much is known about the activities
possessed by thymosin G, however little is known about its specific interactions with
other polypeptides. Skeletal muscle MLCK is the only protein that thymosin a4 has been

shown 1o interact with direcily (Galoyan et al., 1992). To test the validity of the

structure of thymosin &y in 30% (vwv) TFE-d3, a structural study of thymosin a1 in a

solution conlaining the CaM-binding domain of skMLCK could be pursued. Circular

dichroism could be used to determine if the helical content of thymosin &1 is stabilized

in the presence of the CaM-binding domain of skMLCK, to the extent it is stabilized in

30% {v/v} TFE. This experiment will not only test the validity of the structure of

thymosin o4 in 30% (v/v) TFE-d3 but also confirm whether thymosin o interacts

with the same region of skMLCK that CaM does.
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4.3) Modelling the Interaction of Thymeosin o1 with skMLCK

Thymosin o4, thymosin B4(1-39) and thymosin B4(16-38), have been shown to be
high affinity activators of skMLCK, which is a well characterized Ca2+/CaM-dependent
enzyme. The solution struciures of thymosin oy and thymosin B4 are now known. The
solution structure of the binding region of the CaM-binding domain of skMLCK complexed
with CaM (lkura et al., 1992) as well as the crystal structure of the CaM-binding
region of smMLCK complexed with CaM (Meador et al.,, 1992) have been solved. All of
these siructures can be used in an attempt to show how the thymosin peptides interact
with MLCK. The major difficulty in this is that CaM is a 145 residue protein, while the
iargest of the thymosin peptides is only 39 residues and lﬁe smallest contains only 23
residues. [t would therefore be expected that the nuimber of interactions between CaM
and MLCK are much greater than those between the thymosin peptides and MLCK. Since
CaM is so much larger than the other peptides, therefore all of the major forces expecied
in protein-protein interaclions are observed. It is still worth attempting to find micro-
regions within CaM that bind to MLCK and compare them to homologous regions in the
thymosin peptides and also to try to find similarities in binding modes among the

complexes.

In the solution structure of M13 (residues 577-602 of skMLCK) complexed with
CaM, M13 was observed to adopt an a-helical conformation (lkura et al.,, 1992), which
is popular for the binding regions of many proteins that interact with CaM (O'Neil and
DeGrado, 1990). The sequence of M13 is Lys-Arg-Arg-Trp-Lys-Lys-Asn-Phe-lle-
Ala-Val-Ser-Ala-Ala-Asn-Arg-Phe-Lys-Lys-lle-Ser-Ser-Ser-Gly-Ala-Lev (lkura

et al, 1992) The interaction between M13 and CaM is stabilized mainly through
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hydrophobic interactions. in addition to the hydrophobic interactions & large number of
electrostatic interactions between M13 and CaM were deduced from the caiculated
simulated annealing (SA) structures (lkura et al., 1992). lonic interactions were seen
between the following pairs of negatively charged residues of CaM and basic residues of
M13: Glu127/Arg3, Glu11/LysS, Gluid/Lys6, Glu84/Asni5, Glu84/Argt6,
Glug7/Lys18 and Glu83/Lys19 (lkura et al, 1992). All of the basic residues of M1i3
formed electrostatic interactions with Glu residues within the CaM molecule (lkura et

al.,, 1992).

In the crystal structure of the CaM-binding region of smMLCK (chicken smMLCK
residues 796 to 815) with CaM a large number of hydrophobic interactions Were again
observed, including all nine Met residues of CaM (Meador et al,, 1992). The sequence of
the CaM-binding domain of smMLCK is Ala-Arg-Arg-Lys-Trp-GIn-Lys-Thr-Gly-His-
Ala-Val-Arg-Ala-lla-Gly-Arg-Leu-Ser-Ser (Meador et al, 1992). lonic intaractions
wera seen between the following pairs of negatively charged residues of CaM and basic
residues of CaM-binding domain of smMLCK: Glu114/Lysd, Glu120/Lys4, Glu7/Gin6,
Glui1/GIné, Glutd/Lys7, Glui14/Lys7, Glu84/Argi3 and GluB4/Argl7 (Meador et
al., 1992). All seven basic residues of the smMLCK peptide make salt bridges with

negatively charged residues within the CaM molecule (Meador et al., 1992).

In the structures of the CaM-binding domains of smMLCK and skMLCK bound to CaM,

hydrophobic interactions dominate (Meador et al, 1992; lkura et al., 1992). The
primary structures of the thymosin a, thymosin B4(1-39), and thymosin B4(16-38)

are not dominated by hydrophobic residues (Figures 5 and 41). Regions within the
peptides, thymosin B4(5-16) and (30-38) and thymosin «4(16-26), that contain
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stable secondary structure are dominated by hydrophilic residues.

Since the thymosin peptides are not large proteins, there is a limit to the ways they
can interact with MLCK. The MLCK stimulating ability of the polypeptides was found to
be in the order: thymosin B4(1-39) » thymosin pf4(16-38) > Ca2+/CaM > thymosin
o.1. If the thymosin peptides are all high affinity MLCK stimulators then thera must be
some region of structural homology within all three of them. The solution structures of
thymosin ¢ty and thymosin B4 (Zarbock et al., 1990) have been solved. Since thymosin
B4(1-39) and thymosin B4(16-38) both possess a high-degree of activity it is
apropos to assume that they contain the analogous structures that were found in the full
peptide. This suggests that thymosin 84(1-39) and thymosin B4(16-38) possess a
common c:-helical segment between residues 30-38. Therefore this is the most likely
MLCK binding region within the two thymosin B4 peptides. The sequence between
residues 30 and 38 contains only one hydrophobic residue (lle34), thus it is reasonable

to assume that its interaction with MLCK is polar in nature.

In thymosin o.q there are only two structural elements: & B-turn between residues 5
to 8 and an «-helix between residue 16 to 26. Since it is also a high-affinity MLCK
stimulator, its mode of binding must be similar to that of the thymosin 34 peptides.
Thus there must be some sequence homology between the helical segments in all three of
the thymosin peptides. Examining the helical wheel diagrams for each peptide (Figuras

36 and 42) shows that the highest homology occurs in the position of the two glutamic
acid residues, Glu21 and Glu24 of thymosin c¢y and Giu32 and Glu35 of thymosin B4.

This alignment also places Glu25 of thymosin o in structurally homologous positions as

GIn36 of both thymosin 84 peptides.
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The modelling studies using the solution structure of thymosin 0t and tha binding
domain of skMLCK show that the glectrostatic interaction between negatively charged
groups on thymosin o4 and positively charged groups of skMLCK results in a system
with lower total energy than a system based on hydrophobic interactions between the two
peptides. The modelling studies along with an examination of the amino acid content of
the helical segments of the thymosin peptides, suggest that the peptides interact with
MLCK predominantly through ionic interactions. The mode of interaction between
thymosin ¢4 and MLCK is in direct contrast to the interaction of MLCK with CaM which
is predominantly hydrophobic, with a smail amount of ionic interactions contributing to

the stabilization of the CaM/MLCK complex (O'Neil and DeGrado, 1990).
4.4) tow Does Thymosin aj Cure Hepatitis B2

The major clinical application being investigated for thymosin .4 is its ability to act
as a hepatitis B anti-viral agent (Mutchnick et al., 1991). Now that we have
getermined the three-dimensional structure of thymosin a4, it is left to at least atterﬁpt
to take the results and speculate on the mechanism by which thymesin o4 acts as a
hepatitis B virus therapy. Very recent results measuring the levels of thymosin oty and
prothymosin o. in normal HepG2 cells and also HepG2 cells transfected with the hepatitis
8 virus have provided some interesting results {Sasaki, personal communication).
Prothymosin o is a highly acidic, 109 residues protein that has been implicated in ceil
division (Sburlati et al., 1993). The first 28 residues of prothymosin o are identical
to the 28 residues of thymosin a4 {Sburiati et al., 1993). An antibody raised against
thymosin o4 was used 10 detect the presence of thymosin O and prothymosin o. It was

observed that the level of prothymosin o in the nuclel of cells that were infected with
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the hepatitis B virus was five-fold greater than in normal cells {Sasaki, personal

communication). !t was assumed that all of the antigen detected with the antibody was

prothymosin ¢ since thymosin o4 does not contain a karyophilic sequence and would not

be expected to occupy the nucleus. When the transfected cells were grown in the

presence of thymosin a4 the leveis of prothymosin-like antigen were significantly

reduced (Sasaki, personal communication). The decrease in the levsls of prothymosin-

like antigen suggests that thymosin oy interferes with prothymosin o production at one

or more levels of protein synthesis in the cell.

An increase in the leve! of prothymosin 0. has previously been observed In malignant

tissues when compared to healthy tissue (Tsitsiloni et al, 1993). in particular the
tevel of prothymosin o in cancerous breast tissue was found to be 17.9-fold greater
than in healthy breast tissue (Tsitsiloni et al., 1993). Higher levels of prothymosin o
mRNA have been observed in leukemic leukocytes compared to healthy leukocyles
(Gomez-Marquez et al., 1989). The results of the above studies suggest that the
increased fevels of prothymosin a are tied to an increase in ceil proliferation of the

malignant tissues.

It has also been shown that the transcription of the prothymosin o gene increases In

the presence of active c-Myc protein, a well established proto-oncogene (Eilers et al.,

1991). Northern blot (mRNA) analysis has shown that both the prothymosin & and c-

Myc genes were overexpressed in human colorectal cancer celis as compared to adjacent

healthy tissue (Mori et al, 1993). The findings suggested that prothymosin o. gene

expression is associated with, or under the control of the c-Myc gene in human

colorectal cancer (Mori et al., 1993).
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The activation of the ¢-Myc gene has been a consequence of both hepadna virus
infection (Tiollais et al, 1991) and HBV X protein (Koike et ai, 1987; Koike et al.,
1989). The c-Myc gene encodes a "basic-helix-loop-helix® {bHLH) protein which
binds 1o DNA (Van Antwerp et al., 1992). Within the sequence of the bHLH protein a
cluster of basic residues have bsen shown to be important for DNA binding, while the
helix-loop-helix region of the protein is irpportant for dimerization of the c-Myc
protein (Voronova and Baltimore, 1990). The binding to DNA is greatly anhanced when
the bHLH protein is a dimer (Davis et al., 1990; Murre et al, 1989), aithough the DNA
binding domain is not involved in dimer formation (Davis et al., 1980). The DNA
binding domain is 14 amino acids long and is characterized by two clusters of basic

residues at each end of the sequence (Van Antwerp et al, 1992).

The sequences of the DNA binding domains of nine other basic helix-loop- helix
proteins have been determined and are compared in Figure 45 (Murre et al, 1989).
Within the sequences is a highly conserved basic region near the amino terminal and in
particular an Arg residue at position two. There are also homologous residues at
positions six (Asn6), nine (Glu9), ten (Arg10) and twelve (Argi2) (Murre et al.,
1989). In all of the sequences, except the three myc proteins, an Arg residue appears at
position eight. In the three Myc proteins this position is occupied with a Leu residue

(Murre et al., 1889).

If HBV infection resulis in an increase in the transcription of the ¢-Myc gene then an
increase in the levels of the bHLH protein encoded within this gene would also be
expected. |f this bHLH protein is also the one responsible for the activation of the

prothymosin o gene mRNA, then an increase in the bHLH protein level would lead to an
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c-Myc Lys-Arg-Arg-Thr-His-Aan-Val-Leu-Glu-Arg-Gln-Arg-Arg-Asn-Glu
L-Myc Lys-Arg-Lys-Asn-His-Asn-Phe-Leu-Glu-Arg-Lys-Arg-Arg-Asn-Asp
N-Myc Arg-Arg-Arg-Asn-His-Asn-Ile-Leu-Glu-Arg-Gln-Arg-Arg-Asn-Asp
MyoD Arg-Arg-Lys-Ala~Ala~Thr-Met -Arg-Glu-Arg-Arg-Arg-Leu-Ser-Lys
Ei2 Arg-Arg-Val-Ala-Asn-Asn-Ale-Arg-Glu-Arg-Leu-Arg-Val -Arg-Asp
E47 Arg-Arg-Met-Ala-Asn-Asn-Ala-Arg-Glu-Arg-Val-Arg-Val-Arg-Asp
da Arg-Arg-Gln-Ala-Asn-Asn-Ala-Arg~Glu-Arg-Val-Arg-val-Arg-Asp
twist Gln-Arg-Val-Met-Ala-Asn-Val-Arg-Glu-Arg-Gln-Arg-Thr-Gln-Ser
AS-C T4 Gln-Arg-Arg----- Asn-Ala-Arg-Glu-Arg-Asn-Arg-Val-Lys-Gln

As=-C T5 Ile-Arg-Arg-----. Asn-Ala~-Arg-Glu-Arg-Asn-Arg-Val-Lys-Gln

Figure 46. Amino Acid Homologies Within the Basic Domains of
Basic-Helix-Loop-Helix Proteins. The sequences are aligned to
show the maximum degree of homology. Sequences are from: human
c-Myc (residues 347-361) (Battey et al., 1983); human L-Myc
(residues 289-303) and human N-Myc (residues 392-406) (DePinho et
al., 1987); MyoD (residues 109-123) (Davis et al., 1987); El2
(residues 337-351), E47 (residues 337-351) and da (residues 555-
569) {Caudy et al., 1988); twist (residues 358-372) (Thisse et
al., 1988); As-C T4 (residues 102-115) and As-C TS (residues 27-
40) (Villares and Cabrera, 1987).
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increase in the levels of prothymosin ¢ mRNA. If the increased levels of prothyn.osin o
mRNA were translated into prothymosin o protein then the increased lavels of
prothymosin o could possible result in an increase in the rate of cell division and couid
lead to cancerous growth. Somewhere along this pathway is where thymosin o1 must

arrest the production of prothymosin «.

