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Abstract

Negative strand viruses (NSVs) include important human and animal
pathogens. The filoviruses (Ebola and Marburg) are among the most pathogenic
NSVs, yet knowledge about their genetics, natural history and pathogenicity is
limited.

The most abundant protein of filoviruses is the nucleoprotein (NP), which
polymerises to encapsidate the RNA genome. The first part of this project investigates
the oligomeric state of recombinant Ebola NP in vifro and its suitability for structure
elucidation by X-ray crystallography. Electron microscopy reveals that, in the absence
of other viral proteins, recombinant NP oligomerises to form unusual ring-shaped
structures that have not previously been observed either in vifro or in Ebola virions.
Attempts were made to solubilise both truncated (residues 1-399) and full length NP
for crystallisation purposes. Evidence that the truncated form corresponds to a
separate sub-domain with the ability to self-assemble is discussed.

The second part of the project involves another family of NSVs — the
Paramyxoviruses. An antibody (SV5-Pk), has previously been found to bind an
epitope on the Simian Virus 5 Phosphoprotein with unusually high affinity. The aim
of the work was to obtain the crystal structure of the Fab fragment of SV5-Pk in both
the presence and absence of a 14 amino acid peptide containing the epitope sequence.
The structures of the Fab fragment and the Fab-peptide complex have been obtained
at 2.3 A and 1.9 A resolution respectively. The structure of the complex provides an

insight into the unusually high antigen-binding affinity and has also facilitated the



design of peptides with slightly reduced affinity for use as potential tags for protein

purification and immunodetection techniques.
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Chapter 1

Introduction



1. 1 Mononegavirales

Negative sense RNA viruses are classified within the order Mononegavirales

and include the Filoviridae, Paramyxoviridae, Bornaviridae and Rhabdoviridae

families. Examples of genera and species within each family are given in Table 1.

Family Subfamily Genus Species
Paramyxoviridae | Paramyxovirinae Respirovirus human parainfluenza virus 1
Morbillivirus measles virus
Rubulavirus simian virus 5
Pneumovirinae Pneumovirus human respiratory syncytial virus

Filoviridae

Ebola-like viruses
Marburg-like viruses

ebola virus
marburg virus

Rhabdoviridae Vesiculovirus vesicular stomatitis virus
Lyssavirus rabies virus
Ephemerovirus bovine ephemeral fever virus
Cytorhabdovirus lettuce necrotic vellow virus
Nucleorhabdovirus _potato yellow dwarf virus
Bornaviridae Bornavirus Borna disease virus

1.2 The Filoviruses — Ebola and Marburg

Table 1. Taxonomic Classification within the Mononegavirales

Viral haemorrhagic fever is caused by several RNA viruses including

members of the Arenaviridae, Bunyaviridae, Flaviviridae and Filoviridae. The

filoviruses are among the most pathogenic of human viruses and are classified as

biosafety level 4 agents based on their high mortality rates, person-to-person

transmission, aerosol infectivity and lack of a protective vaccine or antiviral

drug(World Health Organization 1985). Despite extensive investigations, filoviruses

are the most poorly understood of virus families - very little is known about the

natural history and reservoirs of these viruses, and knowledge of their genetics and

pathogenicity is limited.



The Filoviridae family includes four sub-types of Ebola (Zaire, Sudan, Ivory
Coast and Reston) and the Marburg virus (ICTV 1996). Ebola virus first emerged in
1976 in two simultaneous outbreaks in Zaire and Sudan. Over 500 cases were
reported, with mortality rates of 88% in Zaire and 53% in Sudan (Baron, McCormick
et al. 1983). Ebola virus re-emerged in 1979 in south Sudan and again in 1995 in
Kikwit, Zaire (1978; 1995). In 1992 the Ivory Coast subtype was isolated from a
laboratory worker who autopsied a dead chimpanzee from the southwest Ivory Coast
(Le Guenno, Formentry et al. 1995). Reston virus, serologically related to Ebola virus,
was isolated in 1989 from cynomolgus monkeys which originated in the Philippines.
This subtype is infectious to humans but does not appear to cause serious disease

(1990).

1.2.1 Morphology

Filovirus particles are similar in morphology to rhabdoviruses but much
longer, appearing under the electron microscope as filamentous forms, often U- or 6-
shaped (ICTV 1991) (Fig. 1). Virions vary greatly in length but have a uniform
diameter of approximately 80 nm. Particles are composed of a helical
ribonucleocapsid complex (RNP) surrounded by a lipid envelope derived from the
host cell plasma membrane (Fig. 2) (Peters, Muller et al. 1971: Murphy, van der
Groen et al. 1978; Kiley, Bowen et al. 1982).

