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Abstract

The medically significant Hepatitis A Virus (HAV) 3C protease processes the
polyprotein produced by HAV. In this thesis, we describe our efforts at
characterizing HAV 3C protease using various approaches including analytical
ultracentrifugation, isotopic labeling and NMR spectroscopy with the specific goal
of completing the backbone 'H, *C, and '°N assignments of the HAV 3C protease.
Chapter 2 discusses the analytical ultracentrifugation, >N Tp-relaxation, and 'H
linewidth studies that identified sample conditions where HAV 3C protease exists
as a monomer at suitable concentrations for NMR spectroscopy. Chapter 3
describes the strategies that facilitated the expression and purification of large
quantities (>30 mg/l) of uniformly (*°N, C/*®N, and *H/"*C/">N) and "*N-residue
specific labeled HAV 3C protea.;,e from E. coli. Finally, chapter 4 discusses the
heteronuclear multidimensional NMR experiments performed that permitted 'H,

13C and N chemical shift assignments for ~ 85% of the backbone.
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Chapter 1

Introduction

Over the past two decades, advances in structural biology have radically
transformed the ways in which drugs are designed and discovered. Today, rather
than treating protein drug targets as simple “black boxes”, scientists are now
treating them as complex molecular entities that possess well-defined three
dimensional structure and specific sites that can be activated or deactivated by
small molecule ligands. Innovations in structure determination methods and
computer-aided molecular rendering techniques have led to the development of
‘structure based drug design’ or ‘rational drug design’. These are drug
development techniques that use the structure of a protein target as an essential
template in the design or construction of protein-specific small molecule ligands
(Goody, 1995).

One class of proteins that is particularly applicable to rational drug design
is the proteases. Proteases are enzymes that cut or cleave peptides and proteins at
specific sites (Voet and Voet, 1995). They are critical to many vital processes
including digestion, protein turnover, immune recognition, and protein processing.
Proteases have been classified into four families: cysteine proteases,
metalloproteases, aspartic proteases, and serine proteases based on their
catalytically active residues. It is known that a number of proteases are involved in
a variety of human diseases (Table 1.1). Consequently, many proteases could
serve as excellent targets for the development of inhibitors and new therapeutic

agents.

Interestingly, the first “rationally designed” drug (developed by researchers
at Squibb) inhibited a protease known as angiotensin converting enzyme (ACE)
(Rubin et al., 1978). This drug, named captopril, was the first of a number of

impressive ACE-based antihypertensive medications that have appeared over the
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last 20 years. In fact ACE inhibitors are by far the most significant rationally
designed drugs to have reached the market. Since 1975, there have been several
other successful examples of rational designed drugs including the HIV
protease inhibitors (DesJarlais et al., 1990; Olson and Goodsell, 1998) and anti-
tumor agents such as capecitabine (Verweij, 1999).

Table 1.1 Protease Families
Family Representative Enzyme | Disease
Serine Proteases Neutrophil elastase Pulmonary emphysema
Thrombin Platelet dependent

thrombus formation

Metalloproteases Angiotensin converting | Hypertension

enzyme (ACE)
Stromelysin Inflammatory disorders
Cysteine Proteases | HAV 3c protease Hepatitis A
Cathepsin B Tumor formation
Calpain Stroke
Aspartic Proteases | Renin Hypertension

The rational design of any given drug depends on a precise knowledge of
the three-dimensional (3D) structure of the protein target. To date, the most
prominent technique for 3D structure determination has been X-ray
crystallography (Blundell and Johnson, 1976). More recently, structure-
determination techniques based on nuclear magnetic resonance (NMR)
spectroscopy have emerged as a powerful alternative to X-ray crystallography
(Wider and Wuthrich, 1999). NMR spectroscopy is often complementary to X-ray
crystallography, with one method providing structural or dynamic information that
is not as easily obtained with the other. This was demonstrated recently as

information derived from both techniques was used in the structural refinement of



bovine pancreatic trypsin inhibitor (BPTI) (Schiffer et al, 1994). Using NMR
spectroscopy to derive solution structures of proteins can also provide a check for
the correctness of a previously determined crystal structure (and 'vice versa).
Indeed, discrepancies detected between NMR and X-ray structures have increased
awareness about the possible mistakes that can be made using either technique
(Wagner, 1993). What makes NMR spectroscopy particularly attractive is that the
protein of interest is normally studied in solution as opposed to the solid-state that
is required for X-ray crystallography. For these reasons structural analysis by
NMR is clearly a worthwhile endeavor, even in cases where an X-ray structure of

the same protein has already been solved.

This dissertation describes the use of NMR spectroscopy to characterize a
large, medically significant protein that could serve as a suitable target for rational
drug design. Specifically, it centers on the 217 residue 3C protease from the
Hepatitis A virus. This particular 3C protease is responsible for processing the
polyprotein produced by the translation of viral mRNA and therefore is essential to
the propagation of this virus. Consequently, it serves as an excellent “model”

protein target for the rational design of an anti-viral drug.

Although the HAV 3C protease structure has been previously determined
by X-ray crystallography (Allaire et al., 1994), we have chosen to characterize this
protein via NMR spectroscopy. The intention is to use this technique to help
screen for putative inhibitors via a process called “SAR (Structure Activity
Relationships) by NMR” (Shuker et al., 1996). More specifically, this thesis
describes the efforts to characterize and “condition” HAV 3C protease which,
ultimately resulted in the near-complete backbone assignments of this protein.
These assignments will serve as a critical first step for future SAR by NMR
studies. In particular, chapter 2 describes the techniques that were used to
determine sample conditions at which HAV 3C protease existed as a monomer — a
prerequisite for the collection of “good” NMR spectra. Chapter 3 describes the

protocols that were developed to isotopically label the protein, both uniformly and



site specifically. = Chapter 4 describes the heteronuclear multidimensional
experiments that were used to facilitate the near complete backbone assignments
for this protein, while the final chapter summarizes the results and discusses

prospects for future studies.
1.1 NMR Spectroscopy of Proteins

Over the past 15 years, high-resolution NMR spectroscopy has become one
of the most powerful techniques for biomolecular structure determination and
analysis. The development of pulsed Fourier Transform NMR spectroscopy (Ernst
and Anderson, 1966) in conjunction with multidimensional NMR spectroscopy
(Jeener, 1971) has made it possible to determine the 3D structure of
macromolecules such as proteins and DNA. Using protocols that were developed
principally by Wuthrich and his collaborators in the early 1980’s, the first 3D
protein structure was determined by Williamson et al (1985). Improvements in
NMR spectrometer technology such as increased field strength, improved
computer speed and increased probe sensitivity coupled with isotopic labelling and
improved pulse sequences (Kay and Gardner, 1997; Kay, 1995) have allowed
proteins and protein complexes as large as 64 kilodaltons to be characterized by
NMR (Shan et al., 1998). To date, NMR spectroscopy has been used to solve more
than 1500 biomolecular structures, many of which are available from the Protein
Data Bank (PDB) (Bemnstein et al., 1977) and Nucleic Acid Database (NDB)
(Berman et al., 1992).

Physical principles of NMR. The first commercial NMR spectrometers were
available in 1953. The early instruments used permanent magnets rated at 60, 80,
90 or 100 MHz and operated in a continuous wave (CW) or “frequency scan”
mode. Historically, the low sensitivity and low resolution of this technique limited
the NMR spectroscopy of macromolecules. However, Fourier Transform (FT)
NMR (Emst and Anderson, 1966), introduced in the late 1960s, was shown to be



capable of greatly enhancing the sensitivity of NMR. This sensitivity enhancement
was achieved by exciting and subsequently collecting signals from all nuclei (‘H or
1>C) in a given molecule simultaneously, rather than sequentially as in the CW
mode. An equally important development in the late 1960s was the introduction of
superconducting magnets that operated with fields of 200 to 500 MHz. These
superconducting magnets improved both sensitivity and resolution of NMR
spectrometers. Today, the desire for enhanced sensitivity and resolution still
remains and there are now 500, 600, 800, and 900 MHz instruments with helium-
cooled superconducting magnets that operate in pulsed FT mode.

Simply stated, an NMR spectrometer (Figure 1.1) consists of: (1) a strong
magnet with a very homogeneous field, (2) a radio-frequency (RF) oscillator that
generates the electromagnetic (EM) radiation, (3) a RF receiver to pick up changes
in EM absorbance or emission, (4) an amplifier to enhance the weak signal
emanating from the sample, (5) a recording device and/or computer to convert or
deconvolute the data, (6) a sample holder surrounded by a transmitter coil and
receiver coil, and (7) a sample spinner that spins the sample to increase the

apparent homogeneity of the magnetic field.

NMR spectroscopy involves the measurement of the interaction of
magnetic moments of atomic nuclei with the surrounding magnetic field (Kessler
et al., 1988). The magnetic moment of a nucleus is associated with the nuclear
spin quantum number I. Quantum mechanics states that each nuclear particle
(proton or neutron) has a spin value of I = /4. Combinations of multiple particles
in the nucleus results in an overall spin value that is specific for each atomic
isotope. Isotopes possessing even numbers of protons and neutrons will have I =0
(i.e. “He, 12C, °0). Isotopes having an odd number of protons and an even number
of neutrons or vice versa will have I = % or a multiple of % (i.e. H, BC, PN, or
'F). Those isotopes having odd numbers of both protons and neutrons will have I
=1 (i.e. °H). For NMR spectroscopy of biomolecules, the most important nuclei

are those havingI=% and I =1.



Figure 1.1. Basic outline of a modern, high field NMR spectrometer.
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In the presence of an external magnetic field, the spin angular momentum
of a nucleus with an overall non-zero spin will undergo a cone-shaped rotational
motion called precession (Figure 1.2). The rate of precession for each isotope is
referred to as the Larmor frequency (wo), which is dependent on the strength of the
external field (Bo) and the intrinsic properties of the nucleus reflected in its
gyromagnetic ratio (y). The Larmor frequency may be represented by the

following equation:

o =17Bo [1.1]

Each magnetic nucleus has 2I+1 possible orientations and 2[+1 corresponding
energy levels with respect to the external magnetic field. Therefore, a nucleus with
spin I = 2 will have two possible orientations which, in the absence of an external
magnetic field, will be of equal energy. However, if a magnetic field is applied,
the energy levels split (Figure 1.2). The energy difference (AE) between these two
orientations is directly proportional to the strength of the magnetic field.

AE =vh By/2n [1.2]

Where h is Plancks’s constant.

At any given magnetic field, a nucleus can jump from one energy level to
the other by absorbing or emitting a discrete amount of energy at its Larmor
frequency. In NMR, it is important to remember that one is not looking at a single
nucleus, but a population of nuclei (~10%°). Therefore, at room temperature, the
two energy states are unequally populated and the population ratio can be

expressed by the Boltzmann equation:

Np/Nq = exp(-AE/KT) [1.3]

Where N, and Np (Figure 1.2) are the populations of the lower and upper states

respectively, k is Boltzmann’s constant and T is temperature in degrees Kelvin.
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Figure 1.2. Nucleus with spin I = in an applied magnetic field. (2) The two
allowed spin states and (b) energy level diagram displaying ¢ and B spin
populations.



This population difference generates a net magnetization (M), aligned with
the external magnetic field, which will remain static unless the system is disturbed
in some way. If a magnetic pulse is applied for a short period of time in such a
way that it produces a second magnetic field B; perpendicular to the static field By,
this pulse will drive M away from its equilibrium position by a so-called “flip
angle”. This flip angle depends on the time, period and the field strength of B;. A
90° pulse or a 90° flip angle is defined as the time it takes a particular field
strength to rotate the equilibrium magnetization 90° with respect to its equilibrium
direction (the direction of the applied magnetic field, is usually set along the z
axis). Having a metal coil in the xy-plane allows the recording of the oscillating
current generated by the precessing magnetization. The precessing magnetization
eventually returns to equilibrium, with the xy magnetization slowly fading and the
z magnetization growing. This oscillating magnetic field can be detected by a coil,
converted to an electrical signal and recorded. This signal is called the free-

induction decay (FID). Using a mathematical operation called a Fourier transform;
f(0)=Jf(t) e dt [14]

the FID can then be converted from an exponentially decaying oscillation, which is

in the time (t) domain, into the more familiar spectrum, which is in the frequency

() domain. This whole process is illustrated in Figure 1.3.

Chemical Shifts. The magnetic field at a nucleus will tend to differ from the

applied magnetic field due to the “nuclear shielding” effect of the surrounding

electrons.
B=B,(1-0) [1.5]

Where o is the shielding constant, By is the applied field and B is the net

magnetization.



As electron density increases around a nucleus, so does the “shielding” (o)
and consequently, a stronger magnetic field is required to bring the nucleus into
resonance. The shielding constant (o) is related to the electron density (p) at a

distance (r) from the nucleus as described by Lamb’s formula;

c=4né [rp@r)dr [L.6]
3m¢?

Where m is the mass of an electron (9.11 x 10™! kg), e is the electron charge (-1.6
x 10™"® Coulombs) and ¢ is the speed of light (2.998 x 10° m/s).

The density of the electrons surrounding a nucleus is a function of the type
and proximity of chemical groups neighboring the nucleus of interest. In peptides
and proteins, the chemical shifts of nuclei depend on the covalent chemistry of
individual amino acids as well as the non-bonded environment (McDonald and
Phillips, 1967; Allerhand et al., 1973; de Dios et al.,, 1993). Involvement in
hydrogen bonding and proximity to aromatic and carbonyl groups tend to cause the
largest deviations of chemical shifts from the values they would otherwise display
in an unstructured (i.e. random coil) peptide (Wishart et al., 1995a).

In practical terms, chemical shifts (8) are measured by the difference
between the frequency (Hz) at which a particular nucleus absorbs (vogs) relative to
the frequency of a given chemical shift standard (vggr) such as DSS (2,2°-
dimethyl-2-silapentane-5-sulfonate). Chemical shifts are most commonly reported

in parts per million (ppm) and are calculated using the equation below.

8 (ppm) = {(voss - Vrer) / Vrer} x 10° [1.7]

10



@ (b) (©)

VA
Mz
free induction
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Figure 1.3. Vector picture of pulse NMR. (a) Bulk magnetization (M,) at
equilibrium in magnetic field (B,), (b) M, rotates M, after 90° pulse, (c) M
precesses at the Larmor frequency and returns back to equilibrium, (d) free

induction decay (FID), (¢) fourier transformation of FID yields familiar NMR
spectrum.
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Chemical shifts are exquisitely sensitive markers of protein structure and
protein-ligand interactions. 'H, 3C and "N chemical shifts are the most widely
studied and the dependence of these shift§ on protein secondary structure is well
established (Wishart et al., 1991; Wishart and Sykes, 1994b). SAR by NMR
(Shuker et al., 1996), a method of screening protein-ligand interactions, also relies
on chemical shift information. SAR by NMR relies on measuring the effects of
ligands binding to protein targets by analyzing the two-dimensional (2D) "N-'H
Heteronuclear Single Quantum Coherence (HSQC) spectrum of the target protein.
From perturbations in amide chemical shifts, one can readily identify whether
binding has occurred. If the peaks in the 2D '"N-'"H HSQC have previously been
assigned, then the perturbed peaks also indicate the site(s) on the protein where the

ligand is binding.

Spin-Spin Coupling. Nuclei that are coupled through chemical bonds exert an
influence on each other’s effective magnetic field. This effect shows up in a NMR
spectrum as a splitting of the main resonance peak and is termed spin-spin
coupling, scalar coupling or J coupling. The strength of this interaction is
measured by the scalar coupling constant, "J,,, where n designates the number of
covalent bonds separating the two nuclei, a and b. The magnitude of "Jy is

expressed in Hz and the most important interactions occur whenn =1 to 4.

Spin-spin coupling results from the pairing of an observed nucleus to the
electrons in its attached bonds. This pairing sensitizes a nucleus to the spin
orientation of neighboring nuclei. When the spin of a bonding electron is
influenced, it will in turn influence the spin of other bonding electrons that will
then affect an adjacent nucleus and so on down the length of the molecule. This
coupling cascade is the basis of through-bond NMR experiments such as COSY
and TOCSY.

For proteins, homonuclear experiments such as TOCSY and COSY

typically depend on 3JHH-couplings (such as backbone "N to backbone Hgy) to

12



effect magnetization (polarization) transfer between spins. Significant
magnetization transfer via these couplings requires a delay on the order of 1/J.
Thus, smaller J coupling values (3JHH = 3-10 Hz versus 1JCH = 125-160 Hz) require
longer periods of time to transfer magnetization (CJyy — 0.33-0.10 s versus 'Jey —
0.008-0.006 s). This can be problematic in the NMR spectroscopy of larger
proteins that possess more efficient relaxation for their NMR active nuclei. An
advantage of heteronuclear NMR spectroscopy is the efficient magnetization or
polarization transfer enabled by using one- and two-bond Jcu, Jnu, Jec, and Jen
couplings. This concept will be explored in more detail in the next section, which

discusses triple resonance spectroscopy.

It is important to note that structural information can also be derived from
these coupling constants. As was first described by Karplus (1959), the magnitude
of a *J; coupling constant contains information about the dihedral angle (0)
formed by the three covalent bonds between nuclei a and b. This relationship is

characterized by the following equation:
*Jap=A cos’ 0 + B cos (0) + C [1.8]

Where A, B, and C are empirically derived constants for each type of coupling
constant. 3JHNHa and 3JHAHB are the two main coupling constants that provide
structural information about dihedral angles in peptides and proteins (Pardi et al.,
1984; Bystrov, 1976; Wang and Bax, 1995 and 1996).

Spin Relaxation and Linewidth. Spin relaxation is defined as the return to
equilibrium of the projection of the magnetic moment of a large number of spins
after an initial perturbation or excitation. This is demonstrated in Figure 1.3(c),
which shows transverse magnetization (M,) returning to its equilibrium
magnetization (M,) along the magnetic field axis (longitudinal - M,) and

perpendicular to it (transverse - Myy). This phenomenon is of great importance to



NMR spectroscopy as the measure of relaxation rates can provide information

about the motion or dynamics of the molecules being studied (Kay et al., 1989).

For spin I = % nuclei in proteins (such as 'H, 3C and ISN), the two
prominent relaxation mechanisms are chemical shift anisotropy (CSA) and dipole-
dipole (DD) interactions. As stated earlier, chemical shifts reflect the local
magnetic fields experienced by different nuclei. These local fields are anisotropic
and consequently the components of the local fields vary as the molecule reorients
itself as a result of molecular motion. These varying magnetic fields are what
cause CSA relaxation. The second important relaxation mechanism arises from
dipole-dipole (DD) interactions. Any NMR active nucleus in a molecule generates
a magnetic dipolar field that is proportional to the magnetic moment of the
nucleus. As a molecule tumbles in solution, this field fluctuates constituting a

mechanism for relaxation of nearby spins.

Dipolar relaxation plays a prominent role in the NMR spectroscopy of
proteins. 'H relaxation is dominated by dipolar interaction between nearby protons
that are within approximately 5 A Similarly, the relaxation of protonated *C and
N nuclei also arises primarily from dipolar interactions with directly bonded
protons. CSA plays a secondary role in the relaxation of most nuclei. However, it
is an important relaxation mechanism for nuclei with large chemical shif: ranges.
Therefore *C, >N and 3'P nuclei experience significant CSA contributions to

relaxation whereas protons experience negligible effects.

Both CSA and DD interactions play a role in the macroscopically
observable relaxation rates known as spin-lattice (longitudinal or T;) and spin-spin
(transverse or Ty) relaxation. T relaxation is the measure of the efficiency with
which excited nuclear spins (spins that have experienced a 90° pulse) return to
thermal equilibrium by exchanging energy with the “lattice” or surroundings. T
relaxation describes the loss of transverse magnetization due to the exchange of

spin energies between excited spins. In general, T is always greater than or equal
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to T, because there are additional contributions to transverse relaxation such as
non-uniformity of the static magnetic field, Bop. When the sample is divided into
regions such that the field is uniform (regions known as isochromats), then the
total magnetization is the sum of these regions. Inherently, there will be
differences in sample uniformity that blur the bulk magnetization leading to

inhomogeneous line broadening or enhanced transverse relaxation.

In NMR, linewidth (Avyp) is defined as the full-width at half-height of the
resonance line-shape (Figure 1.4, p.17). Linewidth is a key factor affecting both
resolution and signal-to-noise ratio of NMR spectra. Spectral linewidths are
intricately related to T, relaxation, which is approximately proportional to the
overall rotational correlation time (tc) of the molecule (Figure 1.5, p.18). 1. is
defined as the approximate average time for the molecule to rotate by one radian
(57°). Note that . varies with molecular size, molecular shape, solvent viscosity

and temperature (Cavanagh, 1996).

Table 1.2 outlines the relationships between, molecular weight (MW),
rotational correlation time (t.), backbone I>N- and 13Cm-Tz relaxation times and
half-height linewidths (Avip). These values are estimated by the following
convenient equations (Spyracopoulos et al., 1999). The rotational correlation time

(tc) of a spherical protein (in nanoseconds) can be estimated from the MW (in

kilodaltons) of the protein via

Te=%x MW [1.9]

In addition, the transverse relaxation times (in seconds) of backbone >N and *C,,

can be conveniently estimated from the correlation time (in nanoseconds) via the

following equations.

1/Tana= 1.117, [1.10]
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1/Tacu=4.32 T, [1.11]

Estimates of the half height linewidths (Av,) are calculated from the T, values

using the following equation.
Avip= 11T, [1.12]

As can be noted in Table 1.2, increased molecular weight corresponds to
increased transverse relaxation rates (more rapid decay of transverse
magnetization) and broader linewidths. Consequently, larger proteins experience
greater sensitivity losses (signal loss) during NMR data acquisitions when
compared to smaller proteins. This loss of sensitivity accounts, in large part, for

the molecular weight limit imposed on solution NMR methods.

Table 1.2:  Relationships between molecular weight, correlation time (tc,)
backbone '°N-Ty, *C,-T>, and half-height linewidths (Avyy) of backbone '°N and
13 :

Cq nuclei.

MW Te l:N'Tz 13Ca-Tz lbN - AV]/:: '3Ca - Avm
(kDa) | (ns) () (s) (Hz) (Hz)

5 2.5 0.360 0.093 0.88 3.42

10 5 0.180 0.046 1.76 6.91

24 12 0.075 0.019 424 16.75

48 24 0.037 0.010 8.60 31.83
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Figure 1.4. Aresonance in a 1D 'H NMR spectrum displaying half-height
linewidth (Av,).
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1.2 Sequence-Specific Assignment of Larger Proteins

In NMR, the first step in determining the three dimensional structure of a
protein is to assign as many resonances as possible to specific nuclei in the
individual amino acid residues. For proteins of approximately 100 amino acids or
less, two-dimensional '"H NMR experiments developed during the 1970s and 1980s
are usually sufficient to permit unambiguous assignment (Wuthrich, 1986).
However, due to problems of overlap and sensitivity, 'H homonuclear NMR
spectroscopy is usually insufficient for proteins having a molecular weight
exceeding 10 kilodaltons. To permit the sequential assignments of larger proteins,
a spectroscopist must often resort to isotopic labelling and very careful sample
preparation to overcome three major problems: 1) protein aggregation, 2) spectral
overlap and 3) loss of sensitivity. The following three sections will briefly discuss
strategies and techniques that have evolved over the past 10 years in order to

overcome these three obstacles.