Some evidence {see above) suggests that thymosin o interferes with the production
of prothymosin o mRNA. if the c-Myc protein is a transcription factor for reguiating
the production of prothymosin o mRNA, this would require thymosin o1 to bind to this
protein and prevent it from binding 10 the prothymosin « gene. The inhibition of the
production of prothymosin o mRNA could be accomplished in one of two ways. The first

way would be a direct interaction between the negatively charged residues of thymosin

a1 with the cluster of basic residues within the DNA-binding domain of the c-Myc
protein. The interaction would be analogous to the electrostatic interaction observed in
the modelling studies of the interaction between thymosin and skMLCK. The thymosin
oy/c-Myc complex would block the DNA-binding domain of ¢c-Myc from binding to DNA
and prevent the transcription of the prothymosin a. gene. A second way that thymosin
a4 could prevent the transcription of the prothymosin a1 gene is by way of a feedback
inhibition. Since the 28 residues of thymosin oq are identical to the first 28 residues
of prothymosin a it is possible that thymosin ¢t interacts with the group of basic
residues on the DNA-binding domain of the c-Myc protein, in such a way that it is
recognized as prothymosin ¢. The thymosin o1 interaction would trick the c-Myc
protein into believing that there is a high concentration of prothymosin ¢ in the cell.

The ¢-Myc protein would then cease to produce any more prothymosin o mRNA.
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The main conclusion reached in this research project is that thymosin o is
comprised of a turn between residues 5 and 8 and an a-helix comprised of residues 16
to 26 in a 30% (v/v) TFE-d3 solution. The helical region is highly amphipathic with a
cluster of Glu residues making up one face of the helix. Modelling studies suggest that
these Glu residues interact with a cluster of positively charged residues within the CaM-
binding domain of skMLCK which results in the activation of skMLCK. The interaction
between the negatively charged residues within the helical region of thymosin a4 and
positively charged residues within the DNA binding domain of the ¢-Myc proteiri may be

a possible mechanism by which the peptide cures hepatitis B.
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CHAPTER FIVE

INTRODUCTION

5.1) Ribopuclease A

5.1.a) Specificity and Enzymatic Mechanism

Ribonucleases (RNases) are a class of enzymes which are responsible for the
digestion, processing and turnover of various classes of ribonucleic acids (RNA).
Different RNases display particular spacificities for a certain type of base within a RNA
chain, hydrolyzing only after purines or pyrimidines, or differ in their catalytic
mechanism (Eftink and Biltonen, 1987). Some particular RNases catalyze the
degradation or processing of single stranded RNA much better than double stranded RNA

(Eftink and Biltonen, 1987).

The most extensively studied member of this class of enzymes is bovine pancreatic
RNase A. The primary reasons for its popularity is that it is readily available in large
quaniities, is highly stable, and is small in size (MW 13.7 kDa) (Eftink and Billonen,
1987). The protein is comprised of a single chain of 124 amino acid residues (Figure
47). RNase A is secreted by the pancreas and is responsible for the digestion of single
stranded RNA. The enzyme is specific for phosphodiester linkages with a uridine or
cylidine base at the 3"-position, since a guanine or adenine ring is too large to fit into
the active site without severely distorting it (Eftink and Biltonen, 1987). The uracil or

cytosine ring binds within the active site through several hydrogen bonds with Thr45
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1  Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg
11  Gln-His-Met-Asp-Ser-Ser-Thr-Ser-Ala-Ala
21 Ser-Ser-Ser-Asn-Tyr-Cys-Asn-Gln-Met-Met
31 Lys-Ser-Arg-Asn-leu-Thr-Lys-Asp-Arg-Cys
41 lys-Pro-Val-Asn-Thr-Phe-Val-His-Glu-Ser
51 - Leu-Ala-Asp-Val-Gln-Ala-Val-Cys-Ser-Gln
61 Lys-Asn-Val-Ala-Cys-Lys-Asn-Gly-Gln-Thr
71 Asn-Cys-Tyr-Gln-Ser-Tyr-Ser-Thr-Met-Ser
81 Ile-Thr-Asp-Cys-Arg-Glu-Thr-Gly-Ser-Ser
91 Lys-Tyr-Pro-Asn-Cys-Ala-Tyr-Lys-Thr-Thr

101 Gln-Ala-Asn-Lys-His-Ile-Ile-Val-Ala-Cys
111  Glu-Gly-Asn-Pro-Tyr-Val-Pro-Val-His-FPhe
121  Asp-Ala-Ser-Val

Figure 47. The Primary Structure of Bovine Pancreatic RNase A (Smyth et al.,
1963).
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(Eftink and Biltonen, 1987). The nature of the rest of the interaction between RNase A
and the RNA chain is primarily electrostatic. A series of nine positively charged Lys and

Arg side chains form salt bridges with the negatively charged phosphate backbone of RNA
(Eftink and Biltonen, 1987).

Even before the three-dimensional structure of RNase A was known, much
information about the catalytic mechanism of the enzyme was already deduced (Efink
and Biltonen, 1987). The enzyme displays maximum activity at a pH value of 7.0, and
the plot of reaction rate versus pH is holl-shaped. Since the optimum pH vaiue for
catalytic activity was 7.0, this result led investigators 1o propose that two His residues
participated in catalysis, one in the basic form and the other in the acidic form (Findlay
et al., 1962). The imidazole ring of His plays a critical role in the function ot a number
of proteins (Markley, 1875a). The usefulness of His arises from s acid-base
properties, since it is the only amino acid which can behave as either an acid or base at
physiological pH {Markley, 1975a). It has been shown that by' reacting riNase A with
jodoacetate, the imidazole ring of either Hisi2 or His119, but not both in the same
protein malecule, is carboxymethylated (Blackburn and Moore, 1982). This chemical
modification results in an inactive enzyme. Substrates or competitive inhibitors
protecting His12 and His119 from madification prevent the inactivation of the enzyme
by iodoacetate (Blackburn and Moore, 1982). These findings suggestad that His12 and
His119 are near each other in the active site and play a critical role in the catalytic
mechanism. X-ray crystallographic studies eventually confirmed the presence of His12

and His119 in the active site of the enzyme (Kartha, 1967; Avey et al., 1967).

The catalytic mechanism of RNase A is believed to consist of a two-step process
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(Richards and Wyckoff, 1971). The first step is a transphosphorylation in which the
3'.5'-phosphodiester linkage is transesterified to a cyclic 2',3-phosphate. The second
step is a hydrolysis, in which the cyclic 2',3"-phosphate is converted to a 3'-phosphate.
Three residues play a critical role in the mechanism: His12, His119, and Lys41. The
transphosphorylation reaction begins with the acceptance of a proton from the 2'-OH
group of the nucleotide by the un-ionized form of His12 (Figure 48). At the same time
the protonated form of His119 donates its proton to the 5'-O and the 2'-O begins to form
a bond with the phosphorous atom, which becomes transiently bonded to five oxygen
atoms. This pentacovalent transition state is electrostatically stabilized by the nearby
positively charged side chain of Lys41 (not shown). The bond between the phosphorous
atom and the 5-O breaks when a proton from the His119 side chain is completely
transferred to this oxygen atom. At the same time & bond between the phosphorous atom
and the 2-O becomes fully formed, producing the 2',3'-cyclic intermediate. The
subsequent hydrolysis reaction is essentially the reverse of the transphosphorylation
reaction (Figure 49). Histidine 118 removes a proton from a water molecule positioned
within the active site. The leftover OH" ion then attacks the phosphorous atom, while at
the same time His12 donates a proton back to the 2'-O causing the bond between this
oxygen atom and the central phosphorous atom to rupture. The final product contains a
hydroxyl group at the 2-position and a free 3'-phosphate group in the nucleotide

complex. The shortened RNA chain is then released from the active site of the enzyme.

5.1.b) Structure

Ribonuclease A is composed of 124 amino acid residues giving it a molecular weight of

13 700 Da. The enzyme contains four disulfide bonds between the following residues:
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Figure 48. Transphosphorylation Mechanism of RNase A. Histidine 119 acts as an acid
and His12 acts as a base In the formation of the cyclic Iintermediate (3) In the

digestion of RNA by the enzyme (Richards and Wyckof!, 1971).
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Figure 49. Hyd;oly(ic Mechanism of RNase A. Histidine 119 acts as a base and
His12 acts as an acid in the hydrolysis of the cyclic intermediate (4). Aspartic acid
121 s hydrogen bonded to His119 in the hydrolytic reaction, increasing the basicity
of His119. The result is a shortened RNA chain with a free 3'-phosphate group (6)
- {Richards and Wyckoff, 1971).
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Cys26/Cys84, Cys40/Cys95, Cys58/Cysi10, and Cys65/Cys72. in the late 1960's,
the crystal structure of RNase A was solved independently by two groups with essentially
identical results {Avey ef al., 1967, Kartha, 1967). In the 1980's, a resurgence in the
investigation of the crystal structure of the enzyme occurred. The data for the crystal
structure of the enzyme was refined to a resolution of 2.5 A (Wlodawer, 1980) and
later 1o 1.45 A (Borkakoti et al, 1982). The results of these studies are also

essentially identical (Eftink and Biltonen, 1987).

The three-dimensional structure RNase A is shown in Figure 50. RNase A is a U-
shaped protein, with dimensions of 35 x 45 x 31 A (Borkakoti et al., 1982). It contains
three sections of helix and an extensive region of B-pleated sheet made up of three
antiparailel chains (Borkakoti et al., 1982). One of the stretches of helix, running
between residues 3 to 13 in the amino terminus regicn of the protein, forms one of the
walis of a cleft which harbours the active site of RNase A. A second siretch of helix runs
between Asn24 to Arg33 and includes a tum of 3;4-helix. The third region of helix lies
between residues 50 to 60. The three chains of antiparaliel p-sheet are formed by
residues 42 to 48, 71 to 92 and 94 to 110. The peptide bonds of Pro93 and Pro114 are
in a cis configuration and are involved in the reversal of the chain direction (Wlodawer,

1980).

The structure of RNase A was refined jointly with neutron and X-ray diffraction data
extending to 2.0 A (Wlodawer and Sjolin, 1983). Through the use of neutron difiraction
data, the position of hydrogen and deuterium atoms could be determined. This work
allowed the location of 128 water sites 1o be established in the protein crystal, as well

as, unambiguously defined the position of several amino acid side chains whose positions
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Figure 50. The Three-Dimensional Structure of RNase A. The positions of the four
His residues are shown and labelled in (A). Only the backbone atoms of the
remaining residues are shown. A stereoview of the threa-dimensional structure of
RNase A Is shown In (B). (Bernstein ef al, 1977; Wiodawer et al., 1982} (Protein
Data Bank, relerence SRSA). 168



had been unclear up to that point. Some of the significant refinements included the
repositioning of residues Asnd4, val124, Lys7, Lys37 and Lys41. The repositioning of
the Lys41 side chain was a major refinement, since it is near the active site of the
enzyme. A wide variation in the position of the Lys41 side chain had been observed in
various X-ray diffraction studies of RNase A, with the distance from N{ of Lys41 to the
phosphorous atom of the active site-bound phosphate molecule ranging anywhere from
6.4 A 1o about 4.0 A. The refinement of the neutron diffraction data indicated that the
side chain of Lys41 is located relatively close to the phosphorous atom of the bound
ligand. This repositioning in the side chain of Lys41 was significant, since it had been
proposed that the charged side chain of this residue moves towards the phosphate group
of the substrate during catalysis, thus increasing the stability of the transition state of

the substrate (Richards and Wyckoff, 1971; Holmes et al., 1978).