The nucleocapsid complex contains a central channel (20 nm in diameter) and
an outer helical layer (50 nm in diameter) with cross striations at 5 nm intervals. The

complex is composed of a single negative stranded RNA molecule associated with



four of the seven structural proteins: Nucleoprotein (NP), Virion structural protein 30
(VP30), VP35 and the large protein (L). The three remaining proteins (Glycoprotein
(GP), VP24 and VP40) are membrane associated (Kiley, Regnery et al. 1980). GP is a
transmembrane protein anchored with the C-terminus in the virion membrane and
homotrimers of GP form spikes on the virion surface. VP24 and VP40 are probably
located at the inner surface of the membrane. All Ebola viruses possess a non-

structural protein, sGP.

Fig 1. Electron Micrograph of an Ebola (Zaire)Virus virion. Specimen in cell culture at 160,000 X

magnification. (Photograph taken by F. A. Murphy in 1976 at CDC).
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Fig.2 Diagrammatic representation of the Ebola Virus proteins

1.2.2 Filovirus Disease

The Ebola virus disease begins with a sudden onset of fever, severe headache,
weakness, muscle aches followed by vomiting, abdominal pain, diarrhoea, pharyngitis
and conjunctivitis. As the disease progresses, blood fails to clot and patients bleed
into the gastrointestinal tract and internal organs. The incubation time for the disease
is usually 5-10 days and the time from onset of illness until death or improvement is
usually 7-10 days. Death is believed to result directly from damage to internal tissues

(Peters and Khan 1999).

1.2.3 Treatment and Prevention

Transmission occurs primarily via close personal contact with hospital care
workers or family members tending to the ill or dead. Unfortunately, no effective
vaccine or treatments currently exist for filoviral infections. Ribavirin, an antiviral
drug used to treat several other haemorrhagic fevers has no effect on filoviruses in

vitro and fails to protect experimentally infected animals (Huggins 1989).



Eight patients in the 1995 Zaire outbreak were transfused with blood from
convalescent patients (Mupapa, Massamba et al. 1999). Only one of the transfused
patients (12.5%) died; this number is significantly lower than the overall fatality rate
(80%) of the epidemic. However, because of the small number of patients and lack of
control subjects, these data remain inconclusive.

Hyperimmune horse serum to Ebola virus has been shown to neutralise the
virus both in vitro and in guinea pigs and mice (Jahrling, Geisbert et al. 1999). Onset
of illness was delayed in infected Rhesus monkeys treated with the IgG but none
survived.

GP is the only viral protein known to be present on the surface of virions and
infected cells and may therefore be an important target for protective antibodies. A
recent study has identified several protective monoclonal antibodies to Ebola virus
GP (Huggins, Zhang et al. 1999). Three of the five unique epitopes bound by the
mAbs are linear sequences on the molecule, the remaining two are conformational
epitopes present in both GP and sGP. Ten of the fourteen mAbs protected mice when
administered 24 hours before a lethal challenge with Ebola (Zaire). Some of these
mAbs were effective even when administered two days after infection.

Targets for drug development include molecules that are required for viral
replication, whose inhibition blocks replication either because the target is unique to
the virus or the cellular analogue of the target is not affected at the concentrations
required to inhibit viral replication. One such cell-encoded enzyme is S-
adenosylhomocysteine (SAH) hydrolase. Huggins et al. demonstrated that an
analogue inhibitor of the hydrolase, carbocyclic 3-deazaadenosine, was completely

effective at protecting mice infected with Ebola virus and 90% effective when



administered two days after challenge (Huggins, Zhang et al. 1999). A second
analogue, 3-deazaneplanocin A, has been shown to provide equal protection but
without acute toxicity (Bray, Driscoll et al. 2000). These inhibitors are the first
compounds demonstrated to cure animals from Ebola virus infection and, as the
hydrolase is highly conserved among species, show promise as a potential therapy for

filovirus infection in humans.