Protein Conditioning. A critical step in the sequential assignment process is the
acquisition of “good” spectra to facilitate analysis. Many proteins tend to
aggregate far below the concentrations required for NMR experiments. This
aggregation is problematic in that it leads to significantly broadened lines, poor
resolution and loss of signal, all of which complicate spectral analysis. Possible
reasons for aggregation include electrostatic or hydrophobic interactions present
between protein molecules (Wagner, 1993). “Protein conditioning” is a term that
encompasses the strategies used to prevent protein aggregation in NMR samples
(Wagner, 1993). Typically, these strategies include the screening samples where
the pH, temperature, buffer, and ionic strength are varied in order to determine the
appropriate conditions where the protein behaves as a monomer. There have also
been instances where the addition of detergents, such as CHAPS (Anglister et al.,
1993), and the introduction of point mutations (Kaarsholm and Ludvigsen, 1994)

have been shown to prevent protein aggregation.
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Isotopic Labelling. Because of the limited chemical shift dispersion of protons
(~10 ppm), the complexity of 2D 'H homonuclear spectra increase roughly as the
square of the molecular weight. If it was possible to either increase the chemical
shift dispersion or the “dimensionality” of the spectra, this problem of spectral
complexity or spectral overlap could be greatly reduced. For this reason isotopic
labelling with *C, >N (both have large chemical shift ranges), and in some
instances *H, has become standard practice for larger proteins. Normally, these
1sotopes must be incorporated at levels greater than 90% to achieve satisfactory
results (Mossakowska and Smith, 1997). Furthermore, by uniformly or site
specifically labelling a protein with either °C or N, a set of nuclei other than 'H
can be detected by NMR. This adds new dimensionality to the experiments,
thereby reducing spectral overlap and facilitating spectral analysis (Figure 1.6,
p-21).

In order to achieve this high degree of isotopic labelling, one must have a
high-yield expression system (usually bacterial) in which the cells can grow
efficiently on minimal nutrient media composed of simple organic carbon sources
(such as 1°C enriched glucose), nitrogen sources (such as '°N enriched ammonium
chloride) and 2H in the form of ’H,0 (Reid et al., 1997). Such a biosynthetic
system can be used to either uniformly label proteins or to site-specifically label
them with individual amino acids (Mclntosh et al., 1990; LeMaster and Richards,
1985).

Because of the beneficial effects of line narrowing, deuterium labelling has
played a beneficial role in the solution NMR studies of larger macromolecules
(Gardner and Kay, 1998). For heteronuclei (such as 13C and 15N) that are directly
bonded to protons, the major source of relaxation is due to dipolar fields caused by
the 'H spins (Kay, 1997). The size of these dipolar fields is related to the
gyromagnetic constants of the nuclei responsible for them. By substituting *C-

bound protons for deuterons, the size of these dipolar fields can be reduced by a
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Figure 1.6. Adding a third dimension to NMR experiments.
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factor of ~ 6.5. This is because the gyromagnetic constant of deuterium is ~ 6.5
times smaller than that of hydrogen. This results in a substantial decrease in the
13C relaxation rate. In addition, any remaining protons in the protein will also
experience a decrease in their T; and T, decay rate. This is because some of the
neighboring protons causing dipolar relaxation (those within 5 A) have been
replaced by deuterons. Figure 1.5 (p.18) illustrates the increase in backbone °C,
carbon T>’s that can be expected upon deuteration (Kay, 1997). These larger T,
values correspond to slower relaxation rates and therefore a concomitant narrowing

in linewidths for the affected nuclei.

Triple Resonance NMR Spectroscopy. Many of the NMR experiments designed
for the analysis of larger proteins require uniform labelling with >N and *C.
These experiments are called triple resonance techniques because three resonances
('H, °C and "*N) are recorded ina single experiment. Triple resonance techniques
represent a significant advance over homonuclear 'H techniques because they
exploit the large couplings that exist between the °N and '’C nuclei and their
directly bonded protons. They also exploit the sensitivity enhancement that can be
achieved with polarization transfer techniques such as INEPT (Morris and
Freeman, 1979) which enhance the signals that can be detected from low

sensitivity nuclei such as '*N and *C.

A typical multidimensional NMR experiment can be represented as a series

of magnetization or polarization transfer steps, such as:
A- B -» C > D = ... > Z

where the transfer of magnetization (through combinations of INEPT and reverse
INEPT pulses) proceeds from A to B to C and so on until it reaches Z where signal
is acquired. The amount of time necessary to transfer significant magnetization
along each link in the chain is a function of the strength of the coupling between
the two nuclei. This time is given by 1/J (s). Therefore larger couplings lead to
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more efficient transfer of magnetization. During this transfer, the signal decays via
relaxation processes that become more rapid as the size of the protein increases. If
the decay rate is on the same order as the magnetization transfer rate, sensitivity of

the experiments will be seriously ccmpromised.

Advantages of Triple Resonance NMR Spectroscopy. For 'H homonuclear
NMR experiments, >Juy coupling (approximately 5 — 12 Hz) are normally used to
effect magnetization transfer between spins in the protein. In these cases,
significant magnetization transfer via this coupling would require 80 — 200 ms
delays. During this time, the efficient relaxation rates of nuclei in large proteins

would lead to significant loss of signal intensity.

In contrast to 'H homonuclear NMR, triple resonance NMR spectroscopy
utilizes two techniques to increase signal at the end of magnetization transfer.
First, triple resonance NMR utilizes one and two bond IJCH, 1JNH, Yee, 'JCN and
%Jen couplings to effect efficient magnetization transfer. Using these couplings,
the approximate time necessary for efficient magnetization transfer between
backbone nuclei can easily be approximated as 1/J (Table 1.3) (Delaglio et al.,
1991; Powers et al., 1992). Therefore, efficient magnetization transfer is the first
mechanism by which triple resonance NMR experiments optimize signal intensity.

Table 1.3. Coupling constants and coherence transfer rates for 'H-'H homonuclear,
'*N-edited and triple resonance NMR experiments

J coupling Coupling Constant Coherence Transfer Time
(Hz) (s)

*JrioHip ~3-11 0.333 - 0.091
"INH ~95 0.011

“INHo ~3-11 0.333-0.091
Inca ~9-13 0.111-0.076
“INCo ~5-10 0.200 — 0.100
“Inco ~15 0.067

Jeaco ~55 0.018

Jec ~30-40 0.033 -0.025
Jen ~ 140 0.007




The second mechanism to optimize signal intensity involves removing the
primary source of relaxation in proteins, the protons. Labelling a large protein
with deuterium plays an adjunctive role to triple resonance experiments to increase
sensitivity of NMR experiments. In the context of pulse sequences, the rate at
which a resonance signal decays is of great significance to the success of any NMR
experiment. For triple resonance experiments, deuterium (bonded to *C nuclei)
can significantly reduce the relaxation rate of '>C nuclei thereby decreasing the rate
at which the *C signal decays. This reduction in relaxation rate, in combination
with efficient magnetization transfer via large one and two bond couplings, ensures
that signal is still discernible at time of acquisition. Indeed, many triple resonance
pulse schemes have been “deuterium modified” to take advantage of the reduced
13C relaxation rates in highly deuterated proteins (Gardner and Kay, 1998:
Yamazaki et al., 1994a/b).

A prototypical triple resonance NMR experiment. A useful triple resonance
experiment for sequential assignments of larger proteins is called the HNCA
experiment (Kay et al., 1990c; Grzesiek and Bax, 1992). A description of this
experiment serves to illustrate the relevant features of heteronuclear
multidimensional experiments. As the name implies, this experiment provides
protein backbone information by correlating amide proton ('Hy), attached amide

>N and intraresidue and preceding residue Cq(i, i-1) chemical shifts.

The flow of magnetization transfer in this experiment can be described

concisely by

] Jae® Jne? J
NN 25, PG () 25, N I, BN y),

where the relevant couplings involved in each of the magnetization transfer steps

are indicated above the arrows and ty, t, and t; denote acquisition times.

This can be more formally denoted using product operator notation as

follows:
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IszKz —> IszKz —> IszKz [t]] - IszKy [tZ] —> IszKz - IszKz [t3].

Where I, J, K represent H, lSN, and C, respectively and t;, t; and t; are
acquisition periods for BN, 1C, and 'H chemical shifts respectively. The y and z
subscripts describe when the nucleus’ magnetic moment is transverse and

longitudinal to By respectively.

In the HNCA experiment (Figure 1.7, p.26), magnetization is first
generated on the amide proton (‘Hy) (I,J.K;). An INEPT pulse sequence transfers
magnetization to "N via 'Jyy (~90 Hz) coupling. >N chemical shifts (ILJyK,) are
recorded over the acquisition time t;. A second INEPT pulse sequence is used to
transfer magnetization to the intraresidue and the preceding residue *C, via Jyncq
(8 — 12 Hz) and *Jycy (~ 7 H2) couplings respectively. The two *C, chemical
shifts (I.J;Ky) are recorded over the acquisition period t,. Magnetization is then
transferred back to the protons using two reverse INEPT sequences and the proton
chemical shift (I,J,K;) is collected over the third and final acquisition period ts.
Fourier transformation of the resultant FID yields a frequency domain map with

both intra- and interresidue correlations between °Cg, '°N, and 'Hy.
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Figure 1.7. Outline of magnetization transfer in HNCA experiments.
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1.3 Hepatitis A Virus 3C Protease

Viral Hepatitis A. Hepatitis A is one of the most common forms of acute viral
hepatitis in the world. Seroprevalence rates approaching 100% have been noted in
the economically developing countries of Africa, Asia, and Latin America. On the
other hand, because of improved sanitation, hepatitis A rates have been declining
in North America, western Europe and many Mediterranean countries (Koff,
1998). Nonetheless, in 1992 — 1994, of all notifiable infectious diseases in the
USA, hepatitis A ranked third amongst children and adolescents, and fifth and
sixth amongst men and women respectively (http://www.cdc.gov/). Hepatitis A
usually begins with the abrupt onset of non-specific, premonitory constitutional
and gastrointestinal symptoms. Symptoms include a combination of fever,
malaise, weakness, anorexia, nausea, vomiting, arthralgias (joint pain), and
myalgias (muscle pain). Unlike hepatitis B or C, hepatitis A is not linked to
chronic liver disease and it does not result in persistent viraemia or an intestinal
carrier state. Rather, infection is maintained by serial transmission from acutely
infected individuals (Koff, 1998). While effective vaccines for Hepatitis A have
recently been introduced (Thiel, 1998), there is no available drug therapy at this
time. In most cases, Hepatitis A infections are relatively harmless. However, if
individuals are co-infected with chronic hepatitis, the hepatitis A infection is often
more dangerous (Sjorgren, 1998; Vento et al., 1998).

Picornaviridae. Hepatitis A virus (HAV) is a member of the picornavirus family
(Jia et al., 1991). More than 200 known viruses belong to this family including
many that are responsible for human disease (Rueckert, 1996). Each member of
the picornavirus family shares the same major events of the viral replication cycle,
including specific “self” proteolytic processing of the viral polyprotein
(Palmenberg, 1990). Differences in viral replication and polyprotein processing
have been used to differentiate the Picornaviridae family into six different genera
(Table 1.4).
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Table 1.4. The Picornaviruses.

Genus Number of | Viruses Diseases caused in
Serotypes Humans
Entero >90 Poliovirus Intestinal infections
Coxsackievirus Poliomyelitis
Echovirus Myocarditis
Meningitis
Encephalitis
Rhino > 100 Rhinovirus Common cold
Aphtho 7 FMDV Foot and mouth disease of
Equine rhinovirus cloven-hoofed animals
Cardio 2 Encephalomyocardiovirus | None known
Theiler’s murine
encephalitis virus
Hepato 1 Hepatitis A virus Infectious hepatitis
Parecho | 2 (perhaps 3) | Parechovirus 1 Myocarditis

Parechovirus 2
Ljungan river virus

Intestinal infections

Polyprotein Processing. At the time of the initial infection, the Hepatitis A virus

will attach itself to a host cell via specific cell surface receptors and undergo

conformational changes that allows it to release its genome into the cytosol of the

host cell (Bergmann and James, 1999). Translation of the viral single-stranded

RNA yields a large ~ 251 kDa polyprotein (Linemeyer et al., 1985; Najarian et al.,

1985) that is co-translationally and sequentially cleaved into individual proteins

(Palmenberg, 1990). Once these proteolytic cleavages have been performed, the

capsid proteins undergo the conformational changes necessary to allow them to

assemble into the procapsid and eventually into the provirion (Rueckert, 1996). A

simplified scheme describing the polyprotein processing is shown in Figure 1.8

(p.30).
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In hepatoviruses, the 3C gene product is the only protease responsible for
polyprotein processing as it is known to cleave all the specific cleavage sites within
the polyprotein (Graff et al., 1999; Martin et al., 1999; Jia et al., 1993). The HAV
3C protease typically cleaves between a glutamine residue (P1) and a smaller
residue (P2) such as alanine, serine, or glycine (Petithory et al., 1991). Residues in
the P4 to P2’ positions (following the nomenclature of Schechter and Berger 1967)
play a role in cleavage specificity, but a glutamine in the P1 position of the
substrate is the most important determinant (Figure 1.9, p.31) (Jewell et al., 1992).
X-ray crystallographic studies of the HAV 3C protease (Bergmann et al., 1997)
indicate that the other substrate positions of importance are: (1) P2 being occupied
by a serine, threonine (2) P3 being occupied by phenylalanine, tryptophan, or
glutamate, and (3) P4 being occupied by a large hydrophobic aliphatic residue such

as leucine, isoleucine, or valine.

Structure of HAV 3C protease. The structure of the Hepatitis A Virus 3C
protease was initially determined by X-ray crystallography in 1994 (Allaire et al.,
1994) and later refined by Bergmann et al., in 1997. As can be seen in Figure 1.10
(p-34), HAV 3C protease is composed of two antiparallel B-barrel domains with
the active-site and substrate-binding region lying in the surface groove between the
two B-barrel domains (Bergmann et al., 1997). Structural comparisons indicate
that the 3C proteases belong to the superfamily of chymotrypsin-like serine
proteases (Gorbalenya and Snijder, 1996). In this structural family, both domains
participate in the binding of peptide substrate. The N-terminal domain participates
in binding residues following the scissile peptide bond (P1° to P3’) whereas certain
C-terminal domains form the pockets that interact with the residues in the P2 to P4

positions of the substrate (Perona and Craik, 1995).
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Figure 1.8. Simplified scheme of polyprotein processing by HAV 3C Protease.
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Figure 1.9. Substrate specificity of HAV 3C protease. Cleavage preferences have
been shown for P1 - P4 positions although HAV 3C protease is much less specific
for P’ residues (Bergmann et al., 1997).
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Mechanism of HAV 3C protease. In general, there are three chemical groups that
function in the active sites of proteolytic enzymes (James, 1993). These include:
(1) a nucleophile that attacks the carbonyl of the scissile peptide bond, (2) a
general acid-base catalyst that assists in the attack and protonates the leaving
group, and (3) an electrophilic structure (oxyanion hole) that stabilizes the negative
charge that develops on the carbonyl! (Bergmann and James, 1999; James, 1993).

The active site residues of the 3C protease are shown in Figure 1.11 (p.35).
Cys172 and His44 form the cysteine-histidine dyad (nucleophile-acid base
catalyst) while the oxyanion hole (Pro169, Gly170, Met171 and Cys172) is just
above the dyad and to the right (Bergmann et al., 1997). This catalytic-triad
arrangement is similar to that observed in the chymotrypsin-like serine proteases
but due to the large size of the cysteine sulfur atom, the 3C protease active site is
larger (Bergmann and James, 1999). While HAV 3C protease seems to have a
mechanism or structure similar to chymotrypsin-like serine proteases, the presence
of a cysteine instead of a serine appears to make it something of a hybrid

cysteine/serine protease.

HAV 3C protease has four pockets (S1 — S4) that interact with four peptide
substrate positions (P1 to P4). The S1-binding pocket is comprised of the main
chain atoms of Alal93, Gly194, Gly167, and Leul68 along with the side chains of
Leul99 and Metl71 and the imidazole of His191. The side chains of Tyrl43,
His145, and Alal93 form the S2 pocket while the S3 pocket is thought to be
formed by Vall44, Lys146. The S4 pocket is formed by the side chains of A141,
Vall44, A198 and Val200 (Bergmann et al., 1997).

The active site residues and the residues comprising the S1 through S4
binding pockets will be very important for future “SAR by NMR?” studies of the
HAV 3C protease. Using 2D '"N-'H HSQC experiments it should be possible to
note where inhibitors are binding to the protease. It is hoped that compounds will

be found that cause perturbations to the resonances corresponding to the active site
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residues as well as to those resonances corresponding to the S1 through S4 binding

pockets.

Inhibitors of the Hepatitis A Virus 3C Protease. Inhibitors of the 3C proteases
are generally comprised of a chemical group that covalently attaches to the
nucleophilic thiol in the active site and a second group those blocks some other
interactions between the protease and its substrates (Figure 1.12, p.36). Typical
cysteine protease inhibitors are iodoacetamide, N-ethylmaleimide, epoxides, and
aldehydes (Malcolm, 1995). However, recently it was shown that the
fluoromethylketones and y-aminovinylsulfones (Rasnik, 1996) display greater
promise than typical cysteine protease inhibitors. A combination of a
fluoromethylketone and peptide that mimics the natural peptide specificity such as
Acetyl-Leu-Ala-Ala-GIn-FMK has been shown to be an effective inhibitor to the
HAYV 3C protease both in vitro and in vivo (Morris et al., 1997) (Figure 1.13).
Other types of compounds that are being studied as potential inhibitors include
o,B-unsaturated carboxylesters, B- and y-lactones, lactams, isatins (2,3-

dioxindoles), and triterpene sulfates (Skiles and McNeil, 1990; Brill et al., 1996).
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Figure 1.10. Ribbon diagram of the 3D model of HAV 3C protease as determined
by X-ray crystallography (Bergmann et al., 1997).
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Figure 1.11. Active site residues of HAV 3C protease.
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Figure 1.12. Examples of inhibitors to HAV 3C protease. The “pthalamide
inhibitor” is positioned in the active site such that it’s aldehyde reacts with the
nucleophilic thiol of Cys172.
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Chapter 2

Determining  solution conditions that minimize
aggregation of HAV 3C protease

2.1 Introduction

A key prerequisite for determining the sequential assignments of a protein
by NMR is that the protein should be soluble and non-aggregating (mono-disperse)
at concentrations approaching 1 mM or higher. The increase in molecular weight
associated with protein aggregation (particularly for larger proteins) will invariably
lead to increases in both the rotational correlation time (t¢) and half-height
linewidths (Avin) of observed resonances. In addition, the rapid transverse
relaxation (T3) associated with such large complexes makes magnetization transfer,
even via large heteronuclear couplings, a very inefficient process. Ultimately, for
highly aggregated proteins, the sensitivity of NMR experiments drops dramatically

and in many cases it is impossible to discern or assign resonances.

Protein aggregation may result from inter-protein electrostatic interactions,
the presence of surface hydrophobic patches or the presence of mobile tails
(Wagner, 1993). The extent of aggregation may depend on: pH, temperature,
amount and type of salts added, addition of reducing agents such as DTT
(dithiothreitol), addition of detergents such as CHAPS (3-[(3-cholamidopropyl)-
dimethyl-ammonio]-1-propanesulfonate), and the addition of ligands, substrates or
cofactors (Schein, 1990). Different combinations of these solution characteristics
can reduce protein aggregation. However, there are no hard and fast rules to
follow because each protein reacts differently to various conditions. Therefore, as
a general rule, the first step in every protein NMR study should involve the
optimization of the solution conditions, via thorough screening of many buffer
combinations. This screening process is often termed “protein conditioning”

(Wagner et al., 1993). Protein conditioning is usually geared towards finding
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sample conditions for the protein that produce the narrowest linewidths possible

without adversely affecting the structure of the protein.

Indications that the HAV 3C protease may be aggregating at NMR sample
concentrations (~ 1 mM) were obtained after a series of NMR experiments (IH-”N
TOCSY-HSQC, the HNCACB, and the CBCACONNH) yielded spectra that were
devoid of all but a handful of the expected resonances. It was postulated that
efficient relaxation rates reflecting the molecular weight of an aggregated complex
would account for the disappearance of the 'H and '*C signals. In further support
of this premise, X-ray crystallographic experiments had earlier shown that there
are two HAV 3C protease molecules present in the crystal unit cell (Bergmann et
al., 1997) (Figure 2.1, p.39). Finally, previous NMR studies with the HAV 3C
protease indicated protein “self-association” was a definite concern especially after
the sample was left in an NMR tube for an extended period of time (Dr. Bruce

Malcolm, personal communication).

To facilitate further multidimensional NMR studies with the HAV 3C
protease, we decided to employ NMR spectroscopy and analytical
ultracentrifugation to: (1) identify optimal sample conditions that produce the
narrowest half-height linewidths, (2) determine if the protease is monomeric under
these optimal sample conditions, (3) determine the maximal concentration where
HAYV 3C protease remains monomeric, and finally (4) determine the length of time

that the protease would remain monomeric after being prepared for NMR.
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Figure 2.1. Residues involved at the dimer interface of two HAV 3C protease
molecules in the unit cell as determined by X-ray crystallography
(Bergmann et al., 1997).
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2.2 Materials and Methods

HAYV 3C Protease Expression System. The HAV 3C expression system was a
generous gift from Dr. Bruce Malcolm. The expression plasmid was prepared by
cloning the HAV 3C protease gene into a pBR-based plasmid (pHAV-3CEX)
containing a tac promoter to enhance expression (Malcolm et al., 1992). The HAV
3C gene was modified at position 24 (C24S) to reduce problems associated with
aggregation and disulfide bridge formation noted with the wild type. The pHAV-
3CEX vector was transformed into a prototrophic E. coli strain (MM294) that
expressed high levels of HAV 3C protease upon induction with isopropyl B-D
thiogalactopyranoside (IPTG).

HAYV 3C Protease Expression and purification. The following protocol has
been optimized from that originally presented by Malcolm et al. (1992). In
general, this protocol entailed initially growing the bacterial expression system in a
small (25-30 mL) “overnight” starter culture. The “overnight” culture was grown
on either rich (Terrific Broth) or minimal media (M9). If sufficient bacterial
growth had occurred in this overnight culture, 10 mL of this culture was used to
inoculate a larger (1 L) batch of minimal media (“expression media™) which was
used for HAV 3C protease expression. A detailed description of this protocol

follows.