5.2) Pasition of Histidine 119 and Histidine 12

As previously mentioned, the two most important catalytic residues within RNase A
are His12 and His119. In the neutron diffraction structure of RNase A crystais grown
in 43% t-butyl alcohol at pH 5.3 with no phosphate molecule bound in the active site,
both His12 and His119 occupied unique positions (Wlodawer and Sjolin, 1981). In the
X-ray crystallographic structure of RNase A crystals grown in 60% aqueous ethanol, at
pH 5.2 to 5.7, with a molecule of sulfate bound fo the active site, the His118 side chain
was observed in two discrete locations (Borkakoti ef al. 1982). The two observed
positions of His119 are shown in Figure 51. The relative occupancies of the two
positions were estimated at 0.80 for the major position, termed position A, or His119A,

and 0.20 for the minor position, termed position B, or His1198. The side-chain torsion
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angles corresponding to the two positions of His119 are: X1(N-Ca-CB-Cy) = 149° and
X2(Ca-CB-Cy-C8) = 1019 for His119A and X1 = -69°, X2 = 639 for His119B. The

relative positions of His119A and His119B are shown in Figure 51.

It was soon postulated that the ability of His119 to occupy two discrete positions may
be catalytically important to the enzyme (Borkakoti, 1983). in studies of the active
site dynamics of RNase A, His119 w=s observed to undergo dihedral angle transitions in
some of the simulations, which confirmed the suggestion that this freedom of movement
might be catalytically important (Brunger et al., 1985). Harris et al,, (1987) using
the coordinates of a refined crystal struciure of the enzyme at 1.45 A resolution
(Borkakoti et al., 1984), calculated the non-bonded potential energy contributions of
all residues having at least one atom within 10 A of His119. An energy map was
constructed for values of X4 and X2, each varying from 0 to 360° in steps of 20°. The
nonbonded potential energy map revealed two discreie side chain positions for His119
located at points of minimum energy (Harris et al, 1987). These positions, which
correspond to the crystallographically observed A and B positions, were also linked by a
low-energy pathway. These early results showing the flexibility of the His119 side
chain, led many other groups to investigate the position of this residue in the presence of
various inhibitors attempting to explain what role it might play in the mechanism of the
enzyme. Tabie Xl gives a list of some of the several structural studies of the position of

His119 in the presence and absence of various ligands bound to the active site of RNase A.

One of the first major crystallographic studies of the active site structure of
different inhibitor/enzyme complexes involved the three inhibitors 8-oxo-guanosine

2-phosphate (08-2-GMP), cytidine-N(3)-oxide 2"-phosphate (03-2'-CMP), and
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HiS12

VAL 118

Figure 51. The Observed Positions of His119 of RNase A. Histidine 119 is able to
occupy two discrete positions within the active site of the enzyme. The major

position with the highest occupancy rate, in the crystal structure of the enzyme with
a sulfate molecule bound to the active site, was termed His119A (X1=1499, X2=-

1010) and the minor position was termed Hisi198 (X 1=-699, X2=-639)
(Borkakotl et al., 1982; Bermnstein et al., 1977; Wiodawer et al, 1982) (Prolein
Data Bank, reference SRSA).
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cytidine 2'-monophosphate (2'-CMP) (Table XI) (Borkakoti, 1983). The
inhibitor/fenzyme complexes were prepared by soaking native RNase A crystals,
prepared in 40% ethanol at pH 5.2-5.7, in solutions of the individual nucleotide
complexes. In the 08-2-GMP/RNase A complex, His119 is observed to be in the A
position, and a solvent molecule was seen in the B position. The binding of 03.2'-CMP
in the active site had a stabilizing effect of His119 in the B position. The side chain
rearrangement was essential as the A position was blocked by the 3-O of the sugar ring.
With 2'-CMP bound to the active site of the enzyme, no effect was seen on the

equitibrium position of the side chain of His119 (Borkakoti, 1983).

Two groups investigated the position of His119 of RNase A with a phosphate molecule
bound 1o the active site (Wlodawer et al., 1983} and with the enzyme free of phosphate
(Wlodawer and Sjolin, 1881). Both crystals were grown from 43% t-butyl alcohol
under indentical conditions and both showed His119 solely in the A position. The
structure of phosphate-free RNase A with crystals grown in 55% t-butyl alcohol also

showed His119 exclusively in the A position (T able Xi) (Wiodawer et al., 1983).

The molecular packing of six crystal forms of RNase A, grown in t-butanol, ethanol,
ammonium sulfate, and polyethylene glycol 4000 have been compared (Crosio et al.,
1992). The number of intermolecular contacts and the amount of surface area covered
batween contacts, were different in the six packings. Active site His119 is observed to
occur in position A or pesition B, in the six forms, and is highly solvent accessible (Lee
and Richards, 1971}. In each of the six different molecular packings of RNase A,
His119 is not involved in any intermolecular contacts (Crosio et al., 1992). Therefore,

crystal packing effects are not responsible for the differences observed in the position of
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His119.

5.3) Nuclear Magnetic Resonance Studies of RNase A

Proton NMR assignments have been made for 121 of the 124 residues of RNase A
(Robertson et al., 1989; Rico et al.,, 1989). The NOESY spectrum of phosphate-bound
RNase A at pH 4.0 and 359C (Santoro et al., 1993) showed a strong NOE betwsan one of
the methyl signals of Vai118 and the He1 proton of His119, placing His119 in the
vicinity of Val118, which abuts the B position. Such a cross peak would not be predicted
by the X-ray crystallographic structure of RNase A, since the distance between the
methyl groups of Val118 and the Hei proton of His119 in the A position ranges from 7.7
to 114 A (Wlodawer et al., 1982). This result suggests that there is a differenca in the

position of the His119 side chain between the solution and the crystal struclures.

5.4) |nteraction with Uridine Vanadate

Shortly after the observation of two discrete positions for His119 in the X-ray
crystallographic structure of RNase A, the neutron diffraction structure of RNase A in
the presence of uridine vanadate (U-V) was solved (Wlodawer et al., 1983). The
structure of U-V is shown in Figure 52. Uridine vanadate has been postulated to be a
transition-state analog for RNase A (Lindquist et al., 1973). A transition-state analog
for an enzyme is a stable compound that resembles the structure of the substrate portion
of the transition state of the enzymatic reaction (Lienhard, 1973). The hypothesis that
U-V is a transition-state analog for RNase A is based on kinetic evidence (Lindquist et

al., 1973). The kinetic data were obtained by measuring the dissociation constants for
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HO

Figure 52. The Structure of Uridine Vanadate. The position of the CsH and CgH atoms

on the uridine base are label_led.
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the binding of U-V(IV) and U-V(V) complexes to RNase A and comparing them to the
dissociation constants for uridine-2',3'-phosphate (U-2',3'-P) and uriding-3'-
phosphate (U-3'-P), which are, respectively the substrate and product of the
hydrolysis reaction catalyzed by RNase A (Lindquist et al, 1973). The dissociation
constant for the binding of the U-V(iV) complex to RNase A was 0.008 mM which is over
1000 times smaller than for the dissociation constant of the substrate, and over 40
times smaller than the dissociation constant for the product. Similarly, the dissociation
constant for the binding of U-V(V) complex to RNase A was 0.011 mM which is almost
1000 times smaller than the dissociation constant for the substrate, and 40 times

smaller than the dissociation constant for the product (Lindquist et al., 1973).

Since there was no structural data by which to postulate what was the cause of the
unusually strong binding of the vanadium complexes to the enzyme, the following
possible explanations were postuiated. First, one or more groups at the active site of the
enzyme may coordinate to vanadium. V(IV) itself had been observed to be an effective
inhibitor of the enzyme having a dissociation constant of 0.065 mM, which is 160 times
smaller than the dissociation constant of U-2',3'-P (Lindquist et al, 1973). The second
possible explanation was that the inhibitor possesses a structure that is similar to the
substrate portion of the transition state for the RNase A catalyzed reaction, suggesting

the inhibitor is a transition-state analog for this enzyme (Lindquist et al, 1973}

The neutron diffraction structure of the enzyme-transition stale analog complex was
solved using crystals of RNase A, grown in 43% t-butyl alcohol (pH 5.3), which had
been soaked in a solution of U-V (Wiodawer et al., 1983). The structure of the U-

V/RNase A complex showed that the vanadium complex forms a trigonai bipyramidal
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structure within the active site of the enzyme, in the same regicn whare the phosphate
group of the substrate is normally observed (Wlodawer et al., 19883). The same
position for His12 as found in all previous structural studies of RNase A was observed.
As well, His119 was seen exclusively in the A position (Wlodawer et al., 1983). It was
also observed that the side chain of Lys41§was hydrogen bonded to the oxygen atom that
His12 transfers a proton to in the hyd?golysis of the cyclic phosphate intermediate
(Borah et al., 1985). This observation %nas a direct contradiction of the accepted
mechanism of the enzymatic reaction in wi’.hich both His12 and His119 are invoived in
proton transfer, while Lysd1 is thought to provide a stabilization role for the
transition-state complex (Richards and Wyckoff, 1971). The distance between the Ne2
proton of the His12 imidazole ring and the 02 atom of U-V was only 3.0 A, so proton
transfer was still entirely possible although no evidence of a hydrogen bond between

these two atoms was observed (Borah et al., 1985).
5.5) Objectives of This Besearch

Much has been deduced about the structure and catalylic mechanism of RNase A. One
of the more puzzling aspects of the structure of HNase A lies in the flexibility of the
active site residue His119. This residue has been shown to occupy two discrete positions
and the relative occupancy of these positions depends on the conditions under which the
structure of the enzyme Is examined. Our purpose is to examine the positions of His119
and His12 in the presence of U-V, a transition-state analog for this enzyme (Lindquist
ot al., 1973). The positions of these two residues are examined in solution using
nuclear Ovarhauser enhancement spectroscopy. The positions of His12 and His119 are

then compared to their positions in the combined neutron and 2 A resolution x-ray
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diffraction analyses of the structure of the U-V/RNase A complex {Bernstein o al.,
1977; Borah et al., 1985; Wlodawer et al, 1983) (Protein Data Bank; reference
8RSA). The rasults of this study may help to explain the role the flexibiiity of His119
plays in the catalylic mechanism of the enzyme and define which s?.ép in the catalytic

mechanism of the enzyme, for which U-V acts as a transition-state anaiog.
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CHAPTER SIX

MATERIALS AND METHODS

6.1) Materials

6.1.a) Proteins

RNase A (R-5125) was purchased from Sigma Chemical Company (St. Louis, MO
63178).

6.1.b) Chemicals

Cytidine 3'-monophosphate (3'-CMP) {C-1133), and uridine (U-3750) were
purchased from Sigma Chemical Company. Ammonium metavanadate (NH4VO3)

(B10027-34) was purchased from BDH Inc. (Toronto, Ontaric M8Z 1K5).

6.2) lnstrumentation

One-dimensional 31V-NMR spectra were acquired at 52.58 MHz using a AC-200
NMR spectrometer manufactured by Bruker Spectrospin Ltd. (Milton, Ontario L9T
1Y6).

One- and two-dimensional TH-NMR spectra were acquired at 300 MHz using a AC-
300 NMR spectrometer manutactured by Bruker Spectrospin Lid.
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6.3) Methodology

6.3.3) NMR Spectroscopy

51y.NMR measurements were carried out on a Bruker AC-200 spectrometer
operating at a frequency of 52.58 MHz. The one-dimensional STV.NMR spectra were

recorded using the following parameters: 10 kHz spectral window; 8K data points,;

0.393 acquisition time; 1 s pulse width; 0 s relaxation delay. Since the 51V nucleus
has such a short T4 relaxation time, it is possible 1o use a very shorl pulse width with a
0 s relaxation delay to increase the number of possible transients that can be acquired in
a suitable time period. The spectrum of NH4VO3 was comprised of 100 transients,
while the spectrum of uridine vanadate (U-V} was comprised of 149 000 scans. Both

spectra were recorded at 295 K.