1.2.4 Genome

Filovirus genomes have a length of approximately 19 kb (Marburg 19.1 kb,
Ebola 18.9 kb), significantly larger than other members of the order Mononegavirales
(Regnery, Johnson et al. 1980). The following gene order is characteristic for
filoviruses: 3 leader-NP-VP35-VP40-GP-VP30-VP24-L-5" trailer (Fig. 3)
(Feldmann, Muhlberger et al. 1992; Volchkov, Blinov et al. 1993). Each gene is
flanked by conserved transcriptional start (3'-CUNCNUNUAAUU-5") and
termination (3"-UAAUUCUUUUU-5") signals. Both signals carry the pentamer 3°-
UAAUU-5" which is a unique feature among filoviruses (Kiley, Wilusz et al. 1986;
Sanchez, Kiley et al. 1992). The function of the pentamer is unclear, but it may serve
as a recognition site for the polymerase complex. The genes possess unusually long
non-coding sequences at their 3* and/or 5° ends. The 5" untranslated regions are
predicted to form stable hairpin structures, which may have a role in transcript
stability and ribosome binding (Sanchez, Kiley et al. 1992). The role of the gene

overlaps that occur in Ebola virus and Marburg virus genomes is unknown.
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Fig. 3. Filovirus gene order. Asterisks indicate positions of gene overlap.

1.2.5 Replication

Marburg and Ebola viruses cause lytic infections in cells. Cell entry is
presumably mediated by GP, the only surface protein of filovirus particles.
Ultrastructural studies show that filoviruses are closely associated with coated pits
along the plasma membrane suggesting that entry occurs by endocytosis of the virion
(Geisbert and Jahrling 1995).

Transcription and translation occur in the cytoplasm of infected cells. GP and
sGP are translated at membrane-bound ribosomes and are directed by an N-terminal
hydrophobic domain into the endoplasmic reticulum where they undergo a complex
series of processing events including signal peptide removal, N-glycosylation and
trimerisation (Feldmann, Will et al. 1991; Geyer, Will et al. 1992; Will, Muhlberger
et al. 1993). The glycoprotein is then transported via the Golgi body to the host cell
membrane.

All other viral proteins are translated at free ribosomes in the cytosol. NP and
VP40 are phosphorylated, possibly by the RNA-dependent RNA polymerase which is

thought to possess kinase activity (Elliott, Kiley et al. 1985; Muhlberger, Sanchez et

al. 1992).



The switch between transcription and replication is unknown but, as with
other NNS RNA viruses, the synthesis of NP is thought to be a key factor.
Replication occurs via a full length positive (+)-strand which serves as a template for
the synthesis of the genomic negative (-)-strand RNA. Encapsidated RNA forms
ribonucleoprotein (RNP) complexes that bud at the plasma membrane, incorporating

GP, VP40 and VP24 (Schnittler, Mahner et al. 1993).

1.2.6 Filovirus Proteins

Gene 1 at the 3" end of the Ebola virus genome encodes the 739 amino acid
nucleoprotein (NP)(Sanchez, Kiley et al. 1989; Bukreyev, Volchkov et al. 1995). The
protein has a calculated molecular weight of 83 kDa and an observed weight of 104
kDa, as determined by SDS PAGE. Ebola virus and Marburg virus NP (78 kDa)
possess unusually high molecular weights relative to other NNS RNA NPs which
typically fall into the 42-68 kDa range.

Only the phosphorylated form of NP is found in virion particles, implying that
phosphorylation is required to allow stable RNP complex formatio (Becker, Huppertz
et al. 1994).

Sequence alignments of filoviral nucleoproteins reveal a region of very high
homology between amino acids 130 and 392 including a 34 amino acid stretch of
identical residues from position 296. This region also has a significant degree of
identity with paramyxoviruses and to a lesser extent with those of rhabdoviruses
(Sanchez, Kiley et al. 1992).

NP contains a large amount of negatively charged amino acids resulting in a

highly acidic protein. The extreme net negative charge (-28) is the likely explanation



for the discrepancy between the calculated and observed Mr values, since binding of
SDS to a peptide influences migration of a protein on SDS PAGE. The majority of
the acidic and proline residues are found in the C-terminal half of the Marburg virus
and Ebola virus NPs, and all three cysteine residues are found in the N-terminal third
of the protein. Hydropathy plots of filovirus NPs show that the Ebola virus and
Marburg virus proteins can be divided into a hydrophobic N-terminal halt'and a
hydrophilic C-terminal half. A similar pattern is observed in other NNS RNA virus
NPs such as Sendai NP and, to a lesser extent, Vesicular Stomatitis (VSV) NP. The
similarity in the hydropathy profile is particularly prominent in the hydrophobic
sequences from amino acids 130 to 320 (160 to 350 for Sendai). The N-terminal half
may have a role in protein folding and/or RNA binding. It has been suggested that the
less conserved C-terminus is exposed to the environment and may function in virion
assembly by interacting with the matrix proteins (Kiley, Cox et al. 1988; Sanchez,
Kiley et al. 1992).