Step 1. MM294 Growth and HAV 3C Protease Expression. MM294 cells,
containing the HAV 3C protease gene, from -80°C freezer stock were streaked
onto a LB plate containing ampicillin (150 pg/ml). The plate was incubated for
~24 hours at 37°C. A single colony was selected using a fired platinum wire and
aseptically transferred into a 25-30 mL volume of media. The media was grown
overnight (12-14 hours) in an incubator-shaker at 37°C and 325 rpm. 10 mL of
overnight culture was used to inoculate 1 L of minimal media. Bacterial growth

was monitored using optical absorbance measurements at 600 nm. When the
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ODg¢go reached 0.6 (~2-3 hours), IPTG was added to a final concentration of 2 mM
to induce the over-expression of HAV 3C protease. Immediately after induction,
the temperature of the incubator-shaker was reduced to 30°C and growth was
allowed to continue for an 8 hour induction period. Bacteria were harvested by
centrifuging for 10 minutes at 5,000 rpm. The supernatant was discarded and the

bacterial pellet was stored at -20°C overnight.

Step 2. MM294 Lysis and HAV 3C Protease Collection. The cell pellet was
resuspended in 100 mL of cell resuspension buffer. Lysozyme was added to a
concentration of ~80 pug/mL lysate and the mixture was incubated on ice for
approximately 30 minutes. Three continuous freeze-thaw cycles (freeze in a dry
ice/ethanol mixture and thaw in 30°C water bath) were used to lyse the cells. After
the freeze-thaw steps, the lysate was centrifuged for 1 hour at 18,000 rpm and the
supernatant was collected. About six drops of 10% polyethylenimine was added to
each 25 mL of lysate to precipitate the nucleic acids and the lysate was then
centrifuged again for 30 minutes at 12,000 rpm. The supernatant was pooled and

kept on ice prior to final purification.

Step 3. Purification of HAV 3C Protease. An ion-exchange chromatography
column was prepared by packing a 60 mL syringe with ~ 30 mL CM Sepharose
resin (Pharmacia). The column was pre-equilibrated by running ~120 mL
phosphate buffer (20 mM KH,POs4, 0.5 mM EDTA, 1.0 mM DTT at pH 5.4)
through the column using a peristaltic pump. The protein supernatant was loaded
onto the column at ImL/min. Proteins passing through the column were monitored
by UVag absorbance using a single path monitor. After the column was loaded,
the column was extensively washed with the same phosphate buffer at 1 mL/min
until no further protein could be detected passing through the column. The
remaining protein was then eluted with a linear gradient of NaCl (0 — 0.5 M) in the

same phosphate buffer. The HAV 3C protease normally eluted at ~ 0.35 M NaCl.
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Figure 2.2. SDS-PAGE showing column fractions containing HAV 3C protease.
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Step 4. HAV 3C Protease Quantification and Storage. The ODg was recorded
for all column fractions by a UV/Visible spectrophotometer using the first fraction
as a reference. All column fractions were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of
Laemmli (1970). Those fractions containing 3C protease, as judged by the
appearance of a protein band similar to the HAV 3C protease reference (Figure 2.2,
p.42), were pooled into a 50 mL centrifuge tube. The quantity of HAV 3C protease
(mg/mL) in each fraction was calculated by dividing the fraction ‘ODagy value’ by
1.2. 25 pL of 3% w/v sodium azide was added to inhibit bacterial growth and
nitrogen gas was instilled into the tube. The sealed tube was stored at 4°C. HAV
3C protease was generally found to be stable for one month under these storage

conditions.

1D 'H NMR studies. The concentration of the HAV 3C protease stock solution
was determined by recording the ODyg for the solution using a phosphate buffer
(20 mM KH,POq, 0.5 mM EDTA, 1.0 mM DTT at pH 5.4) as a reference. It is
important to note that if pH changes were required they had to be done at
this (pre-concentrated) stage as it was found changing the pH of highly
concentrated protease solutions led to precipitation. Changes in pH changes were
accomplished by adding drops (in the required amount) of 0.1 M KOH or 0.1 M
HCL An appropriate volume of stock solution (containing 6 mg of HAV 3C
protease) was used in the preparation of each NMR sample. When 6 mg of HAV
3C protease was concentrated to 500 pL (NMR sample volume) it would provide ~
0.5 mM NMR samples. This was the approximate concentration of HAV 3C
protease that was tested under most buffer conditions. The protease solution was
concentrated to 400 — 500 pL using a 10K centrifugal filter device (Millipore)
having a MW cutoff of 10 kDa. In the series of experiments looking at salt
concentration effects, the stock solution containing 350 mM NaCl was
concentrated to 1.0 mL then reconstituted with 2.5 mL phosphate buffer (20 mM
KH;POq, 0.5 mM EDTA, 1.0 mM DTT, and pH 5.4) and then concentrated again.
This yielded samples with 100 mM NaCl. To prepare samples with higher



concentrations of NaCl, the appropriate mass of NaCl was added to the already
concentrated sampies. Appropriate quantities of TFE, CHAPS, CaCl,, and glycine
were all added to the previously concentrated HAV 3C protease solutions in order
to prepare the samples listed in Table 2.1 (p.43). Each NMR sample was prepared
to a volume of 500 pL by combining 10 pL. DSS (5 mM), 50 uL D,0 (99%) and
440 pL of concentrated protease in each condition set. The final step was to

transfer this volume to a 5 mm NMR tube.

A 1D "H NMR spectrum was collected for each sample (if possible) on a
Varian VXR 500 MHz NMR spectrometer equipped with a 5 mm triple resonance
probe. A sweepwidth of 8000 Hz was used with 2048 transients being collected
for each sample. A relaxation delay of 1.0 s was used between transients. Spectra
were processed and analyzed using VNMR software version 5.1 with a line-

broadening constant (Ib) of 0.5.

The Val25 yCHj; resonance at -0.7 ppm was examined and the half-height
linewidth of this resonance (Figure 2.3, p.47) was recorded for each sample. Half-
height linewidths were determined using the Varian “dres” macro after suitable
phasing, drift and baseline correction. The linewidths values are listed in Table
2.1.

2D 'H->'N HMQC-J and N T,/T »-Envelope Experiments. NMR samples of
the HAV 3C protease were prepared as discussed above. Four samples (A,B,C,
and D) were prepared containing 1.5 mM, 1.0 mM, 0.75 mM and 0.46 mM of >N
labelled HAV 3C protease. Sample C (0.75 mM HAV 3C protease) was prepared
using enzymatic assay conditions of 350 mM NaCl, 20 mM KH,PO,, 0.5 mM
EDTA at pH 7.0. Samples A, B, and D were prepared in the ideal conditions
identified by the 1D 'H NMR linewidth studies (100 mM NaCl, 20 mM KH,PO,,
0.5 mM EDTA, 1.0 mM DTT at pH 5.4). Samples B and C were prepared from

frozen stock (-20°C) while the other two were prepared from fresh stock stored at
4°C.

44



Table 2.1 Solution conditions tested in 1D 'H NMR studies with HAV 3C
protease.

Sample | Solution Conditions Avyp (Hz)

#

1 0.5 mM HAYV 3C Protease / 20 mM KH;PO, / 350 mM NaCl 18
0.5 mMEDTA/pH7.0/25.0°C

2 0.5 mM HAYV 3C Protease / 20 mM KH;PO./ 350 mM NaCl -
0.5mMEDTA/pH7.0/25.0°C/Y143G

3 0.5 mM HAYV 3C Protease / 20 mM KH;PO, / 350 mM NaCl -
0.5 mM EDTA /pH 7.0/ 25.0 °C/ Y143G with Inhibitor

4 0.5 mM HAV 3C Protease / 20 mM KH;PO, / 350 mM NaCl -
0.5mM EDTA/pH 7.0/25.0 °C/9.1 % (v/v) TFE

5 0.5 mM HAYV 3C Protease / 20 mM KH;PO, / 350 mM NaCli -
0.5mM EDTA/pH 7.0/25.0°C /4.5 % (viv) TFE

6 0.5 mM HAYV 3C Protease / 20 mM KH,PQO, / 350 mM NaCl -~
0.5 mM EDTA /pH 7.0/25.0 °C/25.0 mM CHAPS

7 0.5 mM HAV 3C Protease / 20 mM KH;PO, / 350 mM NaCl 19
0.5mM EDTA/pH 7.0/25.0 °C /7.0 mM CHAPS

8 0.5 mM HAV 3C Protease / 20 mM KH;PO, / 350 mM NaCl 18
0.5 mM EDTA/pH54/25.0°C

9 0.5 mM HAYV 3C Protease / 20 mM KH,PO, / 100 mM NaCl 16
0.5mMEDTA/1.0mMDTT/pH 5.4/25.0°C

10 0.5 mM HAV 3C Protease / 20 mM KH,PO, / 350 mM NaCl 17
0.5mMEDTA/1.0mMDTT/pH 5.4/25.0°C

11 0.5 mM HAYV 3C Protease / 20 mM KH:PO, / 450 mM NaCl 18
0.5mMEDTA/1.0mMDTT/pH 5.4/25.0°C

12 0.5 mM HAV 3C Protease / 20 mM KH:PO; / 750 mM NaCl 20
0.5mM EDTA/1.0mM DTT/pH 5.4/25.0°C

13 0.5 mM HAV 3C Protease / 20 mM KH,PO,/ 1.0 M NaCl 20
0.5mM EDTA/1.0mM DTT/pH 5.4/25.0°C

14 0.75 mM HAYV 3C Protease / 20 mM KH.PQO, / 100 mM NaCl 17
0.5mMEDTA/1.0mMDTT/pH 5.4/25.0°C

15 0.5 mM HAYV 3C Protease / 20 mM KH:PQs / 1.0 M NaCl 20
0.5mM EDTA/1.0mMDTT/pH 5.4/25.0°C

16 0.5 mM HAV 3C Protease / 20 mM KH:PO, / 1.0 M NaCl 19
0.5mM EDTA/1.0mM DTT/pH 5.4/30.0°C

17 0.5 mM HAV 3C Protease / 20 mM KH,PO, / 1.0 M NaCl 19
0.5mM EDTA/1.0mMDTT/pH 5.4/35.0°C

18 0.5 mM HAYV 3C Protease / 20 mM KH,PO; / 1.0 M NaCl 19
0.5mM EDTA/1.0mM DTT/pH 5.4/40.0 °C

19 0.5 mM HAYV 3C Protease / 20 mM KH,PO, / 1.0 M NaCl 19
0.5mM EDTA/1.0mM DTT/pH 5.4/45.0°C

20 0.5 mM HAV 3C Protease / 20 mM KH.PO, / 100 mM NaCl 16
0.5 mM EDTA/1.0mM DTT/pH 5.4/25.0°C

21 0.5 mM HAYV 3C Protease / 20 mM KH;PO; / 100 mM NaCl 16
0.5 mM EDTA/ 1.0 mM DTT/pH 5.4/30.0 °C

22 0.5 mM HAV 3C Protease / 20 mM KH,PO; / 100 mM NaCl 16
0.5 mMEDTA/1.0mM DTT/pH 5.4/35.0°C

23 0.5 mM HAV 3C Protease / 20 mM KH,PO, / 100 mM NaCl 17
0.5 mM EDTA /1.0 mM DTT / pH 5.4/ 25.0 °C/ with Inhibitor

24 0.5 mM HAYV 3C Protease / 20 mM KH,PO; / 100 mM NaCl 18
0.5mM EDTA /1.0 mM DTT/pH 5.4/ 25.0 °C/ 20 mM CaCl,

25 0.5 mM HAV 3C Protease / 20 mM KH;PO; / 100 mM NaCl 18
0.5mM EDTA/ 1.0 mM DTT/ pH 5.4/ 25.0 °C/ 100 mM CaCl,

26 0.5 mM HAV 3C Protease / 20 mM KH,PO, / 100 mM NaCl -
0.5mM EDTA/ 1.0 mM DTT /pH 5.4/ 25.0 °C/ 9.1 % (v/v) Saturated
Glycine Solution
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2D N-'"H HMQC-J experiment. The 2D *N-"H HMQC-J experiment (Kay et
al., 1989; Kay and Bax, 1990) was used to determine *Jungm, coupling constants.
This experiment differs from the 2D N-"H HMQC in that it utilizes a 90° purge
pulse (Frey et al., 1985) to eliminate the dispersive contributions to lineshape that
are associated with J modulation present during the acquisition time, t;. A key to
this experiment was collecting a high number of transients to allow for good
spectral resolution. In the "N-'H HMQC-J experiment (Figure 2.4, p.48),
magnetization is generated on 'Hy [Step 1]. An HMQC pulse sequence transfers
magnetization to "°N via the am (~90 Hz) coupling [Step 2]. N chemical shifts
are recorded over the acquisition time t; [Step 3]. A second HMQC pulse sequence
transfers magnetization back to 'Hy [Step 4] and the proton chemical shift is
collected over the second acquisition time t [Step 5]. Fourier transformation of the

resultant FID yields a frequency domain map showing all 'Hy and N correlations.

SN Ty/TrEnvelope Experiments. The '°N T, and T, relaxation data for the
amide envelope were obtained by recording a series of 1D >N inverse detected
NMR spectra for a series of T; and T, delays (Farrow et al, 1994). In these
experiments, an INEPT sequence was used to transfer the magnetization from 'Hyx
to the directly attached '°N. The *N magnetization was refocused in either the z
plane (for Ti-envelope) or the xy plane (for T:-envelope). Then the BN

magnetization was allowed to evolve for a period of time (Txs) specified by

T1a = ncyc {PW_SHPSS + (2x2.5x 107)} [2.1]
T2a = ncye {(32 x PWN) + (32 x 450 x10°)} [2.2]

where ncyc was the number of cycles used (1 tol0 ), PW_SHPSS (cosine-
modulated 180° *H pulse) = 550 x 10%s, and PWN (90° N pulse) = 59x 10°
s. This corresponded to T4 values of 0.0056 s, 0.0112 s, 0.0168 s, 0.0224 s,
0.0280 s, 0.0336 s, 0.0392 s, 0.0448 s, 0.0504 s and 0.0560 s. Taq values were
0.0163 s, 0.0326 s, 0.0489 s, 0.0652 s, 0.0815 s, 0.0978 s, 0.1141 s, 0.1304 s,

0.1467 s and 0.1630 s. After incrementally increasing the amount of time, a
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Figure 2.3. Comparing the effect of NMR buffer conditions on the HAV 3C
protease by using 1D 'H NMR studies.
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Figure 2.5. A typical result for "N T,- and T,-envelope experiments. The amide
envelope is shown decreasing logarithmically as ncyc increases from 1 to 10
(successive increases in T, or T,y).
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reverse INEPT pulse sequence was used to transfer magnetization back to the

proton for signal acquisition.

’N-T; and °N-T; values were obtained by integrating the area under the
entire 'Hy envelope for each cycle in the experiment (Figure 2.5, p.49). As
magnetization evolved on the 15N during the delay, the magnetization would also
undergo relaxation. A longer delay corresponded to a greater period of relaxation
and a further decay of magnetization. Therefore, each cycle would transfer less
and less magnetization back to the proton for detection. Consequently, the integral
of the amide envelope would decrease in an exponential fashion throughout the
experiment. The ‘T4 or 2¢ - normalized integral value’ values (Table 2.2) were
entered into the program “xcrvfit” (performed at PENCE, University of Alberta)
which calculated values for N-T; and N-T,. Xecrvfit (Robert Boyko,
unpublished) calculates these values using iterative numerical methods to

determine the best-fit curve to the predicted exponential.

Table 2.2. Example of normalized “amide-envelope” integral data used to
calculate T; and T, values using ‘xcrvfit’. This data set was collected from a 0.75
mM HAYV 3C protease sample in 350 mM NaCl, 20 mM KH,PO4, 0.5 mM EDTA
and pH 7.0.

ncyc “N-T; Envelope “N-T; Envelope
Tia (s) “N Integral T24 (s) "N Integral
1 0.0056 1.00 0.0163 1.00
2 0.0112 0.93 0.0326 0.64
3 0.0168 0.86 0.0489 0.51
4 0.0224 0.78 0.0652 0.36
5 0.0280 0.71 0.0815 0.32
6 0.0336 0.63 0.0978 0.23
7 0.0392 0.54 0.1141 0.20
8 0.0448 0.45 0.1304 0.14
9 0.0504 0.33 0.1467 0.12
10 0.0560 0.18 0.1630 0.08
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Experimental Set Up. Dr. Cafolyn Slupsky and Dr. Stephane Gange performed
the NMR experiments. 'H-""N HMQC-J and "N T- and T»-envelope spectra were
recorded at 25°C on a Varian Unity 600 spectrometer equipped with a triple
resonance probe. 'H-'N' HMQC-J experiments were performed with a N
sweepwidth of 2000 Hz and a 'H sweepwidth of 6000 Hz. A total of 2048
complex points were collected along the t, domain (‘H) and 640 increments along
the t; domain (*°N). The relaxation delays for these experiments were 1.1 s and the
refocusing delay was set at 0.0024 s. '°N T;- and T-envelope experiments were
performed with a >N sweepwidth of 1500 Hz and a 'H sweepwidth of 8000 Hz. A
total of 1216 complex points were collected in the t, domain (‘H) and 2 increments
in the t; domain (*°N). Relaxation delays of 2.0 s and 2.5 s were employed for N

T1- and T»-envelope experiments respectively.

Analytical Ultracentrifugation studies. Two solutions of HAV 3C protease (5
mg/mL) were prepared by concentrating HAV 3C protease stock solution (1-3
mg/mL) using a 10K centrifugal filter device (Millipore) with a MW cutoff of 10
kDa. The first buffer (the original storage conditions or enzymatic assay
conditions) contained 350 mM NaCl, 20 mM KH,PO,, 0.5 mM EDTA at pH 7.0.
The second buffer (optimized storage conditions minus 250 mM NaCl) contained
100 mM NaCl, 20 mM KH,POy4, 0.5 mM EDTA, 1.0 mM DTT, at pH 5.4. In the
second buffer, salt was removed by concentrating the stock solution, reconstituting
with an appropriate volume of phosphate buffer (20 mM KH,PO4, 0.5 mM EDTA,

1.0 mM DTT, and pH 5.4), and then concentrating again to 5 mg/mL HAV 3C
protease.

Les Hicks, of Dr. Cyril Kay’s laboratory, performed the sedimentation
equilibrium experiments. They were carried out at 20° C using a Beckman XLI
Analytical Ultracentrifuge and interference optics following procedures outlined in
the XLI Instruction Manual. 110 pL aliquots of HAV 3C protease solution were

loaded into 6-sector CFE (charcoal filled epon) sample cells, allowing three
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concentrations (5.48 mg/mL, 3.28 mg/mL, and 1.1 mg/mL) of sample to be run
simultaneously. Runs were performed at a 16,000 and 20,000 rpm and were
continued until there was no significant difference in scans taken approximately
three hours apart. The sedimentation equilibrium data was evaluated using a
nonlinear least-squares curve-fitting algorithm (Johnson et al., 1981) contained in

the NonLin analysis package.

HAYV 3C Protease NMR Sample Stability Study. HAV 3C protease stock (2
mg/mL) was stored at 4°C in the optimized post-column buffer (350 mM NaCl, 20
mM KH,PO,4, 0.5 mM EDTA and 1 mM DTT at pH 5.4). After a month of
storage, this stock was used to prepare two 0.63 mM HAV 3C proteases NMR
samples in a buffer containing 100 mM NaCl, 20 mM KH,PO,, 0.5 mM EDTA,
1.0 mM DTT at pH 5.4. A 1D 'H NMR spectrum was collected for each of these
samples on days 1, 4, 7, 9, and 27. In between collection days, one sample was
stored at 4°C and the other at room temperature (25°C). All 1D '"H NMR spectra

were recorded and analyzed as described previously.

2.3 Results and Discussion

Self-association measurements of HAV 3C protease. While 'H-"’N HSQC and
'H-"N TOCSY-HSQC spectra of the °N labelled HAV 3C protease generally
yielded good spectra with well-resolved resonances, later experiments conducted
on doubly labelled (*C/"°N) protease generally gave disappointing results. In
particular, the HNCACB and CBCACONNH triple resonance experiments
displayed only a few intense peaks that were presumably from the C-terminal

residues.
Initially, a low level of isotopic substitution was thought to be the cause of

these poor results. However, subsequent electrospray mass spectrometry analysis

revealed that isotopic incorporation was >95% for both '*C and '°N. This result is
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presented in Chapter 3 that discusses isotopic incorporation into HAV 3C protease.
As low labelling efficiency could be ruled out, an alternative explanation was that
the HAV 3C protease was aggregating into a polymeric state. Aggregation or
increased apparent MW could account for the poor quality of those spectra that
depended on multiple polarization transfers (HNCACB etc.) while at the same time
it could explain the relatively good quality HSQC spectra (where only two
polarization transfers are used) observed for the "°N labelled material.

Another source of information that indicated that the HAV 3C protease
may have a tendency to associate came from the analysis of the 'H-N HMQC-J
experiments. 'H linewidths in the range of 18 to 30 Hz, were measured from a 'H-
>N HMQC-J spectrum collected from a 0.75 mM HAV 3C protease sample in 350
mM NaCl, 20 mM KH,PO;, 0.5mM EDTA at pH 7.0 (high salt/high pH). Three-
bond HnH, coupling constants (Junue) can be calculated using the following

formula:
JinHe = 0.50(Aviz) - MW/10 000 [2.3]

Where Avip is the 'H half height linewidth and MW is the molecular weight
(Wishart and Wang, 1998). Using this formula and the measured 'H linewidths,
HxH. coupling constants were calculated to be in the range of 6.77 — 13.10 Hz
when a MW of 23.87 kDa (monomeric species) was used. If the same formula was
used with a MW of 47.64 kDa (dimeric species), coupling constants in the range of
4.37 — 10.7 Hz were calculated. This latter range is more typical for proteins
(between 3 Hz and 10 Hz) and therefore this result suggested dimerization was

likely occurring.

To further ascertain if HAV 3C protease aggregation was the primary cause
of our poor NMR results, we performed a sedimentation equilibrium study using
analytical ultracentrifugation. This study clearly showed that the protease was
associating in the original high salthigh pH conditions (Smg/mL HAV 3C



protease, 350 mM NaCl, 20 mM KH,PO;, 0.5 mM EDTA, pH 7.0). The results of
this study, displayed in Figure 2.6 (p.55), show that the solution behavior of this
protease doesn’t fit to a single species model. The absence of a ‘shotgun
appearance’ for the residuals is a key indicator of a poor fit. In addition, the
standard deviation is 0.087 when it should be less than 0.02 for a good fit. Many
different ‘species’ models (monomer, monomer-dimer, monomer-trimer,
monomer-dimer-trimer) were tested and it was found that the “single-species”
(monomer) model yielded the best result. Using this model, the apparent
molecular weight was determined to be 34,547 daltons whereas the theoretical
mass of HAV 3C protease was 23,876.59 daltons based on the amino acid
sequence and the natural abundance of all isotopes. This result indicated that the
HAV 3C protease was “self-associating” to some degree, even at the low
concentrations (~0.04 — 0.30 mM) used for ultracentrifugation. Consequently, a
large scale screening of NMR sample conditions was performed to determine
optimal NMR sample conditions that might reduce the self-association tendency of
HAYV 3C protease.