All one- and two-dimensional TH-NMR measurements were carried out at 300 MHz
on a Bruker AC-300 spectrometer at 303 K. The spectra were recorded using a 5 mm
1H selective probe in quadrature detection mode. The cne-dimensional 1H-NMR spectra
were recorded using the following parameters: 16K data points, 60° pulse width,
relaxation delay of 2 s and 500 to 800 scans. |In all one-dimensional YH-NMR
experiments involving the U-V/RNase A complex, a relaxation delay of 4 s was used. The
two-dimensional NOESY spectrum of the U-V/RNase A complex was recorded using a
phase sensilive mode with presaturation of solvent (Bodenhausen et al., 1984) and a
mixing time of 200 ms. In the NOESY experiment, 2048 data points were collected in

the 12 domain. Typically 512 time increments were acquired in the t1 domain and the
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FID's were zero-filled to 2048 data points prior to Fourier transformation. Spectral
widths of 3.6 kHz in the F1 direction and 1.8 kHz in the F2 direction were used. Prior
lo Fourier transformation, the NOESY data were multiplied by a sinebell function of

0.32 in both directions. The speclrum was symmetrized after Fourier transformation.

6.3.b) pH* Titration of RNase A

A 2.7¢ mM sample of RNase A was propared by dissolving 17.6 mg of the enzyme in
0.3 M NaCl and 0.5 mM DSS in D20. The tota! volume of the sample was 0.5 mL. The
sample was then transferred to a 5 mm NMR tube. The pH* of the sample was adjusted 1o
3.0 and heated at 60°C for one hour to exchange the backbone amide proions with
deuterons. pH* refers to the direct pH meter reading uncorrected for the deuterium
isotope effect (Glasoe and Long, 1960). The 1H-NMR spectrum of the sample was then
acquired at 300 MHz. Subsequent' 1H-NMR spsctra of the sample were acquired at
various pH* values between 3.0 and 9.0, and 303 K. The pH* of the sample was adjusted
by the addition of small aliquots of 1N DCi or 1N NaOD. The chemical shifts of the His12,

His105, and His119 Hel resonances were recorded.

6.3.c) 3-Cytidine Monophosphate Titration of RNase A

A sample of RNase A was prepared by dissolving 12.1 mg of the enzyme in a 0.5 mL
solution of 0.3 mM NaC! and 0.5 mM DSS in D20. The concentration of the sample

determined spectrophotometrically was 1.57 using an extinction coefficient at 280 nm

of 7.3 (Worthinglon Enzymes). The sample was then transferred to a 5 mm NMR tube.
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The pH* of the sample was adjusted to 3.0 and then heated at 60°C for one hour. The pH*
of the sample was then adjusted to 5.48 for TH-NMR acquisition. A 5.0 mg sample of
3'-CMP was prepared in 2.0 mL of 0.3 M NaCl and 0.5 mM DSS in D20. The
concentration of the sample was determined spectrophotometrically {€079=12 400) to

be 7.58 mM.

TH-NMR spectra of RNase A were recorded at 303 K with various amounts of 3-CMP
added to the sample. The pH"* of the sample was maintained near 5.50 by small additions
of 1N DCl or NaQD. The pH* of the sample was measured before and afier gach spectrum
was acquired. The chemical shifis of the His12, His105, and His119 Hel resonances

were recorded.

6.3.d) pH" Titration of 3-CMP/RNase A Complex

A 4.38 mM sample of RNase A was prepared by dissolving 21.7 mg of the enzyme in
0.4 mL of a solution of 0.3 M NaCl and 0.5 mM DSS in D20. The sample was transferred
to a 5 mm NMR tube and the pH* of the sample was adjusted 1o 2.94. The sample was
heated at 60°C for one hour. To this sample, 0.4 mL of a 4.97 mM sample of 3-CMP
prepared in 0.3 M NaCl and 0.5 mM DSS, was added. The final NMR sample contained
concentrations of 2.19 mM RNase A and 2.49 mM 3'-CMP resulting in a molar ratio of
3-CMP:RNase A of 1.14, The pH* of the sample was adjusted to 3.75 and a series of
TH-NMR spectra of the complex at various pH* values were recorded at 303 K. The

chemical shifts of the He1 resonances of His12, 105, and 119 were recorded.
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6.3.2) 5'Y-NMR of Uridine Vanadate

For 51V-NMR experiments, a 79 mM sample of NH4VO3 was prepared by dissolving
7.4 mg of the compound in 0.8 mL of D20 containing 0.2 M sodium acetate {CH3COONa).
The pH* of the sample was 7.49. The 51V-NMR spactrum of this sample was recorded at

295 K.

U-V was prepared using the method of Borah (Borah et al., 1985). A sample of U-V
was prepared by dissolving 4.9 mg of NH4VOg3 in 1.5 mlL of D20 and 14.9 mg of uridine
in a separate 1.5 mL aliquot of D20. 1.4 mL of the uridine sample ([uridine] = 42.2
mM by O.D.) was added to the NH4VO3 sample ([NH4VO3] = 27.9 mM by weight). The
sample was heated at 65°C for 15 minutes. The final concentrations in the sample were
20.4 mM uridine and 14.4 mM NH4VO3. A 0.5 mL aliquot of this sample was added to a

5 mm NMR tube for 51V-NMR acquisition. The final pH* was 6.20.

6.3.f) Uridine Vanadaie Titration of RNase A

Uridine vanadate was prepared using the method of Borah et al. (1985). A 42.2 mM
solution of uridine was prepared in 6.3 M NaCl and 0.5 mM DSS in D20. A 27.9 mM
solution of NH4VO3 was prepared using the same solvent conditions. 1.5 mL of the
NH4VO3 solution was added to 1.4 mL of the uridine solution to give a final concentration
of uridine of 20.4 mM and a finat conceniration of NH4VO3 of 14.1 mM. This solution
was then heated at 60°C for 15 minutes to form the U-V complex. The final
concentration of U-V was taken to be 14.1 mM. The pH* of the sample was adjusted 1o

5.6 with smali additions of 1N DCI and tN NaOD.
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A 2.8 mM sample of RNase A was prepared by dissolving 23.0 mg of the protein In
0.6 mL of a 0.3 M NaCl! and 0.5 mM DSS solution prepared in D20. The RNase A sample
was adjusted to pH* 3.0 and heated at 60°C for one hour after which time it was adjusted
to pH* 5.6 for TH-NMR acquisition. A series TH-NMR spectra of RNase A, with
increasing amounts of U-V added, were acquired. Spectra corresponding to the following
U-V to RNase A molar ratios were collected: 0.00, 0.43, 0.86, 1.29 and 2.14. All of the
spectra were recorded at 303 K and pH 5.6, with the pH* of the sample being recorded

before and after every spsecirum acquired.

6.3.9) pH* Titration of U-V/RNase A Complex

The sample prepared in the U-V titration of RNase A, which contained final
concentrations of 4.2 mM U-V and 1.98 mM RNase A {[U-V]:[RNase A] = 2.14) was
used o perform a pH fitration of the complex. A series of TH-NMR spectra of the U-
V/RNase A complex were recorded at 303 K within the pH* range of 3.0 to 9.6. The

chemical shifts of the Hel resonances of His12, His105 and His119 were recorded.

6.3.n) Preparation of the Sample for Two-dimensional H-NMR Studies

A 60.8 mM sample of uridine was dissolved in 0.3 M NaCl and 0.5 mM DSS in D20.
Ammonium metavanadate was added to a final concentration of 58.1 mM and the sample
was heated at 60°C for 15 minutes 1o form the U-V complex. The final concentrations of
uridine and vanadate in the sample were 60.8 mM and 58.1 mM, respectively. Since U-
V forms at a maximum uridine to vanadate ratio of about 1.2:1 (Borah et al., 1985) the

concentration of U-V is taken to be about 50 mM. A 1H-NMR spectrum of this sample
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was acquired and showed only resonances characteristic of U-V.

A RNase A sample was prepared by dissolving 36.0 mg of the protein into 0.32 mL of
0.3 M NaCl and 0.5 mM DSS in D20. The concentration of the protein in this sample was
determined spectrophotometrically to be 8.21 mM. The sample was heated at 60°C for 1
hour at pH* 3.0 to exchange the backbone amide protons. To this, 0.08 mL of the u-v
sample prepared above was added. The final composition of the sample was 6.57 mM
RNase A and 10 mM U-V. The RNase A to U-V ratio of 1:1.5 ensures that the enzyme is

saturated with the inhibitor.

6.3.) Modelling the Interaction of U-V with BNase A

Modelling the interaction of U-V with RNase A was performed on a Silicon Graphics
Indigo R4000 computer. The combined neutron and 2 A resolution x-ray diffraction
structure of RNase A complexed with U-V (Bemstein et al., 1977; Borah et al,, 1885;
Wiodawer et al., 1983) (Protein Data Bank, reference 6RSA) was used to generate
molecular graphic images using the MidasPlus software system from the Computer
Graphics Laboratory, University of California, San Francisco (Ferrin et al., 1988) and
Discover (Havel, 1991) which is part of the INSIGHT 1l software package (Biosym
Technologies, San Diego, California). Distances between protons within the active site of
the U-V/RNase A were measured by selecting the appropriate atoms and using the

DISTANCE command within the INSIGHTI software package.

The total energy of RNase A and the U-V/RNase A complex was monitored at various
%1 (N-Ca-CB-Cy) and X2 (Ca-CB-Cy-C3) angles for the His119 side chain using the
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ROTOR command in the Discover module of the INSIGHTII software package. The x-ray
crystallographic structure of RNase A (Wlodawer et al., 1982) (Protein Data Bank,
referecnce 5RSA), without an active sile ligand, was used as the initial structure for
RNase A. The combined neutron and 2 A x-ray diffraction structure of the U-V/RNase A
complex (Bernstein et al., 1977; Borah et al, 1985; Wiodawer et al., 1983} {Protein
data bank, reference 6RSA) was used as the initial structure for the U-V/RNase A
complex. The central vanadium atom of the U-V molecule was replaced with a
phosphorous atom and a bond between this atom and the O2' atom of the ribose ring was
created. The result is a central phosphorous atom bound to five oxygen atoms. The
replacement of the vanadium atom with a phosphorous atom was necessary in order to
remove any undefined valences within the U-V molecule. The computer program would
not accept a structure with a centrai vanadium atom bound to five oxygen atoms, since
this structure does not meet the required valences for all of the oxygen atoms. No other
significant structural changes were made to this molecule. Both RNase A and the U-
V/RNase A complex were energy minimized before initiating the rotation of the His119
side chain. The %1 and X2 angles of His119 were rotated from -180° to +1800 in steps
of 189 and the total energy of the system was monitored at each angle. A contour piot of
the total energy versus the change in X1 and X2 angles was prepared showing areas of

minimum total energy.
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CHAPTER SEVEN

RESULTS

7.1) pH* Titration of RNase A

The pH* titration of the Het protons of His12, His105, and His119 of RNase A that
have been previously characterized and assigned (Bradbury and Scheraga, 1966;
Meadows et al., 1968; Bradbury and Teh, 1975; Markley, 1975b; Patel et al, 1975;

Shindo et al., 1976; Lenstra et al., 1979) is shown in the TH-NMR spectra in Figure
53. The positions of the HE1 resonances of His12 (0), His105 (®), and His119 {n) are

labelled. Figure 54 shows a plot of the chemical shifts of the Hel1 resonances of the His
residues versus the pH* of the sample. The residues His12, His105, and His119

exhibit continuous titration curves, while the fitration curve of His48 is discontinuous.

The Het resonance of Hisd$ broadens out at low pH* and disappears near pH 5.0. A

curve was fitted to the dala using a non-linear least squares fitting routine based on the

following equation (Markley, 1975a).

Sobs = OA + (88 - SA)"(KM/(K" + [H") (A)

where Sobs is the observed chemical shift in ppm, 3a is the chemical shift of the

protonated species, dg is the chemical shift of the deprotonated species, K is the

dissociation constant and n is the Hill coefficient. A complete summary of the chemical

shift positions of the He1 resonances of the His residues versus the pH* of the sample is

given in Table Xil. The pKa values of His12, His105 and His119 were calculated to be
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Figure 53. pH"* Titration of RNase A. 300 MHz H-NMR spectra of the low-
field region (9.0 to 7.4 ppm) of 1.57 mM RNase A in 0.3 M NaCl and 0.5 mM

DSS at 300 K at various pH* values. The Hel resonances of the histidyl residues
are indicated as follows: His12 (o), Hisi05 (e), and His119 (o). The H&2

resonance of His105 is indicated by (x).
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Chemical Shift {ppm)

ure 54. pH* Titration Curves of the Histidyl Resonances of RNase A. Plot of

Fig
The

the chemical shifts of the His Hel resonances of RNase A versus pH'.

resonances are indicated as follows: His12 (o), His105 (e), and His119 {).