Virion Structural protein 35 (VP35), encoded by gene 2, is also present within
the RNP complex although its association is much weaker than that of NP and VP30
(Elliott, Kiley et al. 1985). Like NP, the protein may exist in both a phosphorylated
and an unphosphorylated form. VP35 possesses an N-terminal hydrophilic region
thought to be involved in template binding. The genome position of the
corresponding gene and the fact that VP35 is associated with the RNP complex
suggests that VP35 is functionally analogous to the phosphoproteins of
paramyxoviruses and rhabdoviruses.

VP40 is not RNP associated but is known to bind non-specifically to nucleic

acids (Elliott, Kiley et al. 1985). The protein is thought to have a role in regulation of

10



transcription/replication similar to that of the matrix protein of VSV. The protein’s
predominantly hydrophobic profile, its presence in large amounts in virions and the
position of the corresponding gene indicate that VP40 is the matrix protein analogue
of filoviruses (Kiley, Cox et al. 1988).

Gene 4 encodes the transmembrane glycoprotein. The protein is expressed as a
precursor that is post-translationally cleaved into the disulphide-linked fragments GP1
and GP2 by a cellular furin (Volchkov, Feldmann et al. 1998). The two subunits are
analogous to HA1 and HA2 from influenza, and the surface subunit and
transmembrane subunit from retroviruses. In each case the first subunit binds to cell-
surface receptors and the second mediates membrane fusion. Although filovirus GPs
exhibit little homology with other NNS RNA virus envelope proteins, the
glycoprotein contains a proteolytically resistant core that has remarkable structural
similarity to a retrovirus envelope protein domain (Malashkevich, Schneider et al.
1999). The overall architecture of these domains, a trimer of helical hairpins, is a
feature shared by many viral membrane-fusion proteins including those from
influenza, HIV-1, SIV and SV5. GP is one of the main targets for the host immune
response.

VP30, also known as the minor nucleoprotein, is associated with the RNP
(Elliott, Kiley et al. 1985). Gene 6 encodes VP24, which is membrane associated and
is thought to serve as a second matrix protein (Feldmann, Muhlberger et al. 1992).

The large protein (L) is regarded as an RNA-dependent RNA polymerase
(Kamer and Argos 1984). Despite little overall sequence homology, the protein
contains a 4 residue sequence (GDNQ) that is absolutely conserved among all known

NNS RNA virus polymerases. The motif is flanked by hydrophobic residues and

11



appears to be required for polymerase activity (Sleat and Banerjee 1993; Schnell and

Conzelmann 1995).

1.3 Paramyxoviridae

The Paramyxovirinae are divided into three genera: Respirovirus, Rubulavirus
and Morbillivirus (ICTV 1996). Like filovirus genomes, the paramyxovirus genetic
material consists of a non-segmented negative RNA strand. The distinguishing
morphological feature of Paramyxoviridae is the size and shape of the nucleocapsids.
Another feature of the Paramyxoviridae is the presence of the F protein that mediates
cell-virus membrane fusion. Within the Paramyxovirinae, viruses are classified
according to several criteria including the presence (Respirovirus and Rubulavirus) or
absence (Morbillivirus) of neuraminidase activity and the coding capacity of the P

gene.

1.3.1 Morphology

The Paramyxoviridae are enveloped viruses and generally spherical, with
diameters ranging from 150 to 350 nm. The genetic material is encapsidated within
the helical ribonucleoprotein (RNP) complex. The protein components of the
complex (NP, P and L) are analogous to those present in the filoviral RNP. The RNP
is surrounded by a lipid bilayer derived from the host cell membrane (Fraenkel-
Conrat. 1975). The membrane contains two types of protein, hemagglutinin-

neuraminidase (HN) and the fusion protein (F) (Fig. 4).

12
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Fig. 4. Diagrammatic representation of Paramyxovirus proteins

1.3.2 Simian Parainfluenza Virus 5

Simian parainfluenza virus (SV5) is a member of the genus Rubula virus that
also includes Sendai virus, Human parainfluenza virus types 1-4, Measles virus,
Mumps virus and Newcastle disease virus. The 15.2 bp genome contains seven genes
that encode eight proteins (Fig. 5). The genes are separated by repeated sequences: a
polyadenylation signal at the end of the gene, an intergenic sequence, and a translation

start signal at the beginning of the next gene (Fields, Knipe et al. 1996).