Identification of optimal NMR sample conditions. In order to do determine
optimal conditions for NMR analysis, two different HAV 3C protease mutants and
nearly 30 different solution conditions were studied. These conditions included
different temperatures, varying salt concentrations, varying pH, and the addition of
organic solvents and detergents. The actual solution conditions for each NMR
sample tested are listed in Table 2.1. Qualitative information about the presence of
aggregation can be obtained by monitoring the broadening of NMR linewidths
(Akiyoshi et al., 1993). Even though the analysis of the half-height linewidth
(Avy) does not provide easily quantifiable information about the size of the protein
aggregates, the narrowing of linewidths qualitatively corresponds to longer T,
values and/or a decreases in molecular weight. Table 2.1 outlines these solution
studies and the recorded half-height linewidth (Avy,) of the upfield Val25 CH

resonance (at —0.7 ppm) for each sample.
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Figure 2.3: Sedimentation Analysis of HAV 3C protease in 350 mM NaCl, 20 mM
KH,PO,4, 0.5 mM EDTA, and pH 7.0.
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Frozen vs. unfrozen HAV 3C protease stock solutions. During the initial
analysis of these 1D 'H NMR spectra, it was observed that better resolved spectra
were obtained when HAV 3C protease samples were prepared from pooled
protease stock that had not been previously frozen. Figure 2.7 (p.57) shows how
the amide region of the unfrozen spectrum displayed sharper peaks than the sample
that had been previously frozen. “Freeze-thaw” induced aggregation has been
previously observed with other proteins such as recombinant human factor XIII.
This was attributed to interfacial adsorption and denaturation at the air-liquid and
ice-liquid interfaces (Kreilgaard et al., 1998). With respect to the HAV 3C
protease, it is likely that as ice crystals formed during the freezing process,
protease molecules were forced too close together (Martin, 1993). Upon thawing,
precipitation was not observed but it could have been that some degree of freeze-
induced or interfacial denaturation had taken place. This “freeze-thaw” induced
denaturation, accompanied with the proximity of other HAV 3C protease
molecules in the frozen state, likely led to an increased tendency to self-associate.
After this observation was made, all pooled protease stock was stored in the

refrigerator at 4°C instead of freezing it at — 20°C.

Preventing hydrophobic interactions between HAV 3C protease molecules. If
protein aggregation arises from the interaction of hydrophobic interfaces between
monomers, site-directed mutagenesis at the hydrophobic regions can be used to
alleviate the aggregation problem (Schein, 1990). This method has been used
successfully for the solution structure determination of the insulin monomer
(Kaarsholm and Ludvigsen, 1994). To investigate whether site-directed mutants
of HAV 3C protease could be prepared (or found) that would have a reduced
tendency to aggregate, we analyzed the X-ray structure of HAV 3C protease
(Bergmann et al., 1997). Interestingly this structure shows two molecules
interacting as a dimer (Figure 2.1). To analyze the dimer interface, a program
called VADAR was used (Wishart, 1994). VADAR provides information on
accessible surface area and packing volumes and can be used to quantify the

interactions between amino acids in domains or interfaces. Structural analysis was
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Figure 2.7. Comparison of 1D 'H NMR spectra collected from 0.5 mM HAV 3C
protease sample (20mM KH,PO,, 350 mM NaCl, 0.5 mM EDTA at pH 7.0)

prepared with (a) frozen and (b) un-frozen stock solutions at 25 °C on a Varian

VXR 500 MHz NMR Spectrometer.
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performed on HAV 3C protease’s PDB file (1HAV) to determine which residues
appear to be interacting at the interface. By running VADAR on the
crystallographic dimer and then taking out the coordinates of one of the species
and rerunning the VADAR surface area analysis, we were able to determine which
amino acids are most likely involved in the dimeric interfaced interactions. The
residues that showed the greatest change in surface area were Asn124, Glul66,
Leul68, Glyl07, Prol10, and Glul39. For a study involving site-directed
mutagenesis, it would appear that replacing the most hydrophobic residue, in this
case Leul68, with a hydrophilic residue type (perhaps lysine) might potentially
reduce the tendency to dimerize. Additionally, because electrostatic interactions
were suspected for the HAV 3C protease, it may have been beneficial to substitute
Glul66 (or Glul39) with an alanine in order to prevent this interaction. While the
Leul68Lys (L168K), Glul66Ala (E166A) or Glul39Ala (E139A) mutants were
not available to investigate this hypothesis, we were able to analyze another mutant
(Y143G) that had been previously found to exhibit “better than average” spectra

(Dr. W. Bachovchin, personal communication).

Mutants of HAV 3C protease. Spectra from the Y143G mutant had unusual
lineshapes that appeared very narrow in the upper portions of the resonance but
broad in the lower portions (Figure 2.8, p.60). This baseline broadening could be
due to the final structure being composed of two slightly different molecular
conformations. An additional problem arose with this mutant as well. In particular,
the HAV 3C Y143G mutant protease could only be expressed and purified in cells
grown in rich (TB) media and not in minimal media which is required for isotopic
labelling. For reasons of the baseline broadening and expression problems, we
decided not to pursue further NMR studies with the Y143G mutant and, instead,

focused on improving conditions for the original HAV 3C protein.

Effect of solvents or detergents. Another method of treating aggregation is to
add detergents or organic solvents (Schein, 1990). Detergents are amphiphilic

compounds that lower the surface tension of water and bind to hydrophobic areas
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on proteins thereby preventing aggregation. CHAPS is a detergent that has been
shown to be quite effective in reducing aggregation and it was successfully used in
the multidimensional studies of calcineurin B (Anglister, et al., 1993). Two HAV
3C protease samples were prepared with 25.0 and 7.0 mM concentration of
CHAPS. In both cases, the C24S mutant showed no narrowing of half-height
linewidth. Denaturing solvents such as trifluoroethanol (TFE) have also assisted in
reducing aggregation by providing a competitive interaction for the intramolecular
hydrophobic interactions responsible for stable tertiary structure (Schein, 1990).
TFE was successfully used for the NMR study of troponin C (Slupsky, et al.,
1995). However, in our hands, any amount of TFE added to HAV 3C protease
caused immediate precipitation of the protein. The fact that CHAPS did not lead to
half-height linewidth narrowing suggests that electrostatic interactions, rather than
hydrophobic interactions, may be the predominant factor leading to self-

association of the HAV 3C protease.

Effect of pH. To determine the effect of pH on HAV 3C protease spectra, we also
prepared a sample at pH 5.4. While there was no appreciable narrowing of
linewidth at the lower pH, the amide region of spectra appeared to have sharper
peaks. In addition, a 'H-"’N HSQC spectra of a doubly labelled HAV 3C protease
(*3C labelled Glycine and '°N labelled Leucine) taken at pH 5.4 was compared to a
similar spectra collected at pH 7.0 of the protease specifically labelled at leucine.
The spectra collected at lower pH appeared to be better resolved than those spectra
recorded at higher pH. The lower pH likely increases the amide signal due to the
slower hydrogen exchange rate at acidic pHs’. Based on these results, It was

decided that all further experiments would be performed at pH 5.4.

Effect of salt concentration. Salt concentrations played a critical role in defining
the optimal solution conditions for HAV 3C protease. In Table 2.1 (p. 45), it is
noted that decreasing the NaCl concentration from 1.0 M to 0.1 M narrowed the

half-height linewidth from 20 Hz to 16 Hz. The reason salt concentration had such
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Figure 2.8. Comparison of 1D ‘H NMR spectra collected from 0.5 mM (a) Y143G
and (b) C24S mutants of HAV 3C protease samples (20 mM KH,PO,, 350 mM

NaCl, 0.5 mM EDTA at pH 7.0) at 25°C on a Varian VXR 500 Mhz NMR
Spectrometer.
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an impact on the half-height linewidth can potentially be explained by the DLVO
(Deryagin-Landau-Verwey-Overbeek) theory of colloids (De Young et al., 1993).
This theory relates the attractive van der Waals and repulsive electrostatic forces as
a function of intermolecular distance (Figure 2.9, p.62). As the protease
concentration increases, the distance between molecules would decrease. In order
to retain electrostatic repulsive forces between molecules at high concentration
(smaller distances between molecules), this theory states that a low salt
concentration is required. At high salt concentrations, the electrostatic charges on
the protease are shielded from each other and the van der Waals (attractive) forces
dominate. This results in an attraction between molecules that ultimately leads to
aggregation. Lowering the salt concentration ensures that electrostatic repulsive
forces would remain between molecules thereby preventing a polymeric state from
arising. Although the linewidth change from 20 Hz to 16 Hz does not by itself
mean that an aggregated state has been transformed into a monomeric state, it does
suggest that the protease is behaving better in NMR samples with low salt

concentrations.

As can be seen in Table 2.1 (p. 45), certain solution properties didn’t
appear to affect the half-height linewidth. These factors were temperature and the
addition of DTT and CaCl, to the solution. However, the temperature studies did
teach us something about the stability of the protein. Increasing the temperature
generally led to more rapid precipitation. Performing NMR experiments above
25°C would typically cause the protein to precipitate within hours (depending on
the temperature). The highest temperature that could be tolerated for extended
periods of time (10 days) was 25°C. While DTT didn’t appear to have an effect on
linewidth it was added to the samples to prevent disulfide bridge formation. In the
C24S HAV 3C protease, there is still the active site Cys172 that could potentially
lead to the formation of intermolecular disulfide linkages. Erring on the side of
caution, we decided to add DTT to all samples to keep the Cys172 in the reduced

form.
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Free Energy

Figure 2.9. DLVO Theory. Van der Waals electrostatic forces (V. and
V. pusve) ar€ plotted as a function of intermolecular distance (x). (a) Low salt,
(b) medium salt and (c) high salt.
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In conclusion, the 1D 'H NMR half height line width studies indicate that
the optimum NMR sample conditions for the HAV 3C protease are: 100 mM
NaCl, 20 mM KH,PO4, 0.5 mM EDTA , 1.0 mM DTT , at pH 5.4

Confirmation of a HAV 3C protease monomer. Once optimal solution
conditions were determined, analytical ultracentrifugation of HAV 3C protease
under the new conditions was performed to determine if the protein was
monomeric. The results of the second ultracentrifugation study are presented in
Figure 2.10 (p.64). Under these low salt, low pH conditions, HAV 3C protease
clearly adhered to a single species fit. The fit in this study is ‘good’ because of the
shotgun appearance of the residuals and the standard deviation is just 0.017. The
results show an apparent molecular weight of 24,719 daltons which is significantly
closer to the theoretical molecular weight of 23,876.59 daltons based on the amino
acid sequence and the natural abundance of all isotopes. Fitting the data to a
monomer-dimer species model, a dissociation constant (Kd) of 13 mM was
determined. This means that at 13 mM, under these solution conditions, 50 per

cent of the HAV 3C protease molecules would be dimerized.

15N—T1 and 1SN-TZ envelope studies (Farrow et al., 1995) were also
performed to confirm the results of analytical ultracentrifugation and to investigate
the maximal allowable concentration for the HAV 3C protease. Table 2.3 shows
the backbone "N-T}/T; results for one sample (C) in the high salt, high pH
conditions and three samples (A,B,D) collected under optimal (low salt, low pH)
conditions. Interestingly, these data agree very well with those from the analytical
ultracentrifugation studies. Both techniques indicate that the molecular weight has
decreased from ~ 32 to ~24 kDa (approximately monomeric) when the protein was
moved from high salt, high pH conditions to low salt, low pH conditions. If the
protease was existing as a dimer in the original NMR sample conditions the
estimated molecular weight would have been ~ 48 kDa. This implies that the
protease was not fully dimerized in the high salt, high pH conditions but a certain

percentage of self-association was evident. This percentage was ~45% and
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Figure 2.8: Sedimentation Analysis of HAV 3C protease in 100 mM NaCl, 20 mM
KH,PO;, 0.5 mM EDTA, 1.0 mM DTT and pH 5.4.
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~ 33% as calculated from analytical ultracentrifugation and >N-T, enveloped

studies respectively.

Table 2.3. Analysis of the 'N-amide envelope of HAV 3C Protease at four
different concentrations and two sets of conditions. Tc and MW are estimated using

equations found in Spyracopoulos et al., 1999. (1.11tc=1/Tong, MW =2 X 1¢)

Sample A Sample B Sample C Sample D
"N T (ms) |~1015 ~ 1003 ~ 944 ~ 964
“NT;(ms) |~74 ~59 ~57 ~77
Tc (ns) ~12.1 ~15.3 ~15.8 ~11.7
MW (kDa) |~24.2 ~30.6 ~31.6 ~234
Sample A:  1.40 mM HAV 3C Protease / 100 mM NaCl / 20 mM KH,PO, /
0.5 mMEDTA/1.0mM DTT/pH 5.4
Sample B: 1.0 mM HAV 3C Protease / 100 mM NaCl / 20 mM KH,PO, /
0.5 mMEDTA/1.0mMDTT/pHS5.4
Sample C:  0.75 mM HAV 3C Protease / 350 mM NaCl / 20 mM KH,PO, /
0.5mM EDTA /pH 7.0
Sample D:  0.46 mM HAV 3C Protease / 100 mM NaCl / 20 mM KH,PO, /

0.5 mMEDTA/1.0mM DTT/pH 5.4

Samples A, B and D in Table 2.3 were studied to determine if increasing
protease concentrations would increase '°N-T, times which in turn would reflect
increased levels of aggregation. Of these three samples, sample B (1.0 mM)
yielded results that did not fit with samples A (1.4 mM) and D (0.46 mM).
Sample B was prepared from frozen stock and had an estimated '°N-T; of ~ 59 ms
which is very similar to the >N T, (~ 57 ms) of the protease in the original high
salthigh pH conditions. It appears that freezing and thawing prior to sample
preparation can lead to problems with aggregation, even when the protein is under
optimal low salt, low pH conditions (100 mM NaCl, 20 mM KH,PO;, 0.5 mM
EDTA , 1.0 mM DTT , and pH 5.4). This observation supports the observations
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from the 1D '"H NMR linewidth studies that protease stock should be kept chilled
at 4°C and not frozen at —20°C. Sample D (0.46 mM) and sample A (1.40 mM)
had very similar N-T, times and therefore it appears that increasing the
concentration of the protease to maximum of 1.40 mM does not lead to any
significant aggregation. It is important to note that the 1.40 mM protease sample
had exhibited some precipitation after 48 hours as the sample was cloudy with
flakes. Preparing NMR samples at this high concentration may be risky for long;er
3D NMR experiments that take three days to complete. In contrast, sample D
(0.46 mM) showed no precipitate for several weeks after it was prepared.

Stability Study of the HAV 3C Protease. This stability study attempted to
address two key issues; (1) the length of time the protease stock solution would be
stable when stored at 4°C and (2) the length of time a concentrated (0.63 mM)
sample (stored at 4°C and 25°C) would remain monomeric after preparation. The
results of this study are shown in Table 2.4. HAV 3C protease was expressed and
purified as described previously and stored in a stock solution (2mg/mL) for a
month prior to preparing the two samples used in this study. Spectra collected for
the two 0.63 mM samples on days 1 through 9 displayed a half-height linewidth of
16 Hz. Therefore, the concentrated protease sample appears to be stable for nine
days regardless of whether it is stored at 4°C or 25°C. The increase in half-height
linewidth noted on day 27 (2 Hz at 4°C and 1 Hz at 25°C ) could be due to self-

association although the extent of aggregation is not known.

Table 2.4. Stability Study of (~0.6 mM) HAV 3C protease NMR samples at 4°C
and 25°C.

Day # Aviz (Hz) of Sample | Avip (Hz) of Sample at 25°C
at 4°C

1 16 Hz 16 Hz

4 16 Hz 16 Hz

7 16 Hz 16 Hz

9 16 Hz 16 Hz

27 18 Hz 17 Hz
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The results of this study indicate that HAV 3C protease can be stored at
4°C at low concentrations (2 mg/mL) in the elution buffer for at least one month
with no evidence of aggregation. This study also shows that the concentrated (0.63
mM) protease samples are stable for at least nine days and that after this time,
some degree of ‘self-association’ is noted.  This suggests that concentrated HAV
3C protease samples should be prepared and analyzed by NMR within 10 days of
preparation. These samples yield the best results within the first nine days
although it may be that well resolved spectra can be recorded up to ~ one month

after preparation.

2.4 Conclusion

To summarize, solution conditions have been found where the HAV 3C
protease remains monomeric at high (> 0.5 mM) sample concentrations. To
identify these conditions a number of solution variables (salt, pH, temp, detergents,
addition of ligands) were screened via half-height linewidth measurements.
Subsequent studies using two techniques, analytical ultracentrifugation and '*N-T,
relaxation studies, clearly established that the HAV 3C protease was monomeric at
low salt (100 mM NaCl) and low pH (pH 5.4) condtions. Our "N NMR relaxation
studies indicate that NMR samples up to 1.4 mM can remain monomeric although
some precipitation typically occurs from more concentrated samples after 48 hours.
Finally, stability studies indicate that after the protease has been expressed and
purified, it can be stored at ~2-3 mg/mL in the elution buffer at 4°C for up to one
month and that concentrated (~0.63 mM) HAV 3C protease samples show no sign
of aggregation for at least nine days. This information proved to be vital for the

success of the triple resonance experiments that are described later in this thesis.
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Chapter 3
?H, *C and N isotopic labelling of HAV 3C protease

3.1 Introduction

’H, *C and "N isotopic labelling of proteins has become a standard
practice in biomolecular NMR spectroscopy. It is primarily used to facilitate the
study of larger (>12 kDa) proteins. If a protein can be biosynthesized by a
bacterial (or a simple eukaryotic) expression system, °N and ">C can be readily
incorporated by growing the cells in minimal media containing isotopically
enriched nitrogen and carbon sources (MclIntosh and Dahlquist, 1990; Pardi 1992).
Similarly, 2H can be incorporated by growing cells in *H,O-based media (Venters
et al., 1995). When *C and "N are incorporated into proteins, multidimensional
heteronuclear NMR experiments can be acquired to alleviate the peak overlap
problems often found in 2D 'H NMR spectra of unlabelled proteins.
Concomitantly, these heteronuclear spectra are easier to work with, owing to the
large chemical shift dispersion inherent to '*C and "N nuclei (Clore and
Gronenborn, 1991; Kay et al., 1990a; Bax et al., 1989). Incorporation of ’H into
bio-molecules is primarily used to improve the relaxation properties of larger
proteins (Gardner and Kay, 1998) leading to better spectral resolution. By using a
suite of triple-resonance experiments developed in Dr. Lewis Kay’s laboratory for
deuterated proteins (Yamazaki et al., 1994a/b), several large proteins including the
29 kDa human carbonic anhydrase II (Venters et al., 1995) and a 37 kDa trp
repressor/DNA ternary complex (Yamazaki et al., 1994a/b) have been successfully

assigned.
While uniform incorporation of ?H, *C and "N is the predominant strategy

for labelling proteins, residue selective '°N labelling is a useful alternative as it can

assist in defining which resonances in heteronuclear NMR spectra belong to a
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specific amino acid type. This information can be invaluable, as it can be difficult
to assign spin systems to residue types on the basis of chemical shift information
alone. For example, when using HNCA and HN(CO)CA spectra to obtain
backbone sequential chemical shift assignments, ambiguities may arise due to the
similarities in '*C, chemical shifts displayed by certain groups of amino acids.
One such group includes histidine, leucine, methionine and glutamine as they all
display °C,, chemical shifts near ~53 ppm (Wishart et al., 1995b). By using 'H-
>N HSQC spectra collected from residue-specific "N labelled samples,
unambiguous assignment of spin systems to a given residue type is possible,
provided that these types of specifically labelled samples can be successfully bio-
synthesized. This type of labelling strategy has aided in the NMR study of several
proteins including o-lytic protease (Bachovchin, 1985), E. coli thioredoxin
(LeMaster and Richards, 1985), T4 lysozyme (McIntosh et al., 1990) and a M13
coat protein (Henry and Sykes, 1992).

In this study, several biosynthetic strategies were employed to introduce
isotopes into the HAV 3C protease.  Single (*°N), double (13C/15N), triple
(ZH/BC/”N) and residue-specific (°N) labelled protease samples were all
successfully produced. This was accomplished by growing the E. coli cells
containing the HAV 3C protease expression system in 'H,O- or 2H,O-based
minimal media supplemented with ""NH4CI, '*C¢-glucose and/or amino acid
mixtures containing '*N-amino acids. These strategies produced protease samples
with high levels (>95%) of “C and ""N and moderate levels (~70 %) of 2H
incorporation. In addition, a simple residue-specific labelling strategy with a
prototrophic strain of E. coli, produced “good” results with HAV 3C protease

labelled specifically at alanine, leucine, isoleucine, lysine, and valine.
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3.2 Materials and Methods

Isotopes and Reagents. "NH,Cl (98%), BC-Ce-Glucose (>98%), and sterile
filtered 2H,O (>97%) were purchased from Martek Biosciences Corpoation
(Columbia, MD). '*N-Alanine, '*N-Glycine, '"N-Isoleucine, "N-Leucine, >N-
Lysine, '’N-Phenylalanine, and '’N-Valine (all 95-99%) were purchased from
Cambridge Isotope Laboratories, Inc (Andover, MA).
were obtained from Sigma Chemical Co. (St. Louis, MO). Reagents used for the

Unlabelled amino acids

expression and purification of HAV 3C protease are listed in Table 3.1.

Table 3.1. List of reagents used for the expression and purification of HAV 3C

protease.
Reagent Ingredient Quantity
M9 Minimal Media NaHPO, 6.80 gm
. . . NaCl 0.50 gm
Add ingredients to sufficient ol 100
double distilled (dd) HoO to | Nk 00 gm
make 1L. Glucose 4.00 gm
MgSO; (1.0M) 2.00 mL
CaCl,#2H,0 (1.0M) 0.10 mL
Thiamine (1% w/v) 1.00 mL
Ampicillin (75mg/mL) 2.00 mL
FeSO4 (1 mM) 2.00 mL
Cell Resuspension Buffer Tris-HCI (1.0M / pH 8.5) 5.00 mL
EDTA (0.5 M/ pH 8.0) 0.50 mL
Add ingredients to sufficient DTT (1.0M/pH 5.2) 0.20 mL
dd H,O to make 100 mL.
Phosphate Buffer KH,PO, 2.72 gm
. . . 0.5 MEDTA ( pH 8.0) 1.00 mL
Add dients to suffi
ngredients to Suiidlent S MDTT (pH52) 2.00 mL

dd H;0 to make 1 L. Correct
solution pH to 5.4 with 1.0 M
KOH or 1.0 M HCI.
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HAY 3C protease expression and purification. All HAV 3C protease samples
were isolated from a prototrophic E. coli strain MM294 containing the
overexpression plasmid pHAV-3CEX (Malcolm et al., 1993) with a C24S
mutation (to facilitate protein stability). The four types of isotopically labelled
HAYV 3C protease have been prepared by growing the E. coli expression system in
four different minimal media preparations as described below. The expression and
purification of HAV 3C protease was performed as outlined in Chapter 2.
Expected yields and parameters used to obtain each type of isotopically labelled

HAYV 3C protease sample are outlined in Table 3.2.