190



TABLE XIi

DH*  fexp?  &cal® fexp Scal Sexp Scal
3.09 8.89% 8.872 8.785 8.780 8.775 8.774
3.62 8.868 8.867 8.779  8.77S 8.7712 8.773
4.46 8.805 8.833 8.762 8.771 8.760 8.766
4,97 8.747 8.770 8.747 8.751 8.747 8.74%
5.59 8.595 8.587 8.677 8.673 8.690 8.684
6.09 8.337 8.332 8.508 8.515 8.551 8.547
6.82 7.956 7.949 8.147 8.139 8.172 8.170
7.24 7.809 7.814 7.963 7.965 7.963 7.861
7.55 7.749  7.7755 7.884 7.885 7.863  7.856
7.90 7.714  7.717 7.838 7.835 7.793 7.784
8.60 7.688 7.685 7.796  7.797 7.723  7.728
9.00 7.686 7.679 7.790 7.7°1 7.720  7.718

dexp: experimentally observed chemical shift
dcal: calculated chemical shift

2311 chemical shift values are reported in parts per
million
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6.19, 6.69, and 6.55 respectively. The complate pH* titration data is listed in Table

X1,

7.2) 3:CMP Titration of RNase A

A series of TH-NMR spectra of the aromatic region of RNase A (7.5 t0 9.0 ppm) with
increasing amounts of 3-CMP added to the protein at pH" 5.5 are shown in Figure 55.
The 1H-NMR spectrum of free RNase A contains peaks in the aromatic region that were
assigned to the Hel resonances of Hist2 (8.643 ppm), His105 (8.711 ppm), His119
(8.696 ppm) and the CsH resonance of His105 (7.485 ppm). As increasing amounts of
2 .CMP are added to the RNase A sample the position of the His12 Hel resonance

gradually shifts downfield. The position of the His105 and His119 Hel resonances

remain essentially unchanged. Histidine 12 continues to move downfield until a [3'-
CMP]:{RNase A] ratio of about 1.5 is achieved. No change in the position of the Hel

resonance of His12 is observed at higher [3-CMP]:[RNase A] ratios. Figure 56 shows

a plot of the chemical shift values of the Hel resonances of the His residues versus the
[3’CMPY[RNase A]. The effect on the position of the Hetl resonance of His12 is much
greater than the effect on the Hel resonances of His105 and His119. The shift in the
position of the His12 resonance suggests that the He1 proton of this residue is within
close proximity of the phosphate group of 3-CMP, when the inhibitor is bound to the
active site of RNase A. There are no discontinuities in the titration curves for any of the
histidyl residues of RNase A. A summary of the chemical shifts of the Hel resonances of
the His residues versus the [3'CMPY[RNase A] is given in Table XIV. Very little change
is observed in the shape of any of the His resonances as increasing amounts of 3-CMP

are added to the sample.
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TABLE XIII

RNase A pH Titration Parameters®

pKa 6.19 (0.02)d 6.55 (0.01) 6.69 (0.01)

Hill Coefficient 0.84 (0.03) 0.95 (0.02) 0.%4 (0.01)
§AH (pom)®  8.88 (0.01) 8.78 (0.01) 8.78 (0.01)
& (pgwS  7.67 (0.01) 7.79 (0.01} 7.71 (0.01)

aritration parameters are derived from a least
squares fit of the data to equation (A).
DPohemical shift of the protonated species.

Cchemical shift of the unprotonated species.

dstandard deviation
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Figure 55. 3'-CMP Titration of RNase A. 300 MHz TH-NMR spectra of the low-

fiekd region (9.1 1o 7.3 ppm) of 1.57 mM RNase A in 0.3 M NaCl and 0.5 mM DSS,

pH® 5.5 at increasing molar ratios of 3-CMP:RNase A. The Hel resonances of the
histidy! residues are indicaled as follows: His12 (C), His105 (@), and His119 .
The H52 resonance of His105 is indicated by (x) and the CgH prolon of 3-CMP by

(CeH). 104



Chomicat Shift (ppm)

0.0 0.5 1.0 1.8 2.0 2.5
{3'-CMP])/[RNase A}

Figure 56. Chemical Shift Dependence of the Histidine Resonances of RNase A in

the Presence of 3-CMP. The effect of increasing molar ratios of 3'-CMP:RNase

A on the Hel resonances of His12 (o), His10E {e), and His119 {o) of RNase A.

The experimental conditions are as given in Figure 85.
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TABLE XTIV

Chemical Shift Data of the Histidv]l Residues

in the 3'COMP Titration of RNase A

Che;rLir-al Shift {(com .

[3'QP/Riase Al His-l2  Hisslle  His=l05
0.00 8.643 8.696 8.711
0.10 8.682 8.682 8.705
0.20 8.717 8.696 8.717
0.34 8.764 8.679 8.702
0.49 8.825 8.679 8.708
0.64 8.851 8.667 8.693
0.83 8.895 8.667 8.693
0.98 8.924 8.670 8.702
1.22 8.939 8.670 8.705
1.45 8.945 8.664 8.693
1.70 8.948 8.673 8.673
2,19 8.954 8.673 8.667
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7.3) pH*_Titration of the I'CMP/BNase A Complex

A series of TH-NMR spectra of the aromatic region (7.5 to 8.2 ppm) of the

3'CMP/RNase A complex acquired at several pH* values between 3.75 and 9.82 is shown

in Figure 57. Figure 58 shows a plot of the chemical shift values of the He1 resonances

of His12, 105, and 119 versus the pH* cf the sample. As the pH® is raised from 3.75

to 5.15, there is a downfield shift in the position of the Hel resonance of His12 and an

upfield shift in the same resonance of His119. As the pH"* is raised, the HE1 resonances

of the His residues titrate normally throughout the pH* range. A complete summary of

the chemical shift positions of the Hel resonances of the His residues versus the pH* of

the sample is given in Table XV. The pKa values of His12, His105, and His119 were
calculated 1o be 6.95, 6.69 and 7.17, respectively. The pH* fitration curves of the Hel

resonances of His12, 105, and 119 are continuous in the 3-CMP/RNase A complex.

The complete pH* titration data of the 3'CMP/RNase A complex are listed in Table XVI.
7.4) S1y-NMR of Uridine Yanadate

The S1V-NMR spectrum of NH4VO3 showed the presence of two components {Figure
59). The larger peak (B), representing 84.2% of the total area, was assigned an

arbitrary position of 0 ppm. This intense peak has been previously assigned to the S1y
resonance of HaVO4  (Borah et al., 1985). The unidentified minor peak (A) located at

-8.5 ppm, represented 15.8% of the total area.

The 5'V-NMR spectrum of the sample of uridine and NH4VO23 (Figure 60)

([uridine]:{NH4VO3] = 1.42) showed a large decrease in the resonance assigned 10
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Figure 57. pH’ Titration of the 3'-CMP/RNase A Complex. 300 MHz TH-NMR
spectra of the low-field region (9.3 to 7.4 ppm) of 3-CMP/RNase A (molar ratio
1.14) In 0.3 M NaCl and 0.5 mM DSS at various pH* values. The He1 resonances of
the His residues are indicated as follows: His12 (0), His105 (@), His119 @ and
His48 (48). The H52 resonance of His105 Is indicated by (x) and the CgH proton of

3-CMP by (CeH). 198
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Figure 57 (continued). pH* Titration of the 3-CMP/RNase A Complex. The Hel
resonances of the His residues are indicated as follows: His12 (0), His105 (®).
His119 {J and His48 (48). The H52 resonance of His105 is Indicated by {(x) and

the CgH proton of 3-CMF by (CgH).
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Figure 58. pH"* Titration Curves of the Histidine Resonances in the 3-CMP/RNase A

Complex. Plot of the observed chemical shifts of the His Hel resonances of the 3

CMP/RNase A complex versus pH*. The resonances are indicated as foliows: His12

(0), His105 (o) and His119 {n).
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TABLE XV

His12 His119 His10%
pH*  Sexp? Ocald dexp  Scal Oexp Scal
3.72  8.948 8.981 §.781 8.712 8.769 8.759
4.32  8.971 8.979 8.728 8.712 8.760 8.755
4.78  8.982 8.974 8.684 8.710 8.745 8.744
5.15  8.985 8.963 8.672 8.705 8.719 8.724
5.50  8.950 8.940 8.666 8.696 8.666 8.686
6.11  8.836 8.825 8.628 8.645 8.514 8.527
6.58  8.602 8.603 8.538 8.531 8.298 8.295
6.97  8.283 8.327 8.368 8.356 8.084 8.075
7.42  8.099 8.020 8.099 8.110 - -
7.90  7.780 7.823 7.917 7.916 7.742 7.766
8.25  7.733 7.755 7.827 7.843 7.713  7.728
9.01  7.718 7.706 7.792 7.788 7.695  7.699
9.48  7.707 7.699 7.786 7.781 7.707  7.694
9.81  7.710 7.697 7.780 7.779 7.710 7.693

Sexp: experimentally observed chemical shift
Scal: calculated chemical shift

8311 chemical shift values are reported in parts per million
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TABLE XVI

pKa 6.95 (0.04)¢ 7.17 (0.04)

Hill Coefficient 1.01 (0.09) 1.04 (0.09)
&H (pom)®  8.98 (0.02) 8.71 (0.01)
& (¢  7.70 (0.02) 7.78 (0.02)

6.70 (0.02)
0.94 (0.03)
8.76 (0.01)
7.69 (0.01)

apjtration parameters are derived from a least

squares fit of the data to equation (A).

Dehemical shift of the protonated species.

Cchemical shift of the unprotonated specles.

dstandard deviation
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Figure 59. STV-NMR of Ammonium Metavanadate. The 52.58 MHz S1V-NMR
spectrum of 8 79 mM sampla of NH4VO3 at pH* 7.49, in 0.2 M CH3COONa in D20

showed two peaks. The large peak (B) has been assigned to the 51y resonance of
Ha2VO4" (Borah et &l., 1985). Peak (A) has not been assigned.
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Figure 60. STV-NMR of Uridine Vanadate. The $1V.NMR spectrum of a 14.4 mM
sample of U-V at pH* 6.20 in D20 showed six major peaks. The largest peak (D) has

been assigned to the STV resonance of U-V (Borah et al., 1985).
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[H2VO4]™ at 0 ppm. Four new peaks were observed at 3.0 (B), 16.0 (C), 3.1 (D),
60.1 (E) and 75.5 (F}) ppm. The largest peak, representing 38% of the iotal area, at
53.1 ppm, has been assigned to the S1V resonance of U-V (Borah et al., 1985). Two
other large peaks at 60.1 and 75.5 ppm, representing 21% and 23% of the total area
respectively, are unassigned and were not observed previously in the S1y.NMR
spectrum of U-V (Borah et al, 1985). The remaining peaks at 0.0, 3.0 and 16.0 ppm

represented roughly 8% of the total area.

7.5) Uridine Vanadate Titeation of RNase A

A series of TH-NMR spectra of RNase A with increasing amounts of U-V added were
acquired at pH* 5.5 and 303 K (Figure 61). The 1H-NMR spectrum of free RNase A at
pH* 5.5 showed peaks in the aromatic region which corresponded to the Het resonance of
His12 (8.54 ppm), His119 (8.63 ppm), and His105 (8.68 ppm). Afier U-V was added
io a [U-V]:[RNase A] ratio of 0.43, the resonance position for His105 was unchanged,
but the resonances corresponding 1o His12 and His119 had decreased in intensity, while
four new peaks appeared at 8.85, 8.54, 7.86 and 7.45 ppm. The resonances at 8.84 and
7.86 ppm have been assigned as protonated (His119P) and unprotonated (His119U)
forms oi His119 respectively, in a slow exchange process, and the resonances al 8.54
and 7.45 have been similarly assigned to prolonated (His12P) and unprotonated
{(His12U) forms of His12, respectively (Borah et al, 1985). Slow exchange means
that the lifetime of the protonated and unprotonated species of the two histidyl residues
is long compared to the NMR time scale. A lower limit can be put on each state by
determining the chemica! shift difference of the resonances, and substituting that value

into the following equation (Markley et al., 1970):
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Figure 61. Uridine vanadate Titration of RNase A. 200 MHz YH-NMR spectra of the
low-field region (7.3 1o 9.2 ppm) of RNase A in 0.3 M NaCi and 0.5 mM DSS, pH*
5.5, at increasing molar ratios of U-V:RNase A. The resonances are labelled as
follows: His12 (0); His105 Hel (@): His119 & His12P, Hisi2 protonated;

Hisi2U, His12 unprotonated; His119P, His119 protonated; His119U, Hisi19

unprotonated; His10S H32 (x); CgH proton of U-V, (CgH).
206



T> 1
(21t)delta(V)

There is a chemical shift difference of 0.98 ppm or 294 Hz for the His119U and
His119P resonances which indicates that each state must exist for at least 0.5 ms. The

lifetime for the protonated and unprotonated forms of His12 must be at least 0.49 ms.