13
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Fig. 5. Simian virus 5 gene order. The repeat sequence occurring between genes is shown in detail.

1.3.3 SV5 Proteins

HN is a multifunctional glycoprotein that recognises sialic acid on host cell
receptors. The protein also cleaves sialic acid from progeny virions, preventing self-
aggregation. In addition, HN of some paramyxoviruses assists virus entry by
promoting the fusion activity of the F protein.

The most abundant of the Paramyxovirus proteins, the matrix protein (M), has
a central role in virus assembly and budding (Blumberg, Rose et al. 1984). M has been
shown to interact with proteins associated with both the lipid membrane (F and HN)
and the ribonucleoprotein complex.

The rubulaviruses SV5 and Mumps virus and members of the Pneumovirinae
possess a small integral membrane protein of unknown function called SH. Deletion of
the SH gene from recombinant RSV has been shown to have little effect on viral
replication both in vitro and in vivo (Bukreyev, Whitehead ct al. 1997).

The coding capacity of the Paramyxovirinae genomes is greatly increased by

RNA editing processes occurring during transcription of the P gene. The P gene of
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SV5 encodes two proteins - V and the phosphoprotein (P) - which are identical in
sequence from amino acids 1-164 but differ in their C-termini (Paterson, Harris et al.
1984). The V protein mRNA is a faithful copy of the P gene whereas the P mRNA
contains two extra G residues (Thomas, Lamb et al. 1988). These two non-templated
residues are thought to be added by the polymerase as it stutters at a sequence (3'-
AAAAUUCU-5") upstream of the insertion site. This sequence is similar to the
polyadenylation signal at which the viral polymerase stutters, generating a stretch of
Us that results in the long poly(A)” tail (Vidal, Curran et al. 1990).

Among the paramyxoviruses, the highly phosphorylated P proteins show little
conservation of sequence. In contrast, the unique C-termini of the V proteins are
highly similar and contain seven cysteine residues arranged in a putative Zinc finger.
In SV5, V appears to play a role in circumvention of the host interferon (IFN)
response by targeting the transcription factor STAT1 for degradation (Young,
Didcock et al. 2000).

The phosphoprotein has a central role in both genome replication and
transcription. The protein interacts with L to form the viral polymerase complex
(Curran, Marq et al. 1992). P also aids the RNA encapsidation process by forming a
complex with NP, keeping NP soluble prior to its binding to the nascent RNA chain
(Curran, Boeck et al. 1995).

Sequence alignments indicate that Paramyxovirus phosphoproteins can be
divided into several domains (Curran, Boeck et al. 1995). Sendai P contains an N
binding domain (a.a. 33-41), an oligomerisation domain (a.a. 320-446) which also
includes the L-binding domain (a.a. 412-445) and an N-RNA complex-binding

domain (479-568) (Fig. 6). All these regions appear to be essential as deletions in any
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of the domains renders P non-functional (Curran, Boeck et al. 1991). The X-ray
structure of the Sendai P oligomerisation domain reveals that the protein forms a

tetrameric coiled coil (Tarbouriech, Curran et al. 2000).
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Fig. 6. Domains of the Sendai virus Phosphoprotein

1.4 The Ribonucleoprotein Complex

The interaction of nucleocapsid proteins is not only essential for assembly of
the core structure but also has functions in viral transcription and replication.
To determine the composition of the ribonucleocapsid complex, Elliot ef al. treated
purified Ebola virus with detergent in increasing concentrations of NaCl followed by
centrifugation in a sucrose cushion (Elliott, Kiley et al. 1985). Even in low salt
conditions GP, VP40 and VP24 were dissociated from the RNP. VP35, loosely
associated with the RNP, was removed with increasing salt concentrations. NP, L and
VP30 remained in the pellet, even up to 1M salt, suggesting an intimate association
with virion RNA.