Table 3.2. Comparison of strategies used in the isolation of HAV 3C protease. T1
is the approximate time used for the overnight culture growth. T2 is the
approximate time between inoculation of the “expression” media and induction
with IPTG. T3 is the “induction period” that cells were allowed to grow prior to
harvesting. M9* is minimal media (1 L) prepared with 1.0 gm of 13’C—C6-glucose
and 1.0 gm “NH,CL. M9** is minimal media (1 L) prepared with an amino acid
mixture substituted for NH;Cl. M9*** is minimal media (300 mL) prepared with
90 % *H20:10% 'H;0, 0.6 gm of C-Cg-glucose and 0.3 gm of *NH,CL.

Isotopic Overnight | Expression T1 T2 T3 Yield of
Label media media {hrs) (hrs) (hrs) HAV 3C
protease
(mg/L)
N TB M9 12-14 |24 8 ~20
PC/PN TB M9* 12-14 | 2-4 8 ~8
N residue TB MO** 12-14 | 2-4 8 ~40
specific
Unlabelled M9 M9 12-14 [ 2-4 8 ~ 80
“H/°C/°N MO*** MO*** 48 6 12 ~25

>N uniformly labelled HAV 3C protease. To uniformly incorporate N into
HAV 3C protease, 1 L of M9 minimal media was prepared by substituting 1 gm of
BNH,C] for 1 gm of unlabelled NH4Cl. E. coli cells (containing the
overexpression plasmid pHAV-3CEX) were grown overnight in a 25 mL rich
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media (TB) starter culture. If growth occurred, 10 mL of this starter culture was
used to inoculate the 1 L batch of *NH,Cl-minimal media. The E. coli cells
utilized ""NH,4Cl similarly to unlabelled NH,CI therefore no adaptation period or
change in protocol was necessary. Therefore, isolation and purification of the
uniformly '°N labelled HAV 3C protease was done as outlined in Chapter 2.

Be/SN uniformly labelled HAV 3C protease. In order to limit the expense of
3C-Ce-glucose used to prepare a doubly labelled *C/'°N HAV 3C protease,
several trials were performed to determine the minimal amount of glucose (per 1 L
batch) that the E. coli cells could successfully grow on. These studies indicated
that a sufficient quantity of HAV 3C protease (for a NMR sample) could be
obtained by growing cells ina 1 L batch of minimal media having 1.0 gm glucose
(data not shown). With this information, 1 L of M9 minimal media was prepared
by substituting 1.0 gm of *NH,CI for 1.0 gm of unlabelled NH4Cl and 1.0 gm of
13C.C¢-glucose for 4 gm of glucose. As before, E. coli cells were grown overnight
in a 25 mL rich media starter culture. If growth occurred, 10 mL of this starter
culture was used to inoculate the 1 L batch of minimal media. The E. coli cells
utilized PC-Cg-glucose similarly to unlabelled glucose therefore no adaptation
period or change in protocol was necessary. Therefore, isolation of the *C/°N

labelled HAV 3C protease was done as outlined in Chapter 2.

*H/BC/MN uniformly labelled HAV 3C protease. Triple labelling CH/**C/ BN)
HAV 3C protease with a high level of deuterium required an initial adaptation
period as outlined in Figure 3.1. This involved growing our E. coli expression
system in minimal media prepared with increasing concentrations of sterile filtered
’H,0 (>97%). Two mL quantities of minimal media, composed of 50, 80, and 85
percent *H,0, were prepared and filtered through a 0.22 pum Millex GV filter
(Millipore) to ensure sterilization. A single colony was selected from a LB/amp
plate and transferred to minimal media containing 50% 2H,0:50%'H,0. This
mixture was grown at 37°C for 20 hours at which time the ODggg reached 1.6. It

was then stored overnight at 4°C. The next day, 20 uL of this mixture was added
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to two additional (2.0 mL) media preparations having 80 and 85 percent “H,O.
The 80 percent 2H,O minimal media was used to ensure the expression system had
not lost the HAV 3C protease vector. This culture was grown at 37°C and when
the ODggp of this culture reached 0.6, IPTG was added to a final concentration of 2
mM to induce the overexpression of HAV 3C protease. Immediately after
induction, the temperature was lowered to 30°C and the cells were allowed to grow
for a period of 8 hours. The cells were collected and lysed via the freeze-thaw
method described in Chapter 2. The presence of HAV 3C protease was confirmed
by SDS-Page gel electrophoresis. The 85 percent 2H,O culture was grown for 20
hours at 37°C to an ODgg of 1.8. The 2H20-adapted MM294 cells from this
culture were used to prepare several —80°C freezer stocks by mixing 1 mL of

the culture with 1 mL of sterile 30 percent glycerol.

To triple label (H/"*C/"*N) the protease, 300 mL of 90% 2H,0:10% 'H,0
based minimal media was prepared using only 0.6 gm 13C-C(,-glucose and 0.3 gm
15NH‘;CI. Cells taken from the “2H20 adapted” -80°C freezer stock were
transferred directly into 30 mL of this deuterated minimal media. Due to the slow
growth in deuterated minimal media (Table 3.2, p.71), the 12-14 hour period for
previous overnight cultures was extended to 48 hours. After this period, the entire
volume (30 mL) of overnight culture was transferred into the remaining 270 mL of
prepared minimal media. In approximately six hours the ODgg reached 0.77 and

IPTG was added to a final concentration of 2 mM to induce the culture. The
temperature was lowered to 30°C and growth was allowed to continue for an
extended induction period of 12 hours. After this stage, the triply labelled HAV

3C protease was isolated and purified as described previously in Chapter 2.
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-80°C freezer stock

|

LB Amp Plate
! Minimal Media C = 85:15 *H,0:'H,0
Select Single Colony

|

Minimal Media A

Minimal Media A = 50:50 *H,0:'H,0

Minimal Media B = 80:20 *H,0:'H,O

l Incubate for 20 hours at 37°C

Store culture at 4°C
Minimal Media B Minimal Media C
Incubate at 37°C till OD,,=0.6. Incubate for 20
AddIPTG and hours at 37°C

induce for 8 hours at 30°C.

Freeze/Thaw. Prepare ““H,0-adapted”
Test lysate by SDS-PAGE -80°C freezer stock.
for presence of HAV 3C Protease

Figure 3.1. Protocol to adapt bacteria to “H,0:'H,0 based minimal media.
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Residue-specific 5N Labelling of HAV 3C Protease. HAV 3C protease was
labelled at specific residues (alanine, glycine, leucine, lysine, isoleucine,
phenylalanine, and valine) by growing E. coli cells (containing the overexpression
plasmid pHAV-3CEX) in a 1 L batch of minimal media supplemented with 100
mL of an amino acid mixture instead of NH4sCl (Muchmore et al., 1989). This
amino acid mixture consisted of 19 unlabelled L-amino acids and one '°N-L-amino
acid that had to be specially prepared as outlined in Table 3.3. 10 mL of each of
the 10 amino acid solutions (100mg/10 mL) was combined and filter sterilized
through 2 0.22 m Millex GV filter (Millipore) to ensure sterilization. As before,
E. coli cells were grown overnight in a 25 mL rich media starter culture. If growth
occurred, 10 mL of this starter culture was used to inoculate this 1 L batch of
minimal media. The E. coli cells grew efficiently on this “amino acid” minimal
media producing greater quantities (Table 3.2) of HAV 3C protease than seen
before although no adaptation period or change in protocol was necessary.
Therefore, isolation of the residue-specific 5N labelled HAV 3C protease followed
identically the protocol outlined in Chapter 2.

2D N-'"H HSQC studies of uniform and residue-specific labelled HAV 3C
protease. These experiments were performed by Dr. Carolyn Slupsky and Dr.
Brian Sykes. NMR samples (~1.0 mM) of all residue specific and uniform labelled
HAYV 3C protease were prepared in 90% 'H,0:10% 2H20, 350 mM NaCl, 20 mM
KH,POq4, 0.5 mM EDTA at pH 6.8 except for the uniform and "°N l-isoleucine
sample that were prepared in 90% 'H,0:10% 2H,0, 100 mM NaCl, 20 mM
KH,PO4, 0.5 mM EDTA, 1.0 mM DTT at pH 5.4. "N-'H HSQC experiments
(Kay et al., 1992: Zhang et al., 1994) were carried out at 25°C on a Varian Unity
600 spectrometer equipped with three channels and a 5 mm pulse-field gradient
triple resonance probe. The spectra were acquired with 64 to 128 complex points
in the F1 (°N) dimension and 512 complex points in the F2 (‘H) dimension.
Depending on the concentration and quality of the sample 96-224 transients were
collected. The spectral widths were typically 2000 Hz in F1 (°N) and 8000 Hz in
the F2 (‘H) dimension. Samples were directly ('H) and indirectly (*°N) referenced
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to DSS as described by Wishart et al. (1995). Spectra were processed and peak-
picked on a Sun Ultra 1 workstation, using the NMRPipe (Delaglio et al., 1995)
and PIPP (Garrett et al., 1991) software packages.

Table 3.3. Preparation of 1% (w/v) amino acid stock solutions. 500 mg of each
amino acid in each amino acid group was dissolved in sufficient dd H>0O to make
50 mL. Solutions were filtered through a 0.22 um Millex GV filter (Millipore) to
ensure sterilization. Store all at 4°C except for Cys-Asn-Gln which is stored at
room temperature.

Amino Acid Group Special Requirements

Trp Add sufficient drops of 1.0 M HCl to dissolve.
Tyr Add sufficient drops of 1.0 M KOH to dissolve.
Asp-Glu Add sufficient drops of 1.0 M KOH to dissolve.
Cys-Asn-Gln
Leu-lle-Val

Met
Ala-Thr-Phe-Pro-Ser
Arg-Lys

Gly

His

Mass Spectral Analysis. Four 100 pL aliquots of HAV 3C protease (non-
labelled, '*N-labelled, C/"*N-labelled and 2H/"*C/**N-labelled) were examined
via mass spectral analysis. These aliquots (0.5 - 2.0 mg/mL HAV 3C protease)
were in the post-column elution buffer which was either 350 mM NaCl, 20 mM
KH;POq4, 0.5 mM EDTA at pH 6.8 or 350 mM NaCl, 20 mM KH,PQ,, 0.5 mM
EDTA, 1.0 mM DTT at pH 5.4. The 100 pL aliquot was taken from the purest
post-column fraction (containing HAV 3C protease) as judged by SDS-PAGE.
The four protease samples were submitted to PENCE “as-is” to determine the
experimental mass of each sample by electrospray mass spectrometry using a
Fisons VG Quattro LCMS. The obtained experimental masses are reported in
Table 3.4.
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3.3 Results and Discussion

Adapting bacteria to chemically defined media. Initially, the protocol for the
expression and purification of HAV 3C protease involved growing our bacterial
expression system in a rich (TB) media overnight. 10 mL of this culture was used
to inoculate 300 mL to 1 L of minimal media (“expression” media) prepared with
13C or N enriched components. This protocol usually led to the expression of
HAYV 3C protease in yields of ~ 15-25 mg/L.

When attempting to label the protein with 2H/'3*C/"N, concemns arose over
the use of the rich media as an “overnight” culture and the possible carry over of
protonated nutrients to the deuterated media. To eliminate this problem, we tested
and later confirmed that minimal media could be used in the initial starter culture.
Interestingly, 12 months prior to this, many attempts to grow the same cells in
minimal media proved unsuccessful. One explanation for our later success could
be that at some point in the study, the MM294 cells harboring the pHAV-3CEX
vector had mutated allowing them to grow better in minimal media. Conversely,
the latter efforts differed from the earlier efforts in that a much longer growth
period was used to allow cellular adaptation to the minimal media. Regardless, the
use of minimal media in the starter culture proved to be very fruitful as it led to
significantly higher yields (~ 75-100 mg/l) of HAV 3C protease as compared to
those yields seen before (Table 3.2, p.71). The improved yields of HAV 3C
protease is likely the result of adapting bacteria to minimal media prior to using
them to inoculate the 1.0 L minimal (“expression”) media. This agrees with
Mossakowska and Smith (1997) who report that swapping from rich complex
media, in which all the E. coli requirements are provided, to minimal media in
which E. coli have to synthesize key intermediary metabolites, usually results in

much poorer and slower growth.
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Table 3.4. 2H, *C and "N incorporation levels in singly, doubly and triply labelled

HAV 3C protease as determined by electrospray mass spectrometry.

Isotopic Theoretical Observed % isotope
Label Mass Mass enrichment
Unlabelled 23 876.59 23 923.92 £ 13.78 -
PN 24 165.36 24 149.39 + 12.35 ~955 (°N)
*C/°N 25240.77 25 184.76 £ 15.82 ~95.5 (°N)
~96.3 (3C)
“H/™C/PN 26 621.00 26 184.01 £19.66 ~95.5 (°N)
~96.3 (*3C)
~72.4 (H)

Isotopic Incorporation. Electrospray mass spectrometry was used to determine
the mass for the unlabelled and three uniformly labelled types of HAV 3C
protease. These results are reported in Table 3.4. The mass of the unlabelled
protease was measured to be 23,923.92 + 13.78 which is in good agreement (+ 1 %
or £ 23.8 Da) with the theoretical mass of 23,876.59 based on the amino acid
sequence and the natural abundance of all isotopes. The protease contains 287
nitrogen nuclei therefore if all *N nuclei were replace by >N nuclei the mass
should increase by 288.77 mass units. The measured mass of 24,149.39 + 12.35
for the N labelled protease is 15.97 mass units less than the theoretical mass
therefore '°N incorporation was estimated to be (272.80/288.77) 95.5 percent. The
protease contains 1069 carbon nuclei therefore replacing all carbons with °C
should increase the mass by 1075.41 mass units. The measured mass of 25,184 +
15.82 for the *C/*N labelled protease is 56.01 mass units less than the expected
mass. Assuming that 15.97 mass units could be attributed to "N deficiency, the
incorporation of *C was said to be (1035.37/1075.41) 96.3 percent. The protease
has ~ 1707 protons (which varies with pH) therefore if all except for the 335
attached to nitrogen (backbone and sidechain) were exchanged with 2H, the
protease would increase in mass by 1380.23 mass units. An observed mass of
26,184.01 * 19.66 was measured for the triply labelled protease which is 437.00
mass units less than the theoretical. Assuming that 56.01 could be attributed to °N
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and °C deficiencies, the level of isotopic incorporation for *H was said to be
(999.24/1380.23) 72.39 percent.

The less-than-perfect (96 %) labelling for the uniformly "N and *C/"°N
labelled proteas=s could be attributed to the contamination arising from the 10 mL
of unlabelled TB used to inoculate the 1L minimal media “expression” media.
However, this level of incorporation was deemed satisfactory since any level >90%
is the normal requirement for satisfactory heteronuclear experiments
(Mossakowska and Smith, 1997). For the triply labelled sample, deuterium
incorporation was estimated to be approximately 70 % which, initially seemed
quite low considering the M9 media was composed of 90 % *H,O. Usually the
level of *H incorporation reflects the percentage of *H,O used to prepare the
minimal media (Gardner and Kay, 1998). Therefore, using 90 % H,0 minimal
media we should have expected approximately 90 % 2H incorporation. It is
thought that several factors lead to this less-than-expected distribution of
deuterium throughout the protease. One factor could be that protonated glucose
instead of deuterated glucose was used. This is of importance because during
biosynthesis, protons from these molecules can be efficiently retained at the side
chains of aromatic amino acids and other specific sites within several amino acids
(Gardner and Kay, 1998). Additionally, metabolic and biosynthetic enzymes may
have preferentially used protons over deuterons, since both were in the medium.
This preference is thought to be due to kinetic and thermodynamic isotope effects
(Galimov, 1985). Regardless, this level of deuteration was deemed to be
satisfactory since other proteins, such as a 37 kDa trp repressor/DNA ternary
complex (Yamazaki et al, 1994b), have been successfully studied at 2H

incorporation levels of approximately 70 %.

5N Labelling at Specific Amino Acids in the HAV 3C Protease. Amino acid
biosynthesis in bacteria is regulated by enzymatic activity and at the level of gene
expression (Neidhardt, 1987). Endogenous synthesis of unlabelled amino acids

and transaminase-catalysed nitrogen exchange often can be minimized by
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supplying the host bacteria with sufficient quantities of various amino acids in the
“expression” medium (McIntosh and Dahlquist, 1990). Therefore the simplest
approach, and the strategy we used in this study was to use a defined “expression”
medium (minimal media minus NH4Cl) containing one 5N labelled amino acid
mixed with 19 unlabelled amino acids. The extent to which a "°N labelled amino
acid will be incorporated depends on many factors including the amino acid in

question and the growth characteristics of the bacterial host.

The 'H-""N HSQCs recorded for the "N specifically labelled alanine,
glycine, isoleucine, leucine, lysine, phenylalanine and valine HAV 3C protease
samples are shown in Figures 3.2 (p.81) and 3.3 (p.82). Inspection of this group of
'H->’N HSQC spectra will allow one to discern two characteristics that are
generally conserved. First, all seven spectra show some degree of >N being
incorporated into the side chain nitrogen nuclei of arginine, lysine, glutamine, and
asparagine. This is evident as the “hourglass-shaped” peaks between 6.4 and 7.8
ppm in the 'H dimension and 110 and 114 ppminthe 'N dimension. Second,
in addition to the strong peaks, which are assumed to be the intended amino acid,
there are usually a few extra less intense peaks found in each spectrum. One of
these extra peaks (°N = 130.20 ppm, 'H = 8.01 ppm) corresponds to the C-
terminal residue E217. Likewise, there are three other peaks (120.80/7.72,
123.95/8.40, 123.99/8.32) found in most of the spectra corresponding to the other
C-terminal residues K214, K215, and 1216.

This non-specific °N incorporation, otherwise known as “scrambling”, can
be caused by enzymes that convert the exogenously supplied °N labelled amino
acid into a metabolic precursor or it can be caused by transaminases which catalyze
nitrogen exchange into undesired sites of other amino acids (Muchmore et al.,
1989). It is likely that all of the specific labels experienced “scrambling” to some
degree since an auxotrophic strain of bacteria was not used to prepare the

specifically labelled samples. The reason that the C-terminal resonances are
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Figure 3.2. 'H-"N HSQC spectra of (~1 mM) uniform N and “N-isoleucine
labelled HAV 3C protease in ‘low salt-low pH’ conditions and ""N-alanine and “N-
glycine labelled HAV 3C protease in ‘high salt-high pH’ conditions collected at 25°C
on a Varian Unity 600 spectrometer.
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Figure 3.3. 'H-"N HSQC spectra of (~1 mM) *N-leucine, “N-lysine, '"N-
phenylalanine and "N-valine labelled HAV 3C protease in ‘high salt-high pH’

solution conditions collected at 25°C on a Varian Unity 600 MHz spectrometer.
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visible is likely due to their very high mobility. Because of this mobility, they
display very sharp intense peaks that exaggerate their level of >N incorporation.

The relative success of this simple specific labelling strategy (without the
use of auxotrophic strains of E. coli) is reported in Table 3.5. Five of the seven
trials gave very good results (showing greater than 80% of the expected peaks). In
particular, the spectra collected for alanine, isoleucine, leucine, lysine, and valine
labelled HAV 3C protease were generally good. Of these, the isoleucine and
leucine samples gave the best results (although leucine must have scrambled
preferentially into one other residue in the sequence) showing 100% of the
expected peaks. The reason that these two samples displayed all of the expected
peaks is likely due to the fact that they were prepared at a lower pH (5.4) which led
to a slower rate of hydrogen exchange and improved amide ("H/"°N) signals. It is
possible that if the other samples had been prepared at this lower pH, they too
would have displayed all (or at least more) of the expected peaks. Attempts to
label HAV 3C protease at glycine and phenylalanine were the least useful as it is
quite clear that scrambling occurred for both samples. However, of these two, the

glycine spectrum was of some utility as 15 of the 22 expected peaks could still be

discerned.

Table 3.5. Success of residue-specific °N labelling studies.

Amino Acid type Total number Number of intense peaks in
in sequence 'H->N HSQC spectrum

Alanine 12 11

Glycine 22 “scrambled”

Isoleucine 13 13

Leucine 19 20

Lysine 17 15

Phenylalanine 8 “scrambled”

Valine 23 18
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3.4 Conclusion

To summarize, nearly all of our isotopic labelling attempts proved to be
very successful. For the three uniformly labelled protease samples (*H/C/™N,
13¢/PN, and "SN), incorporation levels of >95% were noted for both 3C and “N
and ~ 70 % for *H. It was determined that careful adaptation of the bacterial
expression system to chemically defined media played a major role in optimizing
our yields of the labelled HAV 3C protease. This was demonstrated in the higher
yields (75-100 mg/L versus 20 mg/L) of protease when using minimal media
instead of rich media in the “overnight” culture. Cellular adaptation was also
important in producing HAV 3C protease in deuterated media. This was
demonstrated in the success of the step-wise approach to progressively higher
percentages of 2H,O content which we used to select “ZHZO-adapted” bacteria in
the production of the triple (*H/"*C/"°N) labelled protease. Finally, the "N residue-
specific labelling schemes, even without the use auxotrophic strains of E. coli,

were successful in five of the seven attempted residue-specific trials.
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h rd

'"H, ®C and N backbone assignments of HAV 3C
protease

4.1 Introduction

Preclinical drug discovery generally involves two processes: 1) lead
generation and 2) lead optimization. In the lead generation process, candidate
molecules are identified that appear to bind to a protein target and inhibit the in
vitro activity of the protein. In the lead optimization process, potential drug leads
are optimized with respect to detailed structural information, in vitro potency and
other important parameters such as bioavailabity, pharmacokinetic or toxicological
properties. In recent years, NMR spectroscopy has been applied to both lead
generation and lead optimization (Moore, 1999; Roberts, 1999; Fesik, 1993;
Hajduk et al., 1997; Shuker et al., 1996). In the area of lead generation, NMR has
been used to detect weak binding of small molecules to a number of protein drug
targets. Subsequently, this binding information can be used to design much
tighter-binding inhibitors. The method, known as “SAR by NMR” (Shuker et ai.,
1996), screens a large library (10°-10%) of small molecules against an "N labelled
protein target by using information derived from 2D 'H-"’N HSQC spectra. Using
this technique, protein-ligand binding can be discerned by noting perturbations in
the target protein’s amide chemical shifts. In the area of lead optimization, NMR
has been used to characterize the detailed structure and dynamics of both the
protein target and the small molecule leads. Such studies typically involve the
solution structure determination of either the protein, the protein-ligand complex or
the ligand structure using either isotope edititing/filtering or transferred NOE
techniques (Roberts, 1999).