The doublet assigned to the CgH resonance of the uridine base of U-V was observed at

7.87 and 7.90 ppm, increased in intensity as the concentration of U-V was increased.

The Hel resonances of His12 and His119 continued to decrease in intensity as the

concentration of U-V increased, while the intensity of the four new resonances continued
to increase. At a [U-V]i[RNase A] of 1.29 the He1 resonances of His12 and His119 had
disappeared. As the conceniration of U-V increased fusther, no change in the intensity >}

the four new resonances was observed, which suggests that the enzyme is saturated with

U-V. No effect on the He1 resonance of His105 was observed throughout the U-V

titration of RNase A. A summary of the chemical shifts of the He1 resonances of His12

and His119 versus the [U-V/{RNase A] is given in Table XVII.

7.6) pH* Titration of U-V/RNase A Complex

A series of TH-NMR spectra of the U-V/RNase A complex was acquired at various pH*

values from 3.0 to 9.6 at 30°C (Figure 62). The ratio of [U-V)/JRNase A] was 2.14,

ensuring that the enzyme is saturated with U-V. The Hel resonances of His12, His119

and His105 all titrated normally over the pH range 3.01 to 4.90. The next pH* value

used in the titration was 5.37. At this pH* value the He1 resonances of His12 and
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TABLE XVII

Chemical Shift Data of Histidv]l Residues 12 and 119
in the U=V Titration of RNase A

a) Histidive 12 Chemical Shift (pom) .
{U-V/RNase Al Hisl2 Hisl2U0* His1ZPt
0.00 8.5367 - -
0.43 8.5323 7.4468 -
0.86 8.5382 7.4432 -
1.29 - 7.4468 8.5411
2.14 - 7.4497 8.5323
b) Histidine 119 Chemical Shift (pom) .
IU-v/RNase Bl Hisl119 His119U* Hisll9pt
0.00 8.6303 - -
0.43 8.6421 8.8454 7.8564
0.86 - 8.8454 7.8564
1.29 - 8.8425 7.8579
2.14 - 8.8396 7.8769

*Unprotonated histidyl residue.
t+Protonated histidyl residue.
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Figure 62. pH Titration of the U-V/ANase A Complex. 300 MHz 'H-NMR spectra of the
low-field region (7.4 to 9.1 ppm) of U-V/RNase A (molar ratio 2.14) in 0.3 M NaCl

and 0.5 mM DSS at 303 K at various pH°® values. The resonances aie labelled as follows:
His12 (o0); His105 Hel (e); His119 (n); His12P, His12 protonated; His12U, Hist2

unprotonated; His119P, His119 protonated; His119U, His119 unprotonated; His105
H§2 (x); CgH proton of U-V, (CgH).

209



C¢H

[+]
pH‘
9,60 __. A
[ )
9.19__ ~ 1
| eo
A .
8.01 7 8 u WA
}l.
o 2
208 \ s
7.47 o
2
% & 0 \
6.96 A =
R
& o © —
6.46 A =Y
2 R
a o ' X
6.11
9,0 8.5 8.0 2.5

PPM
Figure 62 (continued). pH Titration of the U-V/RNase A Complex. The resonances are

jabelled as follows: His12 (o); His10S Hel (e); His119 (n)'; His12P, His12 protonated;

Hist2U, His12 unprotonated; His119P, His119 protonated; His119U, His119

unprotonated; His105 H52 (x); CgH proton of U-V, (CgH).
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His119 disappeared and four new resonances, corresponding 1o the protonated and

unprotonated forms of His12 (His12P and His12U) and His119 (His119P and

His119U) appeared. The Hel resonance of His105 continued to titrate normally as in
free RNase A. The Hel resonances of His12P, His12U, His119P and His115U observed

did not change in position up 1o pH* 8.01. At the next pH* value, 8.54, these resonances

disappeared and the Hel resonances of His12 and His119 reappeared and titrated

normally to pH* 9.80, which was the last value used in the titration. Plots showing the
chemical shifts of the He1 resonances of His12, His119 and His105 in the presence of
U-V at various pH* values are shown in Figures 63, 64 and 65, respectively. The
complete list of the chemical shifts of the Hel resonances of His12 and His119 versus
the pH* values for the U-V/RNase A complex are listed in Table XVIIl. The pKa value for
His105 was calculated to be 6.83 which is comparable to the pKa of His105 in free
RNase A {6.69). The pKa values of His12 and His119 could not be calculated, since

their titration curves were discontinuous in the presence of U-V.
7.7) Iwo-Dimensional NMR of U-V/RNase A Complex

The contour plot of the aromatic region (5.5 to 9.0 ppm) of the homonuclear NOESY
spectrum of the U-V/RNase A complex is shown in Figure 66. The aromatic region
shows cross peaks between the CgH and CsH resonances of the uridine base of U-V,
which are 2.42 A apart based on the coordinates of the combined neutron diffraction and
x-ray crystallographic structure of the U-V/RNase A complex (Bernstein et al, 1977,
Borah et al,, 1985; Wlodawer ef al., 1983) (Protein Data Bank, reference 6RSA). A
cross peak was observed between the CgH resonance and one of the aromatic protons of

Phe120. The distances between these protons varies from 4.57 to 8.91 Ain the
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TABLE XVIII

Chemical Shift Data for Histidyl Residues 12 and 119
in the pH* Titration of the U-V/RNase A Carplex

Chemical Shift (poom)

3.01 8.837 - - 8.945 - -
3.45 8.832 - - 8.905 - -
3.90 8.841 - - 8.863 - -
4.45 8.790 - - 8.790 - -
4.90 - 8.848 - - - 7.475
5.37 - 8.841 7.870 - - 7.463
5.82 - 8.840  7.861 - 8.545  7.432
6.11 - 8.835  7.861 - 8.547 1.416
6.46 - 8.828 7.856 - 8.543 -
6.96 - 8.829  7.856 - 8.540 -
7.47 - 8.826 7.856 - 8.540 -
8.01 7.962 8.834 - 7.707 8.540 -
8.46 7.858 - - 7.685 - -
9.19 7.799 - - 7.690 - -
9.60 7.772 - - 7.700 - -

2Unprotonated histidyl residue
bprotonated histidyl residue
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Figure 66. NOESY spectrum of the Aromatic Region of the U-V/RNase A Complex.

Contour plot of the phase-sensitive NOESY spectrum of U-V bound fo RNase A at

pH* 5.5 and 303 K. RNase A and U-V concentrations are 6.57 and 10 mM

respectively , in 0.3 M NaCl and 0.5 mM DSS in D20.
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combined neutron diffraction and x-ray crystallographic structure of the U-V/RNase A

complex (Bernstein et al., 1977; Borah et al., 1985; Wlodawer et al., 1583) (Protein
Data Bank, reference 6RSA). A third cross peak s observed for the He1 and H82 protons

of His105, which are 4.25 A apart. The resonance assigned 1o the Het proton of the
protonated form of His12 displays a cross peak with both the Cs5H and CgH protons of U-
V suggesting that U-V is within approximately 5 A of His12. The reason for the absence
of cross peaks corresponding o the interaction between the unprotonated form of His12
and U-V is not clear. No cross peaks were observed between the CgH and CsH resonances
of U-V and any of the resonances associated with His119. The lack of cross peaks
betwesn His119 and U-V, indicates that the uridine base of U-V is not in the vicinity of

His119. Outside of the aromatic region of the spectrum, a crosspeak was observed

between one of the methyl proton resonances of Vali18 and the He1 proton of the

protonated form of His119 (Figure 67).

7.8) Mogelling the Interaction Between RNase A and Uridine Vanadate

The joint neutron and 2 A x-ray diffraction structure of the U-V/RNase A complex
{Bernstein et al, 1977, Borah et al, 1985; Wlodawer et al., 1983) (Protein Data
Bank, reference 6RSA) was used to generate molecular graphic images of the complex.

The neutron diffraction structure shows His119 to occupy the A position in the complex.

The distances between the He1 proton of Hisi2 and the CsH and CgH protons of U-V are
554 A and 6.74 A, respectively. In the A position, the same distances between the Hel
proton of His-119 and the CsH and CgH protons of U-V are 4.89 A and 6.61 A,

respectively, which places the Hel proton of His119 nearer to the CsH and CgH protons
of U-V, than the He1 proton of His-12. Figure 68 shows the aclive site residues His12
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Figure 67. NOE Cross Peak Between Hist19P and Val118 in the U-V/RNase A
Complex. Contour plot of the phase-sensitive NOESY spectrum of the U-V/RNase
A complex showing the cross peak between His119P and one of the methyl
protons of Vai118 based on the assignments of Robertson et al., (1989). The

experimental conditions are the same as those listed in Figure 66.
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HIg 119

Figure 68. Distances Within the Active Sile of tha X-ray Crystallographic Structure
of the U-V/RNase A Complex. The above diagram shows some of the distances between
the Het prolons of His12 and 119 and the CsH and CgH protons of U-V, based upon
the coordinates of the combined neutron and 2 A x-ray crystallographic structure of
the U-V/RNase A complex (Bemstein et al., 1977; Borah et al., 1985; Wiodawer el
al., 1983) (Protein Data Barnk, reference 6RSA).
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and His119A in the prasence of U-V, with the above mentioned distances indicated.

The His-119 side chain was then swung into the B position by applying a rotation to
the dihedral angles X1 (N-Cce-CB-Cy) and X2 (Ca-CB-Cvy-C8). The new dihedral

angles were X1 = -69° and X2 = -63° (Borkakoti et al, 1982). In this position, the
distances between the Hel proton of His119 and the CsH and CgH protons of U-V are
11.25 A and 12.85 A, respectively, which is well outside of the observable NOE range
(Withrich, 1986). The distance between the Hel proton of His119B and the closest
proton of Vali18 is 3.81 A. Figure 69 shows the active site residues His12, His1198B,

and Val118 in the presence of U-V with the above mentioned distancas indicated.

7.9) Energy Changes in the U-V/BNase A Complex as a Consequence
{ Varying the Position of the His{19 Side Chai

The energy of RNase A was measured with the position of His119 side chain in various
locations. The energy calculations were performed using the x-ray crystallographic
coordinates of RNase A (Bernstein ef al., 1977; Wlodawer et al., 1982) (Protein Data
Bank, reference SRSA) with no ligand bound to the active site. The two dihedral angles

x1 and X2 of His119 were varied between -180° and +180° in steps of 182 and the

energy of the system was measured at each angle variation. Figure 70 shows a contour
plot of the areas of lowest energy versus the dihedral angles X1 and X2 of His118. The
lowest contour level is at 889 kcal/mol and the outer contours increase by 2 kecal/mol.
The A and B positions of His119 were both located in areas of minimum energy and these

positions were connected by a low energy pathway. Two other areas of minimum energy

were located at approximately X1 = 160°, X2 = 80° and X1 = -120°, X2 = 80°.
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Figure 69. Distances Within the Active Site of the U-V/RNase A Complex with His119

in the B Position. The above diagram shows someé of the distances between the Hel
protons of His12 and 118 and the CgH and CgH protons of U-V and between the Hel
proton of His119 and the closest methyl proton of Val118, with His119 in the B position
based upon the coordinates of the combined neutron and 2 A x-ray crystallographic
structure of the U-V/RNase A complex (Bernstein et al., 1977; Borah of al., 1985;
Wiodawer et al., 1983) (Protein Data Bank, reference 6RSA).
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Figure 70. Contour Plot of the Energy of RNase A Versus the X1 and X2 Angles of
His119. The X1 (N-Ca-CB-Cy) and X2 (Ca-CB-CY-Cd) angles of His119 were each
rotated through 360° and the energy of RNase A was measured at each new angle. The
lowest energy level Is 889 kcalmol and each outer contour increases by 2 kcat/mol,
The dihedral angles representing the A and B positions of His119 are labelled on the plot.
The coordinales used were from Wiodawer et al., 1982 (Protein Data Bank, refsrence
5RSA).
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The same calculation was repeated using the neutron difiraction coordinates of the U-
V/RNase A compiex (Protein data bank, reference 6RSA). Since the U-V portion of the
complex had several undefined valences, the substrate portion was altered so that a
phosphorous atom replaced the vanadium atom. Therefore, a panta-coordinate
phosphorous atom now occupies the active site. No other significant atomic changes were
made 1o the U-V molecule. The two dihedral angles X1 and X2 of His119 were varied
between -180° and +180° in steps of 18° and the energy of the system was measured at

each angle variation. Figure 71 shows a contour plot of the areas of lowest energy

versus the dihedral angles X1 and X2 of His119. The lowest contour levei is at 950

kcal/mol and the outer contours increase by 10 kecal/mol.