Proteins analogous to each of the seven Ebola virus proteins have been shown

to occur in Marburg virus (Becker, Huppertz et al. 1994). Upon salt dissociation of
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isolated Marburg virions four proteins (NP, VP35, VP30 and L) remained attached to
the core complex and were localised in inclusion bodies, presumed to be areas of
nucleocapsid formation. The intracellular localisation of Marburg virus proteins has
been investigated by immunofluorescent analysis of HeLa cells expressing
recombinant nucleocapsid proteins (Becker, Rinne et al. 1998). When expressed in
the absence of other viral proteins, VP35 and VP30 were distributed homogeneously
throughout the cytoplasm instead of being concentrated in inclusion bodies, as in
Marburg virus-infected cells. Large aggregates resembling these inclusion bodies
were found only in cells expressing NP. Both VP30 and VP35, when co-expressed
with NP, co-localised to the inclusion bodies suggesting NP-VP30 and NP-VP35
complex formations. No interactions were observed when NP was co-expressed with
L, VP40 or GP. The presence of a further complex, between VP35 and L, was
demonstrated by co-immunoprecipitation using both anti-VP35 and anti-L antibodies.

To further investigate complex formation between NP, VP35 and L, the
proteins were co-expressed in the HeLa cells. The presence of VP35 was required to
localise L to the NP-induced inclusion bodies. The same experiment in which VP35
was replaced with VP30 did not result in co-localisation of L. In summary, Marburg
virus NP is able to form complexes with VP35 and VP30, and a trimeric complex
occurs in which VP35 connects L and NP.

The complex between VP35 and L represents the active viral polymerase
(Banerjee and Barik 1992). In the paramyxoviruses studied so far the binding site for
P (the VP35 analogue of paramyxoviruses) is located in the N-terminal half of L
proteins of Simian Virus 5, Sendai virus and Measles virus (Horikami, Smallwood et

al. 1994; Parks 1994; Chandrika, Horikami et al. 1995). Similarly, the region
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between amino acids 390 and 530 of Marburg virus L has been shown to be essential
for binding VP35 (Becker, Huppertz et al. 1994). In contrast, the P binding site on
the L proteins of two rhabdoviruses, VSV and Rabies virus, is located on the C-
terminal half of the protein (Canter and Perrault 1996; Chenik, Schnell et al. 1998).

Little is known about nucleocapsid formation or the protein-protein
interactions involved. The ability of NPs to self-assemble independently of other viral
protein appears to be a general property among the order Mononegavirales.
Kolesnikova and co-workers carried out electron microscopal studies to compare the
behaviour of recombinant NP in HeLa cells. Recombinantly expressed NP assembled
into tubule-like structures (TLS) very similar to those observed in Marburg virus-
infected cells. The composition of the TLS was confirmed by immunogold labelling
using a monoclonal antibody directed against Marburg virus NP (Kolesnikova,

Muhlberger et al. 2000).

In Paramyxoviruses, nucleocapsid assembly has been most extensively studied
in Sendai virus and to a lesser extent Measles virus. Measles NP expressed in animal
and bacterial cells has been shown to form nucleocapsid-like structures in the absence
of other viral proteins (Spehner, Kirn et al. 1991; Fooks, Stephenson et al. 1993). The
capsids appeared to be less tightly coiled than those seen in measles-infected cells and
the overall length of the structures was generally smaller. Further studies of measles
NP showed that, after three days post-infection, NP recombinantly expressed in insect
cells is cleaved into proteins of lower molecular weight. A similar process is
observed in measles-infected mammalian cells (Fooks, Stephenson et al. 1993).

Nucleocapsid-like structures partially purified from insect cells on CsCI gradients
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were shown to exhibit classic herringbone morphology when viewed under the
electron microscope. It is interesting that such structures were observed in both
baculovirus-infected and measles-infected cells despite the fact that extensive
cleavage of NP had occurred. In contrast to the studies on Vaccinia virus-infected
animal cells, baculovirus-infected cells were found to contain a higher proportion of
long nucleocapsids, suggesting that the length of the structures was not limited by the
size of any associated RNA molecules. The buoyant density of the nucleocapsids,
determined by CsCl gradient centrifugation, was lower (1.28 g/ml) than that reported
for capsids from measles virus (1.31 g/ml). This finding is consistent with the
hypothesis that the capsids from baculovirus-infected cells do not contain RNA.
However, it is possible that a small amount of RNA is required to initiate capsid

assembly.