For NMR spectroscopy to be used in either of the processes described
above, it is critical that complete backbone 'H, *C and "N chemical shift
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assignments be available for the protein target of interest. This is because the
sequential assignments serve as the basis of any strategy employed to solve protein
3D structure via NMR spectroscopy (Clore and Gronenborn, 1994). Additionally,
having the backbone amide (‘Hy, 15N) chemical shifts assigned in the H-PN
HSQC spectra is of utmost importance for “SAR by NMR” because knowing
which residue(s) experience amide chemical shift perturbations indicate which

site(s) on the protein are involved in ligand binding (Shuker et al., 1996).

This chapter describes the NMR experiments that were performed to obtain
nearly complete 'H, '*C and "N backbone chemical shift assignments for HAV 3C
protease. Early efforts using '*N-edited and triple resonance experiments (‘H-"°N
TOCSY-HSQC, 'H-'*’N NOESY-HSQC, HNCACB and CBCA(CO)NNH) using
single (**N) and double (*C/*°N) labelled HAV 3C protease were thwarted by
problems with macromolecular aggregation in ‘high salt/high pH’ solution
conditions. The efficient relaxation rates typical of aggregated proteins led to
spectra that were devoid of much of the expected chemical shift information.
However, identifying solution conditions that minimized aggregation (low salt/low
pH) and preparing a triply (ZH/BC/ISN) labelled HAV 3C protease sample (to
combat efficient relaxation rates) solved the “poor spectral quality” problem. With
this triple labelled sample, we collected three “deuterium-modified” triple
resonance experiments that yielded spectra displaying nearly all of the expected
chemical shifts. As a result, these final CT-HNCA, CT-HN(CO)CA and
HN(CA)CB spectra were used in conjunction with previously collected residue-
specific HSQC data to complete about 85 percent of the sequential backbone
assignments.

The assignments were found to be in good agreement with a set of
predicted chemical shifts calculated from SHIFTX (Neal, Nip and Wishart,
unpublished) and TOTAL (Williamson et al., 1992,1995). These programs use
semi-empirical methods (using ring-current shifts, shifts arising from magnetic

anisotropies of bonds, and shifts arising from the polarizing effect of polar atoms
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on the C H bond) to calculate 'H, C and "N chemical shifts for HAV 3C
protease based on the 3D coordinates from its X-ray crystal structure (Bergmann et
al., 1997). Finally, the backbone chemical shifts that have been assigned were
analyzed by the CSI program (Wishart et al., 1994) and preliminary calculations
show that the locations of 2 a-helices and 11 B-strands are in good agreement with

X-ray crystallographic data.

4.2 Heteronuclear NMR experiments used to obtain
sequential backbone assignments for HAV 3C protease

Due to the complexity and number of NMR experiments performed in these
studies, a concise description of each experiment follows. These experiments
include: 1) 'H->N HSQC (Kay et al., 1992: Zhang et al., 1994), 2) 'H-"N
TOCSY-HSQC (Zhang et al., 1994), 3) 'H-""N NOESY-HSQC (Zhang et al.,
1994), 4) (constant-time) CT-HNCO (Muhandiram and Kay, 1994), 5) deuterium-
modified CT-HNCA (Yamazaki et al., 1994a), 6) deuterium-modified CT-
HN(CO)CA (Yamazaki et al., 1994b), and 7) deuterium-modified HN(CA)CB
(Yamazaki et al., 1994b) experiments.

2D '"H-">N HSQC. 2D '"N-'H HSQC experiments (Kay et al., 1992: Zhang et al.,
1994) were used to correlate the chemical shift of each "°N nucleus and its
covalently bonded proton (‘Hy). In the *’N-"H HSQC experiment, depicted in
Figure 4.1 (p.93), magnetization is initially generated on 'Hy [Step 1]. An INEPT
pulse sequence transfers magnetization to the attached "N via 'Jyy (~90 Hz)
coupling [Step 2] and all "N chemical shifts are recorded over the acquisition time
t; [Step 3]. A reverse INEPT pulse sequence transfers magnetization back to the
attached 'Hy [Step 4] and all 'Hy chemical shifts are collected over the second
acquisition time t; [Step 5]. Fourier transformation of the resultant FID yields a

frequency domain map showing all 'Hy and "N correlations.
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3D 'H-""N TOCSY-HSQC. The 3D 'H-">N TOCSY-HSQC experiment (Zhang et
al., 1994) is illustrated in Figure 4.2 (p.94). Presaturation of the water resonance
was avoided by using ‘water-selective pulses’ and gradients and by ensuring that
water magnetization is placed along the +z-axis prior to acquisition (Grzesiek and
Bax, 1993; Kay et al., 1994). Compared to 'H-'°N HSQC-TOCSY experiments
that utilize water presaturation, the advantage of the TOCSY-HSQC is that it
avoids saturation of the 'H, spins, allowing observation of important 'H,, cross
peaks. Initially this experiment is a homonuclear TOCSY experiment with °N
spin decoupling during the t; period [Step 1]. Isotropic mixing transfers
magnetization between 'H spins within each spin system énd 'H chemical shifts
are recorded over the acquisition time t;. An INEPT pulse sequence then transfers
magnetization to N via 'Jyy (~90 Hz) coupling [Step 2] and all °N chemical
shifts are recorded over the acquisition time t, [Step 3]. Finally, a reverse INEPT
pulse sequence is used to transfer magnetization back to 'Hy [Step 4] and all 'Hy
chemical shifts are collected over the final acquisition time t; [Step 5]. Fourier
transformation of the resultant FID yields a frequency domain map showing all

'Hy, °N and 'H resonances within each spin system.

3D 'H-"N NOESY-HSQC. The 3D '"H-"*N NOESY-HSQC experiment (Zhang et
al., 1994) is illustrated in Figure 4.3 (p.95). Presaturation of the water resonance
was avoided by using ‘water-selective pulses’ and gradients and by ensuring that
water magnetization is placed along the +z-axis prior to acquisition (Grzesiek and
Bax, 1993; Kay et al., 1994). The advantage discussed above for the TOCSY-
HSQC applies to the NOESY-HSQC as well. Initially the sequence is a
homonuclear NOESY experiment with "N spin decoupling during the
period [Step 1]. Magnetization transfer occurs via dipolar mediated cross-
relaxation for a mixing period Tv. All NOEs (through space magnetization
transfers to 'H nuclei within 54 of each other) are recorded over the acquisition
period t;. Although all protons are frequency-labelled during t;, only magnetization

from 'Hy is transferred to the attached "N by an INEPT pulse sequence via the
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'Tu (~90 Hz) coupling [Step 2]. All "N chemical shifts are recorded over the
acquisition time t; [Step 3]. A reverse INEPT pulse sequence is used to transfer
magnetization back to the attached 'Hy [Steps 4] and all 'Hy chemical shift are
collected over the final acquisition time t; [Step 5]. Fourier transformation of the
resultant FID yields a frequency domain map showing all *N and 'Hy correlations

as well as 'H correlations that cross-relaxed with each 'Hy.

3D CT-HNCO Experiment. The 3D CT-HNCO experiment (Muhandiram and
Kay, 1994) was used to correlate the 'Hy and °N chemical shifts of residue i’
with the carbonyl carbon (*CO) chemical shift of the preceding residue ‘i-1’. In
the HNCO experiment, depicted in Figure 4.4 (p.96), magnetization is initially
generated on 'Hy [Step 1]. An INEPT pulse sequence transfers magnetization to
>N via 'Jng (~90 Hz) coupling [Step 2] and all N chemical shifts are recorded
over the acquisition time t; [Step 3]. This experiment is optimized through the use
of a constant time interval that allows overlap of the period needed to encode °N
frequencies (t;) and the period needed for dephasing of the >N spins with respect
to the °CO. The introduction of this constant time period is advantageous as it
results in a reduction of relaxation losses and a concomitant improvement in
sensitivity. A second INEPT pulse sequence is used to transfer magnetization to
the preceding residue >CO via Jnco (~15 Hz) coupling [Step 4] and all 3co
chemical shifts are recorded over the acquisition period t, [Step 5]. Magnetization
is then transferred back to 'Hy using two reverse INEPT sequences [Step 6] and all
"Hy chemical shift are collected over the third and final acquisition period t; [Step
7). Fourier transformation of the resultant FID yields a frequency domain map
with correlations between *CO(i-1), *N(i), and 'Hn(i).

“Deuterium-modified” NMR experiments. Triple-resonance (°N, “°C, 'H)
experiments applied to proteins with molecular weights in excess of 20 kDa may
experience a number of significant limitations (Gardner and Kay, 1998). The first
problem relates to the rapid T, relaxation rates of nuclei (particularly '>C) that

participate in the magnetization transfer steps during the course of these
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experiments. These rapid relaxation rates can lead to significant signal loss in
these multiple step triple resonance experiments. The second problem, according
to Gardner and Kay, (1998), is the lack of resolution in these spectra, particularly
in the carbon dimension, due to the short acquisition times that must be used as a
consequence of efficient 13C T, relaxation rates. The ">C T, relaxation rate is
dominated by the strong dipolar interaction with its attached protons (Browne et
al., 1973). As discussed in Chapter 1, replacing protons with deuterium, whose
magnetogyric ratio is ~6.5 times lower than that of protons, greatly reduces the
dipolar interaction and consequently lessens the 13C T, relaxation rates (or
increases °C T, relaxation times). This increases in 13C T, relaxation times
provides a solution to the above problems by reducing signal loss and increasing

the time allotted for acquiring '*C chemical shifts.

In general, the following experiments (CT-HNCA, CT-HN(CO)CA, CT-
HN(CA)CB) have been modified by incorporating deuterium decoupling during
periods in which transverse carbon magnetization is present (Gardner and Kay,
1998). At high magnetic field strengths, the >H spin lattice relaxation time, Ty, in
proteins is in the millisecond range due to the large ’H quadrupolar interaction
(~170 kHz) (Grzesiek et al., 1993). As a consequence, the 2H-">C J coupling (~22
Hz) gives rise to a '>C resonance that is broadened by scalar relaxation of the
second kind (Abragam, 1961; London, 1990). However, incorporating deuterium
decoupling into these pulse sequences during '>C chemical shift acquisition
effectively removes this broadening. This results in *C linewidths that are much

narrower than those noted for protonated °C nuclei (Grzesiek et al., 1993).

3D “deuterium-modified” CT-HNCA. The deuterium-modified CT-HNCA
(Yamazaki et al., 1994) was used to provide protein backbone information by
correlating the 'Hy with directly attached N, *C, and preceding PCy(i-1)
chemical shifts. In the HNCA experiment, shown in Figure 4.5 (p.97),
magnetization is initially generated on the 'Hy [Step 1]. An INEPT pulse sequence
transfers magnetization to "°N via the "Iy (~90 Hz) coupling [Step 2]. A second
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INEPT pulse sequence is used to transfer magnetization to the attached and
preceding 13C,, via the 'Tnce (8 — 12 Hz) and 2Ince (~ 7 Hz) couplings respectively
[Step 3]. The two 13C, chemical shifts are then recorded over the acquisition
period t; [Step 4]. This experiment is optimized through the use of a constant time
interval that allows overlap of the period needed to encode '>C, frequencies (t;)
and the period needed for dephasing of the *C,, spins with respect to the '°N. This
results in a reduction of relaxation losses and a concomitant improvement in
sensitivity. Magnetization is then transferred back to BN using a reverse INEPT
sequence [Step 5] and all "N chemical shifts are recorded over the acquisition time
t2 [Step 6]. Magnetization is then transferred back to 'Hx using a reverse INEPT
sequence [Step 7] and all 'Hy chemical shifts are collected over the third and final
acquisition period t; [Step 8]. Fourier transformation of the resultant FID yields a

frequency domain map with correlations between B, 1-1), lsN(i), and "Hn(i).

3D “deuterium-modified” CT-HN(CO)CA. The deuterium modified 3D
HN(CO)CA (Yamazaki et al., 1994) was used to complement the deuterium-
modified HNCA by correlating 'Hy chemical shifts with attached '*N chemical
shifts and preceding *Cu(i-1) chemical shifts. In the HN(CO)CA experiment,
shown in Figure 4.6 (p.98), magnetization is initially generated on 'Hy [Step 1].
An INEPT pulse sequence transfers magnetization to '°N via the 'Jny (~90 Hz)
coupling [Step 2]. A second INEPT pulse sequence is used to transfer
magnetization to the preceding residue >CO(i-1) via the Tnco (15 Hz) coupling
[Step 3]. A third INEPT pulse sequence is used to transfer magnetization to the
preceding residue “C,(i-1) via the 'Jcaco coupling (55 Hz) [Step 4].  The
preceding C,(i-1) chemical shifts are then recorded over the acquisition period t;
[Step 5]. This experiment is optimized through the use of a constant time interval
that allows overlap of the period needed to encode *C, frequencies (t;) and the
period needed for dephasing of the BCq spins with respect to the '*CO. This
results in a reduction of relaxation losses and a concomitant improvement in

sensitivity. Magnetization is then transferred back to "N(i) using two reverse
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INEPT sequence [Step 6] and all "N chemical shifts are recorded over the
acquisition time t, [Step 7]. Finally, magnetization is transferred back to 'Hy using
a reverse INEPT sequence [Step 8] and all 'Hy chemical shifts are collected over
the third and final acquisition period t; [Step 9]. Fourier transformation of the
resultant FID yields a frequency domain map with correlations between *Cq(i-1),
N(D), and "Hn(i).

3D “deuterium modified” HN(CA)CB. The deuterium modified 3D HN(CA)CB
(Yamazaki et al., 1994) is illustrated in Figure 4.7 (p.99). This experiment provides
protein backbone information by correlating the 'Hy chemical shifts with the
attached '°N chemical shifts and 13CB(i, i-1) chemical shifts. In this experiment,
magnetization is first generated on 'Hy [Step 1]. INEPT pulse sequences are used
to transfer magnetization to °N via the 'Jxg (~90 Hz) coupling [Step 2], the
attached and preceding >Cq(i, i-1) via the 'Jnco (8 — 12 Hz) and Jyce (~ 7 Hz)
couplings [Step 3] and finally to the ' Cp(i, i-1) [Step 4] via the Jee (~30-40 Hz)
coupling. The two 13CB(i, i-1) chemical shifts are then recorded over the
acquisition period t; [Step 5]. Magnetization is then transferred back to '°N using
two reverse INEPT pulse sequences [Steps 6-7] and all >N chemical shifts are
recorded over the acquisition time t, [Step 8]. Magnetization is finally transferred
back to 'Hy using a reverse INEPT sequence [Step 9] and all 'Hy chemical shifts
are recorded over the third and final acquisition period t; [Step 10]. Fourier
transformation of the resultant FID yields a frequency domain map with

correlations between '* Cp(i, i-1), N(1), and "Hn(i).
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Figure 4.1. Outline of magnetization transfer in the 'H-"N HSQC experiment.
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Figure 4.2. Outline of magnetization transfer in the "H-"N TOCSY-HSQC
experiment.
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Figure 4.3. Outline of magnetization transfer in the 'H-"N NOESY-HSQC
experiment.
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Figure 4.4. Outline of magnetization transfer in the CT-HNCO experiment.
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Figure 4.5. Outline of magnetization transfer in the “deuterium modified” HNCA
experiment.
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Figure 4.6. Outline of magnetization transfer in the “deuterium modified”

HN(CO)CA experiment.
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4.3 Materials and Methods

Preparation of HAV 3C protease NMR samples. "N, *C/*°N, *H/"C/"N and
residue-specific N labelled HAV 3C protease samples were isolated from the
prototrophic E. coli strain MM294 containing the overexpression plasmid pHAV-
3CEX (Malcolm et al., 1993) with a C24S mutation (to facilitate protein
stabilization). Media was prepared, bacteria cultures were grown and the HAV 3C
protease was isolated as described in Chapters 2 and 3. The NMR sample used for
'H-'>N HSQC, 'H-"N TOCSY-HSQC and 'H-’N NOESY-HSQC experiments
contained 0.75 mM HAV 3C protease (uniformly '°N labelled) dissolved in 350
mM NaCl, 20 mM KH;POq, 0.5 mM EDTA at pH 7.0. The sample was prepared
to a volume of 500 puL by combining 10 uL DSS, 100 pL D,0 (99%) and 390 pL
concentrated protease solution. The resulting sample had a HO:D-O ratio of 8:2.
The NMR sample used for the CT-HNCO experiment contained 1.0 mM HAV 3C
protease (uniformly *C/'*N labelled) dissolved in 350 mM NaCl, 20 mM KH,PO,,
0.5 mM EDTA at pH 7.0. The sample was prepared to a volume of 500 pL by
combining 10 pL of 3% (w/v) sodium azide, 10 pL DSS, 50 pL D,0 (99%) and
430 pL concentrated protease solution. The resulting sample had a H,0:D,0 ratio
of 9:1. The NMR sample used for the deuterium-modified CT-HNCA, CT-
HN(CO)CA and HN(CA)CB experiments contained 1.0 mM HAV 3C protease
(uniformly 2H/"C/'*N labelled) dissolved in 100 mM NaCl, 20 mM KH,POs, 0.5
mM EDTA, 1.0 mM DTT at pH 5.4. The sample was prepared to a volume of 500
ML by combining 10 pL of 3% (w/v) sodium azide, 10 uL DSS, 50 pL D,0 (99%)
and 430 uL concentrated protease solution. The resulting sample had a H,O:D,0
ratio of 9:1.

Experimental set up for NMR experiments. Experiments were set up and
performed by Dr. Stephane Gange, Dr. Carolyn Slupsky, Dr. Leo Spyracopoulos
and Dr. Brian Sykes. 'H-'""N HSQC, 'H-"*N TOCSY-HSQC and 'H-'"N NOESY-
HSQC experiments were carried out at 25°C on a Varian Unity 600 MHz
spectrometer equipped with three channels and a pulse-field gradient triple
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Table 4.1. Acquisition parameters for NMR experiments.

Experiment Nucleus No. of complex points | Spectral widths (Hz) | Scans
Fl F2 F3 Fl F2 F3 FI [F2 [F3
'H-"N HSQC (pH7.0) | “N 1N 256 | 1024 2000 | 8000 224
'H-"’N TOCSY HSQC |'H N ['HY |240 |64 1024 | 7000 | 1885 | 8000 |12
'H-"N NOESY HSQC |'H BN |'HY [256 |64 1024 | 7000 | 1885 | 8000 | 16
HNCO PN Pco |'HN |64 128 | 1024 | 1625 | 1541 | 6000 |24
'H-"NHSQC (pH5.4) | N 'HN 256 | 1024 1600 | 8000 32
HNCA Bce PN |'HY [168 |56 1024 | 3268 | 1600 | 8000 | 16
HN(CO)CA Bc, IBPN [N |168 |56 1024 | 3268 | 1600 | 8000 | 16
HN(CA)CB Bepg |PN ['HY [128 |56 1024 | 7650 | 1600 | 8000 | 16

101



resonance probe. Mixing times in the "N-"H TOCSY-HSQC and "*N-'H NOESY-
HSQC experiments were 32 ms and 72 ms respectively. All triple resonance
experiments were acquired at 25°C on a Varian Unity 500 MHz spectrometer
equipped with three channels and a pulsed-field gradient triple resonance probe
(with sequential quadrature detection during the detection period). The acquisition
parameters for all experiments are listed in Table 4.1 (p.101). Chemical shifts
were directly ('H) and indirectly (>C,"N) referenced to DSS at 0 ppm as described
by Wishart et al. (1995). Spectra were processed and peak-picked on a Sun Ultra 1
workstation, using the NMRPipe (Delaglio et al., 1995) and PIPP (Garrett et al.,
1991) software packages.

Assignment strategy. A two-step approach was adopted to achieve the sequential
polypeptide backbone resonance assignments. The first step was to use the 'H-">N
HSQC (Figures 4.8 and 4.9, p.104-105) spectrum of HAV 3C protease to make
unambiguous assignments for a number of amino acid types and use them as
starting and check-points in later data tracing. This required the use of 'H-""N
HSQC spectra from residue-specific °N labelled HAV 3C protease samples (as
discussed in Chapter 3). Using these spectra, 'Hy and °N assignments were made
for a significant portion of the alanine, glycine, leucine, lysine, isoleucine and
valine residue types. It is important to note that all 'H-'">N HSQC spectra for the
residue-specific >N labelled HAV 3C protease samples, except the isoleucine
sample, were collected at pH 7.0 whereas the "H-'"N HSQC spectra of uniform and
isoleucine "N-labelled HAV 3C protease were collected at pH 5.4. This was
somewhat problematic due to differences in the amide chemical shifts observed at
different pH values. Only those resonances in the residue-specific HSQC spectra
that could be unambiguously assigned to peaks in the uniformly labelled HSQC
spectrum were used.

The second step in the assignment process was to find sequential
connectivities of the backbone resonances. Initially, chemical shift “clusters” were

assembled by comparing spin system data collected from HNCA, HN(CO)CA,
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HN(CA)CB and the residue-specific HSQC data. This process began by using
the residue-specific HSQC data to assign a residue type to a peak in the uniformly
labelled HSQC spectrum. Next its 'Hy, N, °C, and *Cp chemical shifts (i’
chemical shifts) would be determined along with the *C, and *Cg chemical shifts
of the preceding residue (‘i-1° chemical shifts). This ‘spin system’ assignment
process was repeated for all peaks in the uniformly labelled HSQC spectrum.
Chemical shift clusters were built in the ‘i-1° direction by correlating the *Cy(i)
and Cg (i) chemical shifts from one spin system with the original (known residue-
type) spin system’s *Cq (i-1) and 13CB (i-1) chemical shifts. Similarly, clusters
could be built moving in the ‘i + 1° direction by reversing the above protocol. This
process is demonstrated in Figure 4.10 (p.106), which shows sequential
connectivities being made between G195 to L199 using information afforded by
the HNCA spectrum. When a sizeable cluster was built (4-6 residues long), we
would observe what residue type we started with (eg. Lys) and observe the other
spin systems involved in the cluster. Usually, one of the other spin systems would
also have been assigned to a specific residue type. Additionally, ideas about what
residues were responsible for the other spin systems in the cluster could be
generated by comparing the observed chemical shifts of the spin system to
expected random coil chemical shifts for residue-type spin systems (Wishart et al.,
1995). Once this was accomplished for a given cluster, the string of residues
(known residue types and hypothesized residue types) was then fitted into the
HAYV 3C sequence. When a positive match for a given sequential cluster could be
made, the sequential backbone chemical shift information was inserted into Table
4.2 (p.109).