Two areas with total energy less than 1000 kcal/mol were located on the plot. The

position representing His119 in the A position (x1=149°. %2=-101°) is labelled on

the plot and is within one of the areas with low engrgy. The second area with low energy
possesses a similar X1 angle but there is a large change in the %2 angle. The coniour
with the lowest energy in this second area has X1 and X2 angles of 160° and 80°,
respectively. The position of His119B is also labelled on the graph, but is not within an

area of minimum energy.
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Figure 71. Contour Plot of the Energy of the U-V/RNase A Complex Versus the X1
and X2 Angles of His119. The %1 (N-Ca-CB-Cy) and X2 (Ca-CB-Cy-Cd) angles of
His119 were each rotated through 3600 and the energy of the U-V/RNase A complex
was measured at each new angle. The lowest energy leve! Is 950 keal/mol and each
outer contour increases by 10 keaUmol. The dihedral angles representing the A and

B positions of His119 are labelled on the piot.
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CHAPTER EIGHT

DISCUSSION

8.1) pH* Titration of RNase A

The pH* titration curves of the Het resonances of His12, His105 and His119 are

continuous in the pH range of 3.0 to 9.0 (Figure 54). The titration curve of the Hel
proton of His48 is discontinuous, as this resonance is not observed in the pH* range 5.0
1o 8.0. The resonance of the He1 proton of His48 is only observed in the presence of
acetate and propionate; in the presence of other salts, it is not observed due to slow
exchange braodening (Figure 53) near its pKa (Markley, 1975b). The calculated pKa
values for Hel protons of the observable His residues are as follows: His12, 6.19;
His105, 6.69; His119, 6.55 (Table Xill). The pKa values are similar to the pKa vailues
determined under identical salt concentration and temperature conditions, where the pKa
values of His12, His105 and His119 were found to be 6.01, 6.40 and 6.72,

respectively (Markiey and Finkenstadi, 1875; Markley, 1975b).

8.2) Titcation of RNase A with 3'-CMP

The titration of RNase A with 3'-CMP was done at pH* 5.5 and was monitored by TH-
NMR at 30°C (Figure 55). 3-CMP is an inhibitor of RNase A. The structurs of 3'-
CMP, with its free 3'-phosphate group, is identical to the structure of the nucleotide
bound directly to the active site of the enzyme after RNA catalysis. The binding constant

of 3-CMP to RNase A at pH 7.0 is equal to 1770 M-1 (Pollard and Nagyvary, 1973} and
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at pH 5.0 the binding constant increases to 7530 M-1 (Anderson et al, 1968). The
effect of adding increasing amounts of 3-CMP to the RNase A sample is manitested by a
downfield shift in the position of the Het resonances of His12 with no observable change
in the line-shape of this resonance or the other His resonances. The total downfield shift
for the He1 resonances of His12 was about 0.3 ppm. There is no significant effect on the
Hel resonances of His119 therefore this proton does not directly interact with the
phosphate group of the inhibitor. The obsearvation that His12 and His119 are
differentially affected by the binding of 3-CMP to the active site of RNase A, agreas with
previous reports on the binding of this inhibitor as well as 2'-CMP and 5-CMP to the
enzyme {Meadows et al.,, 1969). The TH-NMR resonances of the He1 and H52 protons of
His105 are not affected by the introduction of 3'-CMP suggesting there is no interaction
between this residue and the inhibitor. The effect cn the position of the His12 resonance
cccurs gradually (Figure 56) and is continuous as 3'-CMP is added 1o the enzyme
solution until the enzyme bacomes saturated with inhibitor at a [3'CMP]/[RNase A]

motar ratio of about 1.5.

8.3) pH* Titration of the 3-CMP/RNase A Complex

In the pH* titration of RNase A with 3-CMP bound to the active site, the Hel
resonances of His12, His105, His119, and His48 could be observed clearly within the

aromatic region (7.4 to 9.2 ppm) of the TH-NMR spectrum (Figure 57) at low pH".

The Met resonances of His12, His105 and His119 exhibited continuous titration curves

throughout the pH* range (3.72 1o 9.81) {Figure 58). The fitration curve of the Hel

proton of His48 is discontinuous as was observed in the pH* titration of the free enzyme

(Figure 53). The calculated pKa values for His12, 105 and 119 were 6.95, 6.69 and
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7.17, respectively (Table XVI). Compared to the pH" titration of the free enzyme
(Table Xlll} the pKa values of His12 and His119 in the 3'-CMP/RNase A complex
increased 0.76 and 0.62 pKa units, respectively. No significant change was observed in
the pKa of His105. The large increase in the pKa values of His12 and His119 is
expected, since the binding of 3'-CMP within the active site places a negatively charged
phosphate group within the vicinity of these two residues. No change was expected in the
pKa value of His105, since this residue is not near the active site of the enzyme
(Borkakoti et al., 1982). The effect on the pH* titration curves of the active site His
residues induced by 3'-CMP is typical of that observed in severai titration studies of
these residues in the presence of various RNase A inhibitors (Gorenstein et al, 1976;
Haar et al., 1974; Markley, 1975b; Meadows et al., 1969). In general, the binding of a
negatively charged ligand to the active site of RNase A results in an increase in the pKa of

His12 and His119.

8.4) Titration of BNase A wilh U-V

The titration of RNase A with U-V was performed at pH* 5.6. TH-NMR spectra were
recorded at five different [U-V]:[RNase A} ratios: 0.00, 0.43, 0.86, 1.29 and 2.14
(Figure 61). With no U-V added the His resonances of the free enzyme were observed in
the aromatic region (7.4 to 9.2 ppm) of the spectrum. As the concentration of U-V is
increased the Hel resonances of Hisi2 and His119 decrease in intensity and the
resonances of His12P, His12U, His119P and Ris119U appear and increase in intensity.
As U-V binds to the active site, the normal He1 resonances of His-12 and 119 begin to
lose intensity with no change in their position evident other than the appearance of the

four resonances assigned to protonated and unprotonated forms of these residues in slow
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exchange (Borah et al, 1985).  The change in the positions of the He1 resonances of
His12 and His119 is not oontinuoﬁs and occurs suddenly as U-V binds within the active
site of RNase A. The 1H-NMR resonances of the He1 and H32 protons of His105 are not
affected by the introduction of U-V suggesting no interaction with this residue. The
resonances of free His-12 and His-119 were no longer observable at a [U-V]:[RNase A]
molar ratio of 1.29 and no change in the spactrum was observed at a ratio of 2.14.
Therefore the enzyme is essentially saturated with U-V at a maximum ratio of 1.29.
These results confirm the tight binding of U-V to RNase A and may substantiate its
proposed transition-state analog role (Lindquist et al.,, 1973). This result is
significant, since it is important to verify that the enzyme is salurated with U-V before
performing any pH titration studies or two-dimensional NOESY experiments. The U-V
litration profile of RNase A observed by TH-NMR is similar to that observed by Borah et
al. (1985).

Although the S1V-NMR spectrum of the U-V molecule acquired at pH* 6.20 was not
identical to the spectrum of U-V acquired at pH* 6.80 observed by Borah et al. (1985),
the largest resonance in the spacirum is assignable to the 51V resonance of U-V based on
the assignments of Borah et al. (1985). Two other resonances were observed in the
spectrum presented here that were not observed in the spectrum of U-V acquired by
Borah et al. (1985). The reasons for this are not clear. The extra peaks could be a
result of the different pH values that the two spectra were acquired at. During the
course of this study a crystal developed in the NMR sample used to acquire the VS1.NMR
spectrum of U-V. The structure of this crystal was subsequently sclved by x-ray
diffraction, and found to be V19QO2g. Therefore, one of the extra peaks could be this

moleculs. The most convincing evidence that it is indeed U-V that is binding to the active
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site of RNase A, is the observed effect on His12 and His119. The results of the TH-NMR
experiments showing the binding of the U-V sample to RNase A presented here, are
similar to that observed by Borah ef al {1985). No previous research has shown the
binding of V10028, or any molecule similar to this structure, 10 RNase A. If V1gO2g Is
an impurity within the U-V sample it would not interfere with the study of the etfect of

U-V on the active site histidyl residues.
8.5) pH* Titration of the U-V/RNase A Complex

The pH* titration of the U-V/RNase A complex is quite unusual (Figure 62).
Unlike the binding of 3'-CMP and other inhibitors 1o RNase A where the effects on the
active site His residues are gradual as the pH is raised or lowered, U-V saturates the
enzyme as soon as the pH* hits 5.0. Also since the titration curves of His12 and His119
are now discontinuous, the pKa values of thase residues cannot be calculated. In the pH*
titration of the 3-CMP/RNase A complex, both His12 and His119 have continuous
titrution curves and the effect of the binding of the inhibitor on these residues Is
manifested by an increase in their calculated pKa valugs. There were no significant
effects on the resonances of His105 or His48, as expected since neither of these residues

is within the active site of the enzyme and do not interact directly with U-V.
8.6) Binding of U-V to RNase A

As shown above, U-V exhibits very peculiar binding characteristics 1o the active site
of RNase A. U-V binds to the enzyme only within the pH* range of 5.0 to 8.0 and

absolutely no evidence of binding to the enzyme is observable outside of this pH range.
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The reason for this particular binding phenomenon is not known. It could be a result of a
change in the protonation state of one of the aclive site histidine residues. Either Hisi2
or His119 must become unprotonated, allowing the U-V fo bind tightly and rapidly into
ihe active site of RNase A. The displacement of U-V from the active site at pH* 8.0 would
thus be preceded by the complete deprotonation of the second histidine residue. Histidine
12 is most likely the residue deprotonated at pH" 5.0 since its pKa in the free enzyme is
6.19. The pKa of His119 in the free enzyme is 6.55, therefore it would be the
deprotonated residue at pH* 8.0. The problem with this explanation is that at pH 5.0 a
very small percentage of the His12 (pKa 6.19) residues would be unprotonated and
almost 100% of the His119 {pKa 6.55) residues would be completely unprotonated at
about pH 7.6. Indeed if the deprotonation of an active site His residue were required for
the release of U-V at pH* 8.0, a gradual decrease in the intensity of one of the
resonances aitributed to the protonated forms of His12 or His119 would be expected.
Both His12P and His119P are observed throughout the pH® range from 5.0 to 8.0
(Figures 63 and 64) (Borah et al, 1985) with no observable change in their
intensities (Borah et al, 1985). If U-V traps the active site His residues in a slow
protonation/deprotonation exchange the protonation state of the active site residues
would not be expected to change within the pH* range 5.0 to 8.0. Therafore, no
alteration of the protonation state of these residues could occur which would be required

for the release of U-V.

A second explanation for the strange binding behaviour of U-V 1o RNase A is that it
may be a result of an overall structural change in the enzyme cccurring at pH* values
5.0 and 8.0. This theory would require'a subtle change in the conformation of the active

site at pH* 5.0. This conformational change would accomodate the binding of U-V.
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Another conformational change at pH® 8.0, unfavourable for the binding of U-V, would
cause the release of the transition-state analog from the active site of the enzyme. Such
a structural change was postulated by Markiey (1975b) when hg was inves*igating the
titration profile of His48 of RNase A. The titration profile of this residue was known to
be discontinuous, and in litrations from low 1o high pH, began to broaden out and
disappear near pH* 5.0 and then reappear again at pH* 8.0. It was postulated that the
discontinuous titration curve of His48 was a result of struciural changes in the region
near His48. The distances between the Ca atoms of His48 and His119, and His48 and
His12 are 16.07 A and 8.88 A, respectively, as measured in the combined neutron and
x-ray diffraction structure of the U-V/RNase A complex (Bernsiain et al., 1977; Borah
et al., 1985; Wlodawer et al., 1983) (Protein Data Bank, reference 6RSA). If a
structural transition is occurring within RNase A which affects His48 between pH* 5.0
and 8.0, it is also possible that the same conformational transition could result in

changes in the active site of RNase A in the vicinity of His12 and possibly His1189.