Spehner e al. have studied the influence of P on the assembly and RNA-
encapsidating properties of measles NP (Spehner, Kirn et al. 1991). Although
recombinant measles NP expressed in the presence of P was shown by electron
microscopy to form nucleocapsids, the process was much less efficient than in the
absence of P. In addition, the buoyant density of nucleocapsids formed in the
presence of P was slightly higher than the density of those formed when NP was
expressed alone. The cause of this density increase is unclear. Analysis of the
nucleic acid content of nucleocapsids showed that the RNA content did not differ
significantly between the two types of capsid. It is more likely that the presence of P
subtly modifies the conformation of the capsid resulting in a density change

undetectable by electron microscopy.
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Investigations of the effect of NP-P and P-L complexes on the replication of
Sendai defective interfering virus in vitro was carried out using extracts of cells
expressing the viral proteins (Horikami, Curran et al. 1992). Extracts that contained
co-expressed NP and P were demonstrated to be effective in supporting replication of
the defective virus genome whereas extracts in which NP and P were expressed
separately, then mixed, were inactive. Co-expression of P and L was also required for
activity. These findings suggest that the two complexes, NP-P and P-L are required
for RNA replication and must form during or soon after the synthesis of the proteins.
The P-L complex serves as the RNA polymerase and NP, donated from the NP-P
complex, encapsidates the newly synthesised RNA. It appears that P acts as a
chaperone for NP, maintaining it in a soluble state until nascent RNA genomes are
available.

Buchholz er al. have analysed the domains of Sendai virus NP involved in
nucleocapsid assembly using 29 deletion mutants of the protein (Buchholz, Spehner et
al. 1993). Deletions between residues 1 and 82 and between 385 and 399 resulted in
unstructured aggregates of NP. Deletions between residues 83 and 384 completely
abolished all interactions. Only deletions in the C-terminal 124 amino acids had no
effect on nucleocapsid assembly. Residues 1 to 399 therefore appear to contain all of
the structural information necessary for assembly. This region of NP is the one best
conserved among paramyxoviruses and is hydrophobic, with a high proportion of
predicted B-sheet. In contrast, the C-terminal region is highly charged and much
more variable. Analysis of further deletion mutants was carried out to indicate
whether the C-terminal domain is involved in P protein binding (Buchholz, Retzler et

al. 1994). Deletions between residues 400 and 439 did not effect NP-P complex
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formation. A more likely region for P protein binding lies between amino acids 440
and 524 as deletions within these residues abolishes complex formation. This is
supported by immunological studies in which a monoclonal antibody was reported to
displace P from the nucleocapsid and also prevented exogenous P from binding. The
epitope for the mAb was mapped between residues 405 and 524 of NP (Ryan, Portner
etal. 1993). These data suggest that the NP can be divided into two domains that
probably fold independently of each other and carry out completely different

functions.
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1.5 The Immune System

Immunity in vertebrates is mediated by lymphocytes, a type of white blood
cell. The two major categories of immune response, humoral immunity and cellular
immunity, involve different classes of lymphocyte. B cells, which develop in the adult
bone marrow or foetal liver, produce antibodies and are involved in humoral
immunity. T cells, produced in the thymus, are responsible for cell-mediated
immunity and exist as either helper T cells or cytotoxic T cells. The helper T cells
enhance the action of other lymphocytes by, for example, assisting antibody
production in B cells. In contrast, cytotoxic T cells are directly involved in the
destruction of infected cells.

T and B cells occur at different levels of maturation - virgin cells, memory
cells and activated cells. Upon first contact with antigen, virgin cells may become
activated. Alternatively, the cells can be stimulated to mature into memory cells,
which respond much more readily to antigen than do virgin cells. In the case of
memory B cells this is brought about by increased antigen affinity. Memory T cells
increase the efficiency of extracellular signal transduction by enhanced adhesion to
other cells.

In contrast to B cells, which bind intact antigen, T cells recognise fragments of
foreign proteins that have been partially degraded in the target cell and then displayed
on the cell surface. The target cell proteins responsible for carrying antigenic
fragments to the cell surface are the major histocompatability complex (MHC)
molecules. Class I MHC molecules are displayed on the surface of nearly all

nucleated cells and are recognised by cytotoxic T cells. In contrast, Class II molecules

22



are usually present in specialised cells, such as B cells and are recognised by helper T
cells.

T cells also express co-receptors that function in both stabilisation of the T
cell-target cell interaction and activation of the T cell. Two such co-receptors are CD4
(expressed on helper T cells) and CD8 (expressed on cytotxic T cells). Both proteins
have a transmembrane domain, an extracellular immunglobulin-like domain and a
cytoplasmic tail. The latter region possesses tyrosine kinase activity and is involved in

T cell activation.