Because of the large size of the HAV 3C protease (23.8 kDa), chemical
shift degeneracy often posed a challenging problem. In the process of either
building up one cluster or linking two clusters together, it was always necessary to
match up one or two chemical shifts (*C and ®C). In some cases, multiple
choices were available. When a positive decision could not be made, we would

stop and start from another marker, that being of a known residue type.
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Figure 4.10. Polypeptide backbone assignments of Gly195, Asn196, Ser197,
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directions using the 3D HNCA. The HNCA experiment was performed on the
’H, “C, N uniformly labelled HAV 3C protease (1mM) in 20 mM KH,PO,,
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Varian Unity 500 MHz spectrometer.
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4.4 Results and Discussion

Spin system assignments. The general approach for assigning the backbone spin
system resonances (1HN, BN, B Co, B Cp, 'H, and P CO(i-1)) was based on the use
of the 'H-">N HSQC spectrum collected at pH 5.4 (Figure 4.8) as a chemical shift
fingerprint of the observable amides. This spectrum displayed 204 of the expected
210 resonances (217 — 7 prolines). This less-than-perfect result is due to several
amide resonances having the same (or very similar) 'Hy and >N chemical shifts.
Amide HN pairs identified in the HSQC were correlated to the backbone *C
resonances using HNCA and HN(CO)CA spectra. The HNCA spectrum provided
both intraresidue (i) and interresidue (i-1) *C, resonances with the intraresidue
resonance usually being of a noticeably higher intensity. The HN(CO)CA
spectrum was used to unambiguously determine which resonance in the HNCA
spectrum belonged to the interresidue '*C,, resonance. Using these two spectra, 205
B3¢, resonances could be identified. Similarly, HN pairs were correlated to 13CB
resonances using the HN(CA)CB spectrum. This spectrum provided both
intraresidue and interresidue °Cp resonance information. The intraresidue 13Cp
resonance was assumed to be the more intense of the two. The HN(CA)CB
experiment was not as sensitive as the HNCA and HN(CO)CA experiments and

consequently only 170 "*Cg resonances could be identified.

Determining 'H,, and '*CO (i-1) resonances for each spin system required
the use of 'H-"N HSQC, 'H-"N TOCSY-HSQC, 'H-'*N NOESY-HSQC, and
HNCO spectra, all of which were acquired at pH 7.0. This was done after the
sequential assignments had been made using the HNCA, HN(CO)CA, HN(CA)CB
and residue-specific HSQC spectra. To determine 'H, and ®CO (i-1) resonance
assignments, it was necessary to determine which HN resonances in the ‘high-pH’
'H-">N HSQC could be unambiguously equated to HN resonances in the ‘low-pH’
'H-"N HSQC. Differences in the amide chemical shifts between these two spectra
likely arose from differences in protonation states of acidic (aspartate, glutamate,

cysteine and tyrosine) and basic (arginine, lysine, histidine) amino acids.
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Changing the protonation-state will invariably change the surrounding electronic
environment which amide chemical shifts are notoriously sensitive to (MacLachlan
et al., 1997). Consequently, with so many differing amide resonances, equivalency
could only be established for 71 HN pairs between the ‘high-pH’ and ‘low-pH’
HSQC spectra.

The equivalent, ‘high-pH* HN pairs were subsequently correlated to 'H
resonances using 'H->"N TOCSY-HSQC and 'H-"N NOESY-HSQC spectra. Itis
important to note that these spectra were of much lower quality than the other
triple resonance spectra. If a '"H chemical shift was not present in the TOCSY
spectrum, the NOESY spectrum was used to determine the most likely 'Hg
chemical shift based on the NOEs observed for that spin system (i.e. presence
detected in the ‘i + 1’ spin system). Similarly, the equivalent HN pairs (at high
pH) were correlated to '>CO(i-1) resonances using the HNCO spectrum. Because
the HNCO was a triple resonance experiment, this spectrum was significantly more
sensitive than the '*N-edited experiments (TOCSY and NOESY) and nearly all
expected >CO resonances could be observed. However, only those *CO(i-1)
chemical shifts that correlated to the 71 HN pairs are reported. The last step was to
assign the *CO (i-1) resonances to their own respective (i) spin system according

to the HAV 3C protease sequence.

Sequential assignments. Chemical shift information from HNCA, HN(CO)CA,
HN(CA)CB and information from the 'H->N HSQC spectra of the N residue-
specific labelled proteases have allowed 175 sequential assignments to be made
(Table 4.2). Initially, HNCA, HN(CO)CA and residue-specific HSQC spectra
were used to link up *C,(i) and 13Cq(i-1) resonances (Figure 4.10). However,
many ambiguities arose due to similarities in the '*C, resonances of amino acids
such as histidine, leucine, methionine and glutamine. All of these residues
typically have *C, random coil chemical shifts at approximately 53 ppm (Wishart
et al., 1995b). Using this method, about 65 percent of the sequential assignments
could be made. The ’C; resonance information collected from the HN(CA)CB
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Table 4.2. Sequential backbone chemical shifts assignments of HAV 3C protease.

Residue PN 'Hy PC, ‘3(;B BN*  THy* H* BCO*

1 S 56.89 63.69

2 T 11960 899 66.49 67.75

3 L 11946 8.19 5733 40.38

4 E 120.75 7.73  58.66 28.79

5 1 119.71 7.41 61.01 34.25 178.54
6 A 122.15 9.10 5508 17.60 12226 9.10 3.92 179.58
7 G 104.05 7.86  46.68 10434 785 392 176.12
8§ L 121.68 7.30  57.12 40.78 12231 734  4.05 180.09
9 Vv 11824 824  66.16 3093 118.68 824 335 178.14
10 R 11691 860 59.51 2861 117.1 8.58 3.83 179.11
11 K 11562 729 5775 3141 116.04 732 425 176.58
12 N 11863 7.58 5196 3832 11899 7.60 5.03 174.11
13 L 12520 7.53 5540 42.66 12545 7.55 498 177.25
14 Vv 117.25 9.17  58.29 117.50 9.11 5.17 175.47
15 Q 118.25 7.81 5639 3093 11830 7.76 5.14

16 F 54.0

17 G 109.99 8.67 43.64 169.59
18 V 112.74 8.08 58.56 35.01 11233 8.12 525

19 G 110.22 890  45.32

20 E 12024 846  54.59 30.93

21 K 12348 893  58.04 31.02

22 N 11699 855 5355 37.12 175.18
23 G 107.32 7.94 4430 107.60 7.92  4.23 173.83
24 S 116.01 799 5746 63.94 11620 804 440 173.06
25 vV 12205 7.93 61.13 32.02 12232 793 346 174.48
26 R 127.54 8.18 53.73 30.14 128.11 825 436

27 W 128.14 8.52  57.02 28.05

28 vV 120.68 9.07  63.55 34.33

29 M 113.6 8.06 56.04 2943

30 N 119.09 8.51 5255 42.03

31 A 117.25 9.14  50.73 22.64

32 L

33 G

34V

35 K

36 D

37 D

38 W

39 L

40 L

41 Vv

42 P

43 S

44 H 119.98 9.23  57.75 26.01

45 A 122.11 7.57 5422 19.29

46 Y 10820 6.79  56.63 41.35

47 K 12022 7.04 5727 31.1

48 F 11575 857 56.97 37.28

49 E 119.23 7.46  54.15 28.86

50 K 124.78 875 57.03 31.69

51 D 119.64 8.91 54.68 38.72
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Residue BN 'Hv Bc. cy PN* 'Hy* 'Ho* PCO*
52 Y 117.69 7.53 60.03 37.27

53 E 11842 8.39 58.19 2745

54 M 115.54 7.69 5430 31.83

55 M

56 E

57 F 121.72 9.56 5733 39.88

58 Y 1238 8.74 55.88 39.90

59 F 115.88 9.30 55.09 4246

60 N 120.99 9.01 5145 38.55

61 R 127.30 9.02 5399 31.19

62 G 116.34 9.11 46.79 174.95
63 G 107.79 8.38 44.59 108.00 8.41 4.01 173.87
64 T 117.52 7.40 6140 69.68 117.72 741 4.20

65 Y 124.07 8.33 53.93 3743

66 Y 122.77 940 57.17 40.58

67 S 116.00 8.75 55.89 66.79

68 1 120.73 8.86 59.50 41.02

69 S 121.04 8.30 58.30 62.94

70 A 128.67 8.24 54.59 18.40

71 G 10148 7.94 45.35

72 N 116.55 7.87 5226 3933 175.08
73V 114.02 6.97 6035 3243 114.95 7.00 4.56 175.14
74 V 124.57 7.87 62.13 3242 125.14 7.89 425 174.35
75 1 126.37 847 58.80 3940 126.84 8.49 527 176.44
76 Q 127.72 9.83 5342 31.59 128.09 9.84 4.94

77 S 119.41 8.60 5777 6424

78 L 121.97 9.49 5593 41.86

79 D 112.82 7.60 51.51 4243

80 V 11847 8.89 62.50 31.73

81 G 111.59 8.33 43.85

82 F 121.47 8.60 5846 38.80

83 Q 12238 7.83 5297 27.85 175.50
84 D 12393 995 53.70 123.86 9.95 5.51

8 V 1246 8.83 63.02 178.20
8 V 118.89 845 58.66 119.41 8.50 4.86

87 L

88 M

89 K

9 V

91 P

92 T

93 1

94 P

95 K

9% F

97 R 55.88 29.69

9% D 123.16 8.51 5324 39.58

99 1 121.81 8.93 60.88 177.89
100 T 117.06 8.98 6522 68.85 117.02 8.99 3.60 177.03
101 Q 116.21 8.40 5624 2670 11624 842 4.20

102 H 113.75 8.16 5539 27.60

103 F

104 1 59.88 39.61

105 K 126.89 9.05 55.93 31.90 179.34
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Residue ~ °N 'Hy °C, "Cpy PN* 'Hy* 'Hi* "CO*
106 K 126.30 10.3 60.01 3130 126.56 10.33 179.86
107 G 104.65 9.37 4548 104.88 9.43 3.94 174.35
108 D 117.20 8.04 5399 41835 11749 8.07 5.06 177.05
109 V 122.92 7.40 68.65 30.00 123.17 742 3.93

110 P 65.10

111 R 113.49 8.06 56.97

112 A 119.59 7.99 51.09 20.88 177.85
113 L 118.07 7.03 5529 4224 11827 7.04 4.10 176.71
114 N 11546 9.81 5453 3695 115.75 9.85 426 173.30
115 R 11547 7.34 5254 31.64 115.77 7.37 4.83 176.00
116 L 120.24 8.42 55.09 4037 12064 8.45 473

117 A 121.56 7.35 51.31 23.78

118 T 116.00 8.75 61.12 71.31 172.36
119 L 130.88 9.77 53.78 4046 131.19 9.77 5.66 173.76
120 V 129.51 9.21 61.06 30.79 12990 9.25 4.35

121 T 118.15 8.08 5831 68.86

122 T 115.56 8.61 60.61 71.11

123V 117.81 7.95 61.73 3274

124 N 127.05 9.63 53.67 36.98 175.18
125 G 102.87 8.15 44 .64 103.09 8.18 425 174.41
126 T 120.70 7.98 60.23 69.33 120.97 8.00 4.60

127 P

128 M

129 L

130 I

131 S 120.02 7.73 58.90

132 E 12344 8.44 55.63 2845 .

133 G 107.36 8.32 44.80

134 P 6276 3148

135 L 119.73 8.32 54.59 36.87

136 K 53.75

1357 M 126.50 9.16 53.45

138 E 126.76 9.13 5345 29.94

139 E 1246 8.83 59.24 28.71

140 K 117.40 7.89 54.63 35.10

141 A 124.36 8.75 50.63 21.96

142 T 116.92 8.41 60.02 70.47

143 Y 54.82 38.55

144 V 116.38 8.19 60.63 33.66

145 H 124.28 8.83 5476 3224

146 K 128.13 7.84 5487 32.10 176.76:
147 K 123.99 8.61 55.84 3247 12436 8.70 451 178.22
148 N 121.00 9.66 5549 37.18 122.11 9.63 4.60

1499 D 116.39 7.89 52.82  39.35

150 G 107.77 8.03 4490 174.62
151 T 113.92 8.08 61.65 6998 114.05 8.08 447 173.50
152 T 110.00 8.19 59.87 71.03 109.66 8.17 5.28 174.53
153V 119.59 8.64 59.47 34.16 119.76 8.74 431 172.95
154 D 124.60 8.19 53.13 4040 12526 8.13 4.89 175.15
155 L 125.58 8.90 5322 41.87 12596 8.89 443

156 T 116.06 7.80 60.62 71.04

157 V 117.11 8.68 57.89 34.43

158 D 5345 4223

159 Q 112.02 8.19 5740 26.37 172.26
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Residue BN THy PC. ®Cg N* THy* 'Ht PcoO*
160 A 126.84 8.32 4943 21.57 126.54 8.31 498

161 W 123.75 9.22 55.17 31.14

162 R 122.18 9.28 5444 33.03

163 G 114.20 9.00 43.15 172.35
164 K 122.55 8.80 55.14 33.82 12285 8.83 5.04

165 G 110.45 7.69 44.17

166 E 117.87 8.13 5432 2934 175.22
167 G 110.18 849 43.99 11043 8.54 448 172.74
168 L 120.82 7.65 51.73 4345 120.77 7.65 3.80

169 P 65.44 31.38

170 G 10533 8.96 45.64

171 M 113.64 794 56.16 33.1 176.17
172 C 116.86 8.02 61.60 852 116.61 8.04 4.61

173 G 11295 941 44 .81 172.62
174 G 110.20 8.27 44.55 110.41 8.31 433 171.59
175 A 118.93 8.07 4979 23.11 119.03 8.09 5.29 174.60
176 L 125.20 7.95 52.89 125.47 7.97 4.63

177 V 130.05 941 58.03 28.08

178 S 117.92 8.69 61.12 6236

179 S

180 N

181 Q

182 S 61.12

183 1 11044 6.50 5995 3544

184 Q 116.60 7.83 56.58 2495 175.14
185 N 109.79 7.99 55.50 36.87 109.69 7.96 3.79 171.34
186 A 110.04 5.79 5221 19.04 110.53 5.86

187 1 118.85 8.71 61.49

18 L 12349 749 55.60 4398 178.90
189 G 102.05 7.32 45.32 10244 7.35 4.14 171.14
190 1 118.40 7.91 5535 39.87 11846 7.92 525

191 H 127.19 8.85 58.89 32.33

192V 119.03 8.78 61.34 34.93

193 A 119.55 6.96 5230 21.21 175.18
194 G 107.32 7.92 44 .88 107.60 7.92 423

195 G 96.26 7.23 44.54

196 N 120.63 9.20 5432 36.97

197 S 108.12 8.65 59.75 62.11

198 1 12025 7.78 59.16 39.98

199 L 12446 8.28 53.12 41.87

200 V 123.98 8.90 60.58 33.64 173.59
201 A 127.08 8.66 4933 21.12 127.61 8.69 5.27

202 K 124.0 8.70 5427 29.74 176.27
203 L 128.24 8.40 56.55 41.62 128.81 8.41 175.82
204V 129.08 7.93 6094 3473 129.27 7.97

205 T 110.95 7.62 5749 71.23

206 Q 117.98 8.80 5845 28.78 179.29
207 E 118.87 9.49 60.34 27.41 119.04 9.51 3.93 179.17
208 M 117.76 7.62 5795 3041 118.00 7.65 4.00 176.97
209 F 113.74 7.12 5732 3694 11399 7.14 432 176.98
210 Q 119.31 747 5792 2784 119.65 7.48 4,09

211 N 11448 7.93 54.01 38.01 11483 7.96 4.60 176.04
212 1 11526 7.15 62.65 36.80 11599 7.16 3.54 175.55
213 D 120.47 7.54 53.94 4035 120.70 7.55 4.44 175.74
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Residue BN Hy BC, PCp PN* 'Hy* 'Ho* PCO*

214 K 120.74 7.71 5593 3239 120.79 7.71 427 176.21
215 K 12329 833 5583 3221 12399 840 3.83 176.34
216 1 12337 824 6069 37.81 124.02 833 435 175.32
217 E 12940 798 5720 3033 13023 8.0l 4.19

Chemical shifts were directly (‘H) and indirectly (®C,"N) referenced to DSS at
0.00 ppm as described by Wishart et al., (1995). * Chemical shifts at pH 7.0.

experiment sorted out many ambiguities that arose from problems of 13C chemical
shift overlap. Using both 13C, and '3 Cp chemical shift information helped define
and differentiate spin systems much better as random coil *Cy chemical shifts for
histidine, leucine, methionine, and glutamine are 29.0, 41.7, 32.4 and 29.2 ppm
respectively. This ' Cp information was particularly useful when trying to identify
what residue type was responsible for a given spin system. It also provided an

additional data point when building chemical shift clusters.

The amide peak in the 'H-">N HSQC spectrum that displayed the greatest
intensity (at 129.40/7.98 ppm) corresponded to the C-terminus (Glu217). This
intense peak was a favorable starting point and connectivities, in the ‘i-1’ direction,
were made using information contained in HNCA, HN(CO)CA and HN(CA)CB
spectra. This initial stretch continued until Alal93 where the resonance intensity
in all spectra began to drop off. Resonance assignments (A193, G194, G195, 1198,
L199, etc.) were confirmed with the HSQC spectra collected from °N residue-
specific labelled HAV 3C protease. This integrated approach to sequentially
assigning the backbone was repeated throughout the assignment process. Other
starting points were Lys11 and Val109, as they belonged to helical regions that had
been assigned using the initial ’N-edited experiments. Sequential stretches were
assigned from these starting points and confirmed with residue-specific HSQC
data. Once these sequentially assigned stretches could no longer be extended,
other peaks were selected from the residue-specific HSQC spectra to serve as new
starting points.  Generally, the best check for correctness of a sequentially

assigned cluster was to simply note the difference in *C, and Cp chemical shift
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values between residues ‘i’ and ‘i-1°. A correctly assigned cluster would rarely

show chemical shift difference greater than 0.1 ppm.

Table 4.2 displays a couple regions (32-43, 87-96, 127-130 and 179-181)
that could not be assigned. Generally, the residues that have been assigned on
either side of these regions displayed very weak or no ">C, and l3CB chemical
shifts and it is likely that those residues within the unassigned regions also have
weak resonances. The weak resonance intensity could be due to the fact those
residues are in mobile regions in some kind of intermediate or slow exchange

process.

‘Observed’ versus ‘predicted’ HAV 3C protease chemical shifts. Comparisons
between the observed and predicted chemical shifts for HAV 3C protease are
displayed in Figure 4.11 (p.115). Predicted chemical shifts for °N, 'Hy, °*Cq, *Cg
and CO shifts were obtained from SHIFTX, whereas the predicted 'H ¢ hemical
shifts were calculated using TOTAL (Williamson et al., 1995). Correlation
coefficients of 0.76, 0.60, 0.97, 0.99, 0.78 and 0.78 were determined for "N, 'Hy,
Be,, B Cs, 'H, and CO chemical shifts respectively. Although all these values
indicate a ‘good’ correlation between observed and predicted data, the '*C, and
13C,3 correlations are nearly perfect. It is likely that these chemical shifts, relative
to their chemical environment and structure, are more easily predicted than the

other types of chemical shifts.

Correlation coefficients for ISN, IHN,IHQ and "*CO are lower than those
noted for the '>C, and Cp. For this reason, we studied the eight residues that
showed the greatest difference between observed and predicted >N, 'Hy,'H,, and
13CO chemical shifts (Table 4.3, p.116). This was done to determine if any trends
could be found that might indicate structural differences between the solution and
X-ray structures of HAV 3C protease. Trends that can be noted in Table 4.3 are
1212 appearing in 3 (°N, 'Hx, and ">CO) of the 4 categories and 50 percent of the

residues showing the greatest difference in *CO chemical shifts are glycines. 1212
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Figure 4.11. Predicted versus observed chemical shifts for HAV 3C protease. Predicted
chemical shifts for N, 'Hy, °C,, °C, and ®CO shifts were obtained from

SHIFTX, whereas the 'H, predicted chemical shifts came from the TOTAL program
(Williamson et al., 1992).
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Table 4.3. The 8 residues showing the greatest differences between observed and
predicted "N, 'Hy, 'H,, and CO chemical shifts.

N "Hx
Residue | Observed Predicted Residue Observed | Predicted
N114 115.46 125.74 H44 9.23 7.75
Ni24 127.05 117.60 F59 9.30 10.34
L135 119.73 129.93 Y66 9.40 9.96
Al4l 124.36 133.84 L155 8.90 7.55
Q159 112.02 121.23 Al86 5.79 7.78
A186 110.04 121.80 L199 8.28 9.38
G1%4 96.26 111.14 M208 7.62 6.63
1212 115.26 108.29 1212 7.15 6.51

'H, ~CO
Residue | Observed Predicted Residue Observed Predicted
V25 3.46 423 G62 174.95 172.80
RI111 5.16 421 G63 173.87 171.60
L113 4.10 4.74 V85 178.20 175.21
L119 5.66 4.61 K105 179.34 175.61
D154 4.89 5.30 G125 174.41 172.10
G167 4.48 3.91 G173 172.62 171.80
G189 4.14 4.77 1212 175.55 178.84
K215 3.83 4.51 D213 175.74 178.69

was assigned using all of our spectra (‘*N-edited and triple resonance) therefore it
is unlikely that it is assignment incorrectly. This result may be indicating that the
environment surrounding 1212 is different in the solution-state compared to that in
the solid-state. The result that 50 percent of the residues showing greatest
differences in '*CO chemical shifts are glycines may indicate that glycine *CO

chemical shifts are more difficult to predict than other residue types. Otherwise,

116



those residues that are present in Table 4.3 do not show any obvious trends. Asa
result, it is very likely that there is no indication of structural differences, between
solution and solid states of HAV 3C protease, that can be inferred from the

differences found between our observed and predicted chemical shift sets.

Secondary structure of HAV 3C protease. The BCm,BCB,lHQL and “CO
chemical shifts are sensitive to secondary structure. In fact, the secondary
structure can be accurately predicted from these chemical shifts using the CSI
method (Wishart et al., 1992, 1994). The CSI program (Wishart et al., 1994) was
used to calculate indices for most amino acid residues in HAV 3C protease using
available chemical shift information. Consequently, some stretches of secondary
structure were predicted based on information from only one type of chemical shift
and certain stretches (32-43, 87-96, 127-130 and 179-181) had no chemical shift
assignments therefore no structure could be predicted. Obviously, a more accurate
prediction of secondary structure could be attained as soon as all chemical shifts
have been assigned. However, Table 4.4 displays the results of the CSI predictions
based on the current set of chemical shift assignments. As can be seen, 11 B-
strands and 2 «-helices have beeh predicted. The position and extent of these
structural elements are in good agreement with structural elements in HAV 3C
proteases crystal structure (Bergmann et al., 1997), as calculated by VADAR.
VADAR (Wishart et al., 1994) used the 3D coordinates of the HAV 3C protease
PDB file (1HAV) to calculate the secondary structure elements. It is likely that the
differences between the CSI predictions and secondary structure from X-ray data

would be significantly less if complete chemical shift assignments were present.
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Table 4.4. Comparison of secondary structure features of HAV 3C protease
obtained from CSI and X-ray diffraction methods. VADAR (Wishart, 1994) was
used to calculate secondary structure from the PDB file (1HAV) of the X-ray
crystal structure of HAV 3C protease (Bergmann et al., 1997). *From the PDB file
(1HAV) as this a-helix was not calculated by VADAR.