8.7) Position of His119 in the U-V/BNase A Compiex

The NOESY spectrum of the U-V/RNase A complex showed no cross peaks between any
of the resonances atiributed to His119 and the CsH and CgH resonances of U-V (Figure
66). Cross peaks between the Hel resonance of His12P and the CsH and CgH resonances
of U-V were observed (Figure 66). Although the associated distances of 5.54 A and 6.74
A, respeciively, (Figure 68) approach the upper limit of inter-proton distances
normally observed by through-space correlation, the observation of cross peaks
suggests that on a time average in solution, these protons are close to each other. The

distances were determined from the coordinates of the combined neutron and 2 A
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resolution x-ray diffraction structure of the U-V/RNase A complex (Bernstein et al.,
1977: Borah et al., 1985; Wiodawer ef al, 1983) (Protein Data Bank, reference
6RSA). The distances between the Hel proton of His119 and the CsH and CgH protons of
U-V are shorler than the distances batween the He1 proton of His12 and the CsH and CgH
protons of U-V based on the coordinates of the neutron diffraction structure of the U-
V/RNase A complex (Borah et al, 1985) which places His119 in the A position (Figura
68). This resuit along with the cross peak observed between the Hel resonance of
His119P and one of the methyl resonances of Valt18 (Figure 67), suggests that His119
occuples a position more closely related to the B position {Borkakoti et al., 1982) in the
U-V/RANase A complex in solution. A cross peak between the Hel proton of His119 and
one of the methyl protons of Vali18 would be predicted if His113 were in the B position
(Figure 69). With His119 in the B position, no cross peak would be expected between
the Het proton of His119 and the CsH and GgH protons of U-V (Figure 69). Therefore
the position of His119 in the U-V/RNase A complex in solution is different from that

observed in the neutron difiraction structure of the complex (Borah et al., 1985).

The energy of RNase A was measured with the position of the His119 side chain in

various positions by altering the dihedral angles X1 and X2 of this residue (Figure 70).
An area of minimum energy was located at X1=160°, ¥2=-80° for Hisi19 which is

similar to the A position for this residue (X1=149°,X2=-101°) (Borkakoti et al,

1982). An area of minimum energy was also observed for the system with His119 near

the B position (X1=-68°, X2=-63°) (Borkakoti et al, 1982).

The energy of the U-V/RNase A complex was measured with the position of the

His119 side chain in various positions by altering the dihedral angles X1 and X2 of this
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residue (Figure 71). Two areas of minimum energy were located at X1=160°, X2=80°
and X1=160°, X2=-80° which is similar to the A position for His118 (X1=149°,
X2=-1019) (Borkakoti et al, 1982). No area of minimum energy was observed for the
system with His119 in the B position (X1=-69°%, X2=-63°) (Borkakoti et al, 1982).
This result does not preciude His119 from being able to occupy the B position, as there
is no evidence from the NMR data that U-V binds within the active site of the enzyme In
the exact position as in the crystallographic structure. Indeed in the combined neutren
and x-ray diffraction structure, the position and orientation of the ribose sugar ring of

U-V was ambiguous and the final structure of this moiety is distorted (Borah et al.,

1985).

The observed differences in the position A and B of His119 of RNase A may be a
function of differences in crystals and solution structure. The possibility does exist that
the differences in the postion of His119 may be a result of differences in experimental
conditions. Histidine 119 is seen primarily in the A position in RNase A crystallized
from alcohol, such as 40-60% ethanol at pH 5.2-5.7 and 43% t-butanol at pH 5.3.
(Borkakoli et al., 1982; Wlodawer and Sjolin, 1983; Wlodawer et al, 1983).
Histidine 119 is obsarved in the B position in RNase A crystallized from salt solutions
such as amrmonium sulfate at pH 5.2 (Martin et al., 1987; deMel et al., 1992). In the
NOE spectra of the phosphate/RNase A complex in aquecus solution in 0.2 M NaCl at pH
4.0, a cross peak was observed between His119 and one of the methyl protons of Val1i8
(Santoro et al., 1993), which places the side chains of these wo residues within close
proximity of one another. An arrangement in which the side chains of His118 and

Vali18 are close to one another abuts the B position (Santoro et al., 1993).
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It has been postulated that U-V is a better transition-state analog for the hydrolysis
step than for transphosphorylation in the catalytic mechanism of RNase A {Lindquist et
al, 1973). This implies that His119 in the U-V complex should be closer to position A.
In the A position, His119 makes a hydrogen bond with Aspi2i, thereby making it a
better base for abstracting a proton off the water molecule that attacks the tetrahedral
phosphonate in the cyclic nucleotide (Figure 49) (Brooks et al, 1986). The ionic
strength of our NMR sample (0.3 M NaCl) may weaken this interaction between His119
and Aspi21. This would allow His119 to move away from the A position, possibly closer
to an axial oxygen atom of U-V, which has a larger elecirostatic potential than the

equatorial ones (Krauss and Basch, 1992).

8.8) Modelling the Catalytic Mechanism of BNase A

U-V is proposed to be a transition-state analogue for RNase A {Lindquist et al.,
1973). It has been shown in the x-ray crystallographic structure of the U-V/RNase A
complex that U-V forms a pentacoordinate trigonal bipyramida! structure with the
centrai vanadium atom bound o five oxygen atoms (Wlodawer et al,, 1983). This
structure mimics the pentacoordinate trigonal bipyramidal phosphorous transition state
that is encountered in both the transphosphorylation (Figure 48) and hydrolysis

(Figure 49) catalytic machanisms of RNase A.

In the neutron diffraction structure of the U-V/RNase A complex (Borah et al.,
1985), His119 formed a hydrogen bond with the apical oxygen o2V of U-V, although the
distance to the O3 equatorial atom was 0.31 A shorter. Histidine 12 made a hydrogen

bond with an equatorial oxygen and Lys41 was hydrogen bonded to an apical oxygen. This
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observed location of His12 is in contradiction to the accepted mechanism of the enzyme.
Histidine 12 is responsible for the proton transfer to the apical oxygen and Lys4i
provides stabilization of the transition-state complex (Alber et al., 1983). One
explanation for this apparent discrepancy is that the flexibility of the Lys-41 side chain
allows this residue to search for and bind to the more electronegative apical oxygen
(Krauss et al, 1992). it was concluded that U-V is not a suitable transition-state
analog for the study of His12 and Lys41, but is a useful analogue for the study of His119
(Krauss et al., 1992).

Modelling studies placing U-V in the active site of semisynthetic RNase A show that
the distance between the O2 atom of U-V and ND1 of His-119A is 2.96 A and the same
distance with His119 in the B position is 3.13 A (deMsl et al., 1992). The O2 atom of
U-V has been proposed to mimic the oxygen of the water molecule involved in the
hydrolytic reaction performed by RNase A (Lindquist et al., 1973). Thus His119 in the

A position is closer to the atom that is attacked in the hydrclytic step.

A second modelling study involved placing the substrate uridylyl-3',5'-adenosine
(UpA), with a methylene group in place of the 5'-oxygen, into the active site of
semisynthetic RNase A (deMel et al., 1992). When UpA is placed into the active site, the
distance between the C4P1 atom in this molecule, which has replaced the OS5' atom in the
actual substrate, UpA, and the ND1 atom of His119, when in position A, is 3.26 A. when
His119 is placed in the B position the corresponding distance is 2.68 A. The overall
results of the above modelling studies are that His119 in site A is closer to the subsirate
atom that is attacked in the hydroiytic step, while His119 in position B is closer to the

atom that is attacked in the transphosphorylation step. The results of this modelling
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study suggest that His119 in the A position is catalytically important for the hyarolysis
reaction, and His119 in the B position is important for the {ransphosphorylation
reaction. However, His119 in the more distant site is still within a suitable distance 1o
react effectively with the appropriate substrate atom. Therefore in our NMR studies,
U-V is mimicing the transphosphorylation step instead of the hydrolytic reaction, since
His119 is in a location more closely related to the B position, when U-V is bound within

the active site.

In the neutron diffraction structure of the U-V/RNase A complex, the vanadate existed
in the dianion form, and both His12 and His119 are doubly protonated (Rorah et al.,
1985). In solution, the vanadate species exists as a monoanion and the extent of
protonation of the two active site histidine residues are about 58% for His12 and 26%
for His119 (Borah et al., 1985). It has been suggested that the vanadate dianion models
a step in the hydrolysis mechanism and that the monoanion form of the vanadate mimics a
step earlier in the catalytic mechanism, presumably transphosphorylation (Krauss et
al., 1992). Thus the difference seen in the positions of His119 in the crystal and
solution struclure may be a resuit of the difference in the ionization state of the

vanadate.

As mentioned above, the degree of protonation of His12 and His119 was observed to be
about 58% and 26% respectively (Borah et al., 1985). Although the spectra presented
here are lass resolved, on the surface they appear to support this resuit (Figure 61).
What is peculiar is that at pH* 5.0, where the binding of U-V to RNase A is initiated,
His119 would be expected to be fully protonated, since its pKa in free RNase A was

calculated to be 6.55 (Table XIll). Even at pH* 5.5 at which the U-V titration of RNase
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A experiments were performed, the extent of protonation of His119 would be expsacted to
be much greater than 26%. The extent of protonation of His119 should be substantially
greater than that for His12 at pH* 5.0 and 5.5, since His12 has a pKa value about 0.3
pH units less than that of His119. Although the experiments are examining a dynamic
event and the extent of protonation of either residue would be expected to change upon the
binding of U-V, the extent of protonation of the two His residues appears o correlate
with the formation of the cyclic intermediate. !n the formation of the cyciic
intermediate, His119 gives up ils proton while Hisi2 accepts a proton from the
substrate. During the hydrolysis step of the mechanism, His119 a%slracts a proton
from the substrate, while His12 donates a proton. Thus tha extent of protonation
observed for these two residuss is fore indicative of transphcsphorylation in which

His119 relinquishes a proton.

The major difficulty in attempting to determine which step in the catalytic
mechanism of RNase A that U-V acts as a transition-state analog for, is that a mechanism
is a dynamic event. The mechanism of RNase A can be crudely divided up into a few steps
such that a penta-coordinate phosphiorous atom exists twice; once during the middie of
the transphosphorylation step and once during the hydrolytic step. In reality, there are
several environments around the penta-coordinate phosphorous transition-state
throughout the course of the digestion of RNA by the enzyme. These environments are
dependent on the degree of protonation of the two active site histidyl residues.
Therefore, several different penta-coordinate phosphorous transition-states exist for
the enzyme and it is difficult to definitively determine which point of the mechanism that

U-V is acting as a transition-state analog for.
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With all of the structural studies done attempting tc determine the importance of the
flexibility of the His119 side chain in the catalytic mechanism of RNase A, little
progress appears to ba made. [t may be possible that the flexibility is not catalytically
important and is only a resuli of the conditions in which the structural studies were
carried out. The enzyme semisynthetic RNase A, prepared through a non-covaient
association of RNasa A (1-118) and a synthesized teiradocapeptide comprising the
carboxyl terminus of the enzyme, retains 98% of the activity of native RNase A. In the
1.8 A resolution x-ray structure of crystals of semisynthetiq RNase A, grown from
concentrated salt solutions at pH 5.2, His119 is seen exclusively in thé B position
(Martin et al., 1987). The resulis from the crystal structure of semisynthetic RNase A

sugges! that His11S in the B position is still totally functional in the digestion of RNA.

Overall the results from the two-dimensional homonuclear NOESY spectrum suggest
that the position of His119 of RNase A in the presence of U-V differs from that observed
crystallographically (Borah et al., 1985). The lack of NOE cross peaks between His119
and U-V and the presence of a cross peak betwsen His119 and one of the methyl protons
of Vali18 suggests that His119 occupies a position closely related to the B position

observed for this residus in solution {Borkakoti et ai, 1982).
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Appendix 1

Nomenclature of Atoms in_Histidine

Ha
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Appendix 2

Nomenclature of Atoms in Uridine Vanadate
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Appendix 3

NOE Restraint File Used in the Generation of the
Three-Dimensional Stricture of Thymosin ajy

The foliowing file Is a Tist of hydrogen bond restraints, chirality restrainis

NOE distance restraints and NOE volume restraints used In the generation of the
three-dimensional structure of Thymosin &y

The column definitions are as follows:
8ihe smallest separation betwaen the pair of aloms in A
Bihe greatest separation between the pair of aloms inA

Cforce constant applied when aloms are closer
than the lower bound (kcal mol! A2)

dforce constant applied when atoms are farther apart
than the upper bound (kcal mol! A-2)

elimit on the magnitude of force (kcal mol! A't)

fihe asymmelric atom center

Gthe desired chirality at the center

hmixing times

Imaximum upper bound of the separation of the pair of atoms in A
Jlower bound on the NOE volume for mixing time 1

kupper bound on the NOE volume for mixing time 1

hower bound on the NOE volume for mixing time 2

Mypper bound on the NOE volume for mixing time 2

Nower bound on the NOE volume for mixing lime 3

Oupper bound on the NOE volume for mixing time 3
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