1.5.1 Antibody diversity

The immune system requires an enormous range of antibodies that must be
able to cope with almost any potential antigen. In mammals, each type of Ig chain —
heavy chains and k- and A-light chains — is encoded within a separate pool of gene
segments. Antibody diversity is generated by somatic recombination of these gene
pools.
In general, the pools contain a large number of gene segments encoding the variable
regions of an Ig chain and a smaller number that encode the constant regions. Site-
specific genetic recombination mechanisms combine the V and C coding sequences, a
process that also activates transcription. The constant domains of antibodies are
encoded by a single C gene segment. In contrast, gene sequences encoding the
variable regions are combinations of more than one gene segment. In the case of light
chain V regions, two segments (a long V segment and a short J segment) are
combined. H chain V regions contain both V and J segments and an additional D

(diversity) gene segment.
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The antibody diversity generated by the large numbers of V, J and D gene
sequences is greatly increased by combinatorial joining of the segments. Furthermore,
the joining events themselves are inherently imprecise. This ‘junctional
diversification’ is brought about by the random loss or insertion of nucleotides at the
sites of recombination.

The generation of memory cells from antigen (or Th cell) stimulated B cells is
usually associated with a progressive affinity between the antibody and its antigen.
This process, affinity maturation, is a result of a dramatic increase in the rate of
somatic mutation. The small proportion of B cells that produce higher affinity
antibodies are preferentially stimulated by antigen to proliferate providing

progressively better protection against the antigen.

1.5.2 Monoclonal Antibody Production

The development of hybridoma techniques in 1975 revolutionised the use of
antibodies as tools in cell biology and facilitated structural studies of specific
antibodies (Kohler and Milstein 1975). The technique, which allows production of
monoclonal antibodies in large amounts, combines the specific antibody secreting
properties of a clone of B lymphocytes with the ‘immortality’ of B lymphocyte
tumour cells. This is achieved by fusing the required immunoglobulin-producing B
lymphocytes with tumour cells and selecting for immortalized hybrid cells that

produce a single antibody.
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1.5.3 Antibody Structure

Antibodies are Y-shaped molecules with two identical antigen binding sites.
The molecule has a flexible hinge region that allows the distance between the two
antigen combining sites to vary, thereby increasing the efficiency of antigen binding.
Antibodies consist of four polypeptide chains, two light (L) chains and two heavy (H)

chains (T'ig 7).

> Fab

AN

- Fo

Fig. 7. Schematic diagram of an antibody illustrating the arrangement of immunoglobulin domains in
an antibody (left) and the action of papain to produce Fab and Fc fragments (right).

Antibodies may be fragmented by the proteolytic enzymes papain and pepsin.
Papain cleavage produces two identical antigen-binding (Fab) fragments and one
readily crystallisable (Fc) fragment (Fig 6.). Pepsin cleavage produces one F(ab’),
fragment which contains both antigen binding sites. The tail region of the molecule is
broken down into smaller fragments.

In higher vertebrates there are 5 classes of antibody: IgA, IgD, IgE, IgG and

IgM, each containing its own class of heavy chain: «, 3, €, ¥ and p respectively.
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During the primary immune response, IgM is secreted into the blood stream as a
pentamer containing another protein, called the J chain. Binding of IgM to the antigen
activates the first component of the complement system, resulting in destruction of
the invading organism.

IgG, the major class of antibody in the blood, is produced during secondary
immune responses. Phagocytic cells possess receptors that recognise the Fc regions of
IgG molecules and can ingest and destroy micro-organisms that have become coated
in IgG antibodies produced in response to the infection.

IgE molecules tightly bind mast cells and basophils via their Fc regions.
Subsequent binding of antigen to the IgE molecules stimulates the cells to release
biologically active amines. These amines cause dilation and alter the permeability of
blood vessels, and are a major factor in many allergic reactions.

In addition, higher vertebrates have two classes of light chain, k and A. An

individual antibody always has identical heavy and identical light chains.

1.5.4 Fine Structure

The heavy and light chains of antibodies consist of repeating domains of about
110 amino acids, each containing one disulphide bond. Each domain (VL, CL, VH,,
CH,, CH; and CH3) forms an immunoglobulin fold consisting of two B-sheets lying
anti-parallel to one another and joined by a disulphide bond.

The variable domains of heavy and light chains each contain three
hypervariable loops, also known as complementarity-determining regions (CDRs),
which are clustered together to form the antigen-binding site. The binding surfaces

vary in size and shape depending on the antigen. Smaller antigens such as peptides
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and haptens tend to bind to deeper pockets whereas antibodies that recognise larger

molecules tend to have flatter antigen binding sites. The structure of the remainder of
the variable domain is rigid and highly conserved. This structural organisation means
that a great diversity of