B-Strands a-Helices
CSI Vadar CSI Vadar
Cq Cs H, Co Cq Cs H, CO
6-11 6-11 2-10 711
12-18
7427 2325
2833
3741
5861 5560
6468 6668 6569
7276 7376 | 7576 7376
8490
9597
105-108 | 108-111
105-105
115-123 | 121-123 115-122
140-147 | 140-143 127-146
149-157 | 151-153 | 151-155 | 150-154 | 152-138
160-168 | 160-168 160-165
175-177 174-179
186-188
191-194 190-193
198-202 197-204
206-209 208-215 | 206212 | *206-213

4.5 Conclusion

In conclusion, 175 of the 210 (217 residues — 7 prolines) sequential
backbone assignments have been made although a majority of the 'H and *CO
assignments are still missing due to 'H-""N TOCSY-HSQC, 'H-">N NOESY-
HSQC and HNCO experiments being performed on a HAV 3C protease sample at
high pH. The three key experiments that enabled the near complete backbone
assignments to be made were the “deuterium modified” HNCA, HN(CO)CA and
the HN(CA)CB experiments as they yielded spectra with nearly all expected
resonances. There were two reasons why these experiments were so successful.
The first reason lies in the fact that we prepared this HAV 3C protease sample in
solution conditions that minimized aggregation. The second reason was
incorporating high levels of deuterium into the protease to combat the efficient

relaxation rates of nuclei present in non-deuterated samples. The sequential
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assignments that have been made are in good agreement with those chemical shifts
that have been predicted by SHIFTX and TOTAL software packages based on the
X-ray crystal structure of the HAV 3C protease. Finally, based on the ‘Chemical
Shift Index’ and our present sequential assignments, secondary structure elements
have been predicted that are in relatively good agreement with those structural

elements determined by X-ray crystallography.
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HAPTERS

General Discussion and Conclusion

This thesis centers on the 3C protease from Hepatitis A virus, the causal
agent of one of the most common forms of acute, infectious hepatitis in the world.
HAYV 3C protease is a large, 217 residue protein that could serve as an excellent
target for ‘structure based drug design’. It is an excellent drug target because it is
responsible for processing the polyprotein produced by the translation of viral
mRNA and therefore, it is essential to the propagation of this virus (Linemeyer et
al., 1985; Najarian et al., 1985; Palmenberg, 1990; Rueckert, 1996). The intent of
this thesis was to obtain near complete 'H, '>C and >N backbone chemical shift
assignments for HAV 3C protease. More specifically, in Chapter 2, I describe how
NMR spectroscopy and ultracentrifugation studies were used in consort to identify
solution conditions that minimized the macromolecular aggregation noted in our
early HAV 3C protease NMR samples. In Chapter 3, I describe four expression
and purification protocols that facilitated uniform (*H/"*C/**N, *C/"N, '*N) and
residue-specific (°N) isotope incorporation into HAV 3C protease. Finally, in
Chapter 4, 1 describe the heteronuclear NMR experiments, performed with single
(*N), doubly (PC/"®N) and triply ((H/'*C/"*N) labelled HAV 3C protease, that
enabled 175 of the 217 backbone chemical shift assignments to be made. It is my
contention that the sequential assignments that have been completed to date will
enable NMR spectroscopy to be used in future ‘drug-screening’ efforts, as
described in Shuker et al., (1996), to assist in the ‘structure based drug design’ of a
protease inhibitor to fight Hepatitis A.

As I described previously in Chapters 1 and 2, to obtain “good” NMR
spectra from larger proteins, it is important to ensure that the protein be mono-
disperse at concentrations of 1 mM or higher. Macromolecular aggregation is
often problematic in protein NMR spectroscopy as it leads to extremely efficient

13C, N and 'H T; relaxation rates which in turn leads to significantly broadened
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lines, poor resolution and loss of signal. Early NMR experiments (‘H-"N
TOCSY-HSQC, 'H-""N NOESY-HSQC, HNCACB, CBCA(CO)NNH) performed
with HAV 3C protease in ‘high salt/high pH’ conditions (350 mM NaCl, 20 mM
KH,POys, 0.5 mM EDTA at pH 7.0) generally yielded spectra that were devoid of
much of the expected chemical shift information. At that time, it was hypothesized
that HAV 3C protease was behaving as an aggregate as efficient T, relaxation rates
of nuclei in an aggregated complex could account for the significant loss of signal
in these initial spectra. Additionally, 3 T iNHa coupling constants calculated from 'H
linewidths in a HAV 3C protease HMQC-J spectrum using the method of Wishart
and Wang, (1998) indicated that the molecule was behaving as a dimer.
Sedimentation analysis and '°N T;- and T»-envelope studies eventually confirmed
this hypothesis.

To identify solution conditions that minimized HAV 3C protease
aggregation, a series of 1D 'H NMR spectra were collected with the protease
dissolved in approximately 25 different buffer conditions. Buffer variables that
were tested included pH, temperature, NaCl concentration and the addition of
CHAPS, TFE, glycine and CaCl,. The quality of the amide region (sharpness and
intensity of peaks) and half-height linewidth (Av;;) of the Val25 yCHs resonance
at 0.7 ppm were used to compare and contrast the behavior of HAV 3C protease
under various buffer conditions. This was done because qualitative information
about the presence of aggregation can be obtained by monitoring the broadening of
NMR linewidths (Akiyoshi et al., 1993). Buffer conditions yielding the sharpest
peaks in the amide region and the narrowest half-height linewidth for the Val25
yCHj resonance were 100 mM NaCl, 20 mM KH,PO,, 0.5 mM EDTA and 1.0 mM
DTT at pH 5.4. Subsequent sedimentation analysis, ‘H-""’N HMQC-J and '*N-T;
and -T, envelope studies confirmed that HAV 3C protease was behaving as a

monomer under these optimized conditions.

Chapter 2 also describes an important ‘time-course” stability study of HAV
3C protease that involved collecting 1D 'H NMR spectra of the protein over a
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period of one month. This study determined that HAV 3C protease stock should
be stored for up to a month at 4 C in the post-column elution buffer (350 mM
NaCl, 20 mM KH,POq, 0.5 mM EDTA, 1.0 mM DTT at pH 5.4) under argon gas
with 25 L of 3 % (w/v) sodium azide added to ensure sterility. This study also
determined that NMR experiments performed with HAV 3C protease yield the best
results within 9 days of making the NMR sample. After the 9 day period, it is
likely that some degree of HAV 3C protease aggregation occurs although the
extent of this is unknown.

Chapter 3 describes the protocols developed to isotopically label HAV 3C
protease with combinations of 2H, ">C and ">N. These protocols were based on the
initial expression and purification of unlabelled HAV 3C protease that was
published by Malcolm et al., (1993). Single (*°N) and double ('*C/"°N) labelled
HAV 3C protease was produced by substituting '"NH,Cl and 13C<;-glucose for
“NH,Cl and 12C-glucose into the media preparations. Obtaining a triple
(H/"*C/"N) labelled HAV 3C protease required that our E. coli expression system
be adapted to deuterium-based minimal media. This process entailed successively
growing the bacteria in minimal media prepared with increasing amounts (50, 80
and 85 percent) of 2HZO. Bacteria do not metabolize 2HZO as efficiently as leO
due to thermodynamic and kinetic isotope effects (Galimov, 1985) therefore
growth rates in 2HzO based minimal media were much slower than those seen in
pure 'H,0 based minimal media. The uniform labelling strategies allowed isotopic

incorporation levels of > 95% for ">C and "N and ~ 70 % for 2H.

To obtain "N labelled HAV 3C protease with specific amino acids
(alanine, glycine, leucine, lysine, isoleucine, phenylalanine and valine), we chose
to use our prototrophic strain of E. coli and substitute an amino acid mixture (19
unlabelled and a single "°N labelled amino acid) for ““NH,Cl in the minimal media
(Muchmore et al., 1989). This simple residue-specific labelling protocol yielded
good results with 5 of our 7 trials as only glycine and phenylalanine showed

significant amounts of '°N ‘scrambling’.
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Chapter 4 reports the near complete (~85%) backbone sequential
assignments of HAV 3C protease and the NMR experiments that were used to
obtain them. Progress on the sequential assignments was greatly accelerated after
we identified the ‘low-salt/low-pH’ solution conditions that minimized aggregation
and after we prepared a triple (*H/'*C/">N) labelled HAV 3C protease to reduce
efficient T, relaxation rates of 'H, *C and N nuclei. After preparing a 1 mM
H/BC/PN labelled HAV 3C protease sample in the optimized ‘low salt/low pH’
solution conditions, “deuterium modified” CT-HNCA, CT-HN(CO)CA and
HN(CA)CB experiments, designed in Dr. Lewis Kay’s laboratory (Gardner and
Kay, 1998; Yamazaki et al., 1994b), were completed that yielded spectra with
nearly all of the expected resonances present. These spectra were used in consort
with data from six (alanine, glycine, leucine, lysine, isoleucine and valine) 5N

residue-specific HSQC spectra to make the sequential backbone assignments.

Presently, backbone sequential assignments (IHN, BN, Be,, BCB, 13C0 and
'H,) have been made for 175 of the 217 residues. '*CO and 'H r esonances were
acquired from HNCO, 'H-"*N TOCSY-HSQC and 'H-">’N NOESY-HSQC spectra
collected at high pH. To determine *CO and 'H,, chemical shifts it was necessary
to equate amide chemical shifts collected at low pH with those collected at high
pH. For many amide resonances this relationship could not be unambiguously
established, therefore a majority of these shifts are missing from the table of

reported backbone chemical shifts in Chapter 4.

In Chapter 4 we also show that the backbone assignments exhibit good
agreement with a set of predicted chemical shifts that had been estimated by
SHIFTX and TOTAL (Williamson et al., 1995) software packages. These
programs predicted 'H, ">C and "N chemical shifts based on the PDB file (IHAV)
of the X-ray crystal structure of HAV 3C protease (Bergmann et al., 1997). In
addition, the backbone chemical shifts were analyzed by the CSI program (Wishart



et al., 1994) demonstrating 2 o-helices and 11 B-strands. These structural
elements are in good agreement with X-ray crystallographic data.

The efforts to obtain the sequential assignments of HAV 3C protease also
served to teach an important lesson regarding NMR spectroscopy. Many NMR
experiments were performed on HAV 3C protease prior to determining the
optimum buffer conditions. Under these suboptimal conditions HAV 3C protease
molecules had a tendency to aggregate leading to efficient T, relaxation rates and
poor quality spectral data. However, significant progress occurred once a triply
(H/"*C/®N) labelled HAV 3C protease was prepared and placed in more optimal
‘low salt/low pH’ conditions. This optimized HAV 3C protease sample addressed
the two key problems encountered in this project: 1) aggregation and 2) efficient
relaxation rates. Essentially, an important take home message is that taking time
to optimize your sample prior to acquiring important NMR spectra is a worthwhile
endeavor for any protein study via NMR spectroscopy.

The completion of the sequential backbone assignments of HAV 3C
protease will require some time and effort with our present collection of NMR
spectra. However, to fill in the 'H and *CO chemical shifts it will be necessary
to perform other experiments. In order to determine all >CO chemical shifts, a
CT-HNCO spectrum should be collected from a triply labelled HAV 3C protease
sample under ‘low salt-low pH’ conditions. To determine all 'H ¢ hemical shifts
will likely require us to prepare a doubly labelled (°C/"N) HAV 3C protease
sample and then collect a HCCH-TOCSY. It may even be advisable to prepare a
new triply labelled protease sample for this last experiment to minimize the *C,, T»
relaxation rates. This new triply labelled protease should aim for 30-50% levels of
deuterium incorporation (to ensure there are protons to be detected) therefore

minimal media should be prepared with approximately 50 percent 2H,0.

Finally, ligand-binding studies should be initiated using the “SAR by
NMR?” technique described by Shuker et al., 1996. The first ligand to be tested
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should be iodoacetamide (an irreversible inhibitor) followed by the tightest binding
inhibitor (as determined by enzymatic assay) that has been synthesized by Dr. John
Vederas’ group. These two ligands should cause perturbations in amide
resonances that indicate binding to active site residues and possibly residues near
the active site. This would provide a standard by which to measure other ligands.
If the results from this step look good, it would be wise to test all ligands that have
been screened enzymatically to determine if there are patterns of chemical shift
perturbations that can be noted from inhibitors that bind with varying affinity.
Information garnered from these experiments may allow us to hypothesize how the
compounds are fitting into the protease and these hypotheses may be of utility to
those synthesizing the compounds. Eventually, the solution structure of HAV 3C
protease should be determined. Having structural information may allow one to
use NMR to determine exactly how the ligands fit into the protease, information
that has eluded crystallographers. This type of information would be significantly

more attractive to the pharmaceutical companies.
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Appendix A
Processing NMR spectra with NMRPIPE software

The following processing guidelines are based on the NMRPIPE software
described by Delaglio et al., (1995). Steps that are typically involved in a NMR
data processing session can be summarized in the following steps: (1) convert the
FID from Varian to nmrPipe format, (2) use available scripts to process the data
(this involves editing the processing shell script) and (3) inspect the resulting
spectrum to decide if any additional processing is required such as re-phasing,
zero-filling, or baseline correction. The NMRDRAW program can be used to view
the processed spectrum.

Many processing functions and their associated arguments can be displayed
by using function-specific commands. For example the following command will

display information regarding the sine window function.

nmrPipe -fn SP -help

Following is a list of some of the functions that are typically used in data

processing.

EXT Extracts a region from the current dimension with specified limits.

FT Applies a real or complex forward or inverse Fourier transform.

HT Applies a Hilbert transform to reconstruct imaginary data.

LP Linear prediction.

POLY When used in frequency-domain, applies polynomial baseline
correction. When used in the time-domain, applies solvent
correction.

PS Applies the zero- and first-order phase corrections.

REV Reverse data order in given dimension

SOL Applies solvent correction

SP Applies sine-bell apodisation

ZF Applies zero-filling

126



The following arguments are used by more than one function in the shell

scripts above.

-di

Deletes imaginary data after the given processing function is
performed.

Extracts parameters recorded during previous processing from
spectral header.

Specifies the input file or file template.

Specifies replacement of the input data by the output result.
Activates the inverse mode of a given function.

Specifies the output file or file template.

Permits overwriting of any pre-existing files.

Updates the spectral width and other ppm calibration information.
Permits processing in verbose mode, with status messages.

I Processing 2D NMR experiments.

CALIB. Copy the calib script into the directory containing the Varian procpar.

Run the calib script by simply typing calib. This invokes the script to search

through the procpar and find the various paramaters required to transform the

Varian data into nmrpipe data and store the parameters in a file called pipe.param.

An example of a pipe.param file follows.

PARAMETERS FOR VAR2PIPE (NMRPIPE)

xN 1024 yN 128
xT 512 yT 64
xsw 6000.150 ysw 1400.000

1H OBServe frequency : 499.886
1H CARrier position : 4.739

15N OBServe frequency : 50.659
15N CARrier position : 118.504
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FID.COM. Insert parameters listed in pipe.param and the appropriate path to the
Varian ‘FID’ into the fid.com script using an editing program of your choice (eg.
nedit). Invoke the script by typing fid.com. When this script is run it will take the
fid (Varian FID) as input and transform it into nmrpipe format (eg. 15SNHSQC.fid).
A typical fid.com script follows.

var2pipe -in fid \

T 512 <yT 64 \
-xXMODE Complex -yMODE Complex \
-xSW 6000.150 -ySW 1400.000 \
-xOBS 499.886 -yOBS 50.659 \
-xCAR 4739 -yCAR 118.504 \
-xXLAB HN -yLAB N \
-ndim 2 -aq2D States \

| nmrPipe -fn MAC -macro SNMRTXT/ranceY.M -noRd -noWr -out 1SNHSQC.fid —verb -ov

FT2D.COM. The ft2d.com script will transform 'ISNHSQC.fid' into the
'ISNHSQC.ft2' which is in a format that can be viewed by nmrDraw. It is
important to know what portion of the spectra (i.e. the amide region) that requires
processing. Insert this defined region into the EXT or extract function of this

script. A typical ft2d.com script follows.

#!/bin/csh
nmrPipe

| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe
| nmrPipe

-in 15NHSQC.fid

| nmrPipe -fn POLY -time

-fn SP -off 0.33 -end 0.98 -pow 1 -¢ 1.0
-fn ZF -auto

-fn FT

-fn PS -p0 8.0 -p1 -35.0

-fn EXT -x1 12.5PPM -xn 5.5PPM -sw -verb -di
-fn TP

-fn LPC -fb -auto

-fn SP -0ff 0.417 -end 0.98 -pow 2 -¢ 1.0
-fn ZF -auto -verb

-fn FT

~fn PS -p0 303.0 -p1 133.0 -di

-fn POLY -auto

-fn TP

-fn POLY -auto

-verb -ov -out 1SNHSQC.ft2
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You will see this script has two 'PS' lines. The first is for phasing in the X

dimension (‘Hy) and the second is for phasing in the Y dimension (°N).

If the spectrum is out of phase in the X or Y dimension, phase the spectrum
appropriately in nmrDraw with p0 and p1 slide bars. Note the numbers associated
with your phasing in nmrDraw and insert them (taking into consideration what

their previous values) into the ft2d.com script. Rerun your ft2d.com script.

I Processing 3D NMR experiments

CALIB. Run the calib script in the directory containing the 3D Varian procpar.
Invoke by typing calib. Ensure that both '*N and °C information is collected when
asked by the script. This searches the procpar file to find the parameters that are
necessary to convert the Varian FID to nmrpipe format. A typical pipe.param file

for 3D experiments follows.

PARAMETERS FOR VAR2PIPE (NMRPIPE)

xN 1024 yN 100 zN 64
xT 512 yT 50 xT 32
xsw 6000.150 ysw 7794.232 zsw 1600.000

1H OBServe frequency :  499.886
1H CARrier position : 4.739

15N OBServe frequency :  50.659
15N CARrier position : 117.821

13C OBServe frequency :  125.701
13C CARrier position : 43.016
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FID_EXPERIMENT.COM. Insert parameters into the 'fid_experiment.com’
script using an editor of your choice.  Run the script by typing
fid_experiment.com. The input is the varian 'fid' which will be transformed and
stored into several nmrpipe format 'fids' in a directory called FID. Following is a

typical fid_experiment.com script.

#!/bin/csh

var2pipe -in fid \
-xN 1024  -yN 100 -zN 64 \
=T 512 T 50 -zT 32 \
-xMODE Complex -yMODE Complex -zMODE  Complex \
-xSW 6000.150 -ySW 7794232 -2SW 1600.0 \
-xOBS 499.886 -yOBS 125.701 -zOBS 50.659 \
-xCAR 4739 -yCAR 43.016 -zCAR 117.821 \
-xLAB H -yLAB C -zLAB N \
-ndim 3 -aq2D STATES -aqORD 0 \

#| nmrPipe -fn MAC -macro SNMRTXT/ranceZ.M -noRd -noWr \

| pipe2xyz -out FID/experiment%03d.fid -verb -ov

FT2D_EXPERIMENT.COM. Processing in 3 dimensions takes a very long
time. Itis a good idea to observe your data in 2 dimensions prior to processing the
experiment fully in 3 dimensions. For this use the ft2d_experiment.com script.
This allows you to view the full experiment in one xy plane. Invoke the script as

before.

#!/bin/csh
nmrPipe -in FID/experiment001.fid
| nmrPipe -fn SOL
| nmrPipe -fn SP -off 0.33 -end 0.99 -pow 1 -c 1.0
| nmrPipe -fr ZF -size 512
| nmrPipe -fn FT -verb
| nmrPipe -fn PS-p0-0.0-p1 0 -di
| nmrPipe -fn EXT -x1 10.5PPM -xn 5.75PPM -sw
| nmrPipe -fn TP
| nmrPipe -fn LP -fb
| nmrPipe -fn SP -off 0.43 -end 0.99 -pow 2 -¢ 1.0
| nmrPipe -fn ZF -size 512
| nmrPipe -fn FT -verb
| nmrPipe -fn PS -p0 -90.0 -pl 180.0 -di
| nmrPipe -fn TP
| nmrPipe -fn POLY -auto
-ov -out experiment.ft2
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The 'experiment.ft2' (output) file can be viewed by nmrDraw. It is likely that this
spectrum will have to be phased with the p0 and pl toggle bars. Insert the

appropriate values back into the ft2d_experiment.com script and rerun.

FT3D.COM. Initially it is important to transfer all the relevant values from the
ft2d.com script to the ft3d.com script. Likely, this will just be the phasing values
you have determined. Invoke the script to fully process your 3D experiment by

typing ft3d.com. An example script follows.

#!/bin/csh

#

# Processing of F3 dimension (HN)

#

xyz2pipe -in FID/experiment%03d.fid -x -verb

| nmrPipe -fn SOL

| nmrPipe -fn SP -off 0.33 -end 0.99 -pow 1 ¢ 1.0

| nmrPipe -fn ZF -auto

| nmrPipe -fn FT

| nmrPipe -fn PS -p0 0.0 -p1 0.0

| nmrPipe -fn EXT -x1 5.75PPM -xn 10.5PPM -di -sw
| pipe2xyz -out DAT/experiment%03d.DAT -x -ov

#

# Processing of F2 dimension (N) without LP

#

xyz2pipe -in DAT/experiment%03d.DAT -z -verb

| nmrPipe -fn SP -0ff 0.5 -end 0.95 -pow 1 ¢ 1.0

| nmrPipe -fn ZF -size 72

| nmrPipe -fn FT -di

| pipe2xyz -out DAT/experiment%03d.DAT -z -inPlace
#

# Processing of F1 dimension (C) with LP

#

xyz2pipe -in DAT/experiment%03d.DAT -y -verb

| nmrPipe -fn LP -fb -ps90-180

| nmrPipe -fn SP -off 0.5 -end 0.99 -pow 2 ¢ 1.0

| nmrPipe -fn ZF -auto

| nmrPipe -fn FT

| nmrPipe -fn PS -p0 -90.0 -p1 180.0 -di .
| pipe2xyz -out DAT/experiment%033.DAT -y -inPlace
#

# Processing of F2 dimension (N) with LP

#

xyz2pipe -in DAT/experiment%03d.DAT -z -verb

| nmrPipe -fn HT

| nmrPipe -fn FT -inv

| nmrPipe -fn ZF -size 72 -inv

| nmrPipe -fn SP -off 0.5 -end 0.95 -pow 1 -c 1.0 -inv
| nmrPipe -fn LP -fb -ps0-0

| nmrPipe -fn SP -0ff0.417 -end 0.98 -pow 2 -¢ 1.0

| nmrPipe -fn ZF -auto

| nmrPipe -fn FT -di

| pipe2xyz -out DAT-2/experiment%03d.DAT -z -inPlace
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First run the ft3d.com commenting out the LP (linear prediction) and ZF
(zero filling) commands which are very time intensive. Have a look at your final
data from this initial processing. If things seem to be appropriate, run the script
with LP and ZF. This will take a couple of hours. To be considerate to others use

the following command.

nice +19 ft3d_experiment.com > & ft3d.log &

You can then periodically check the progress by viewing the ft3d.log.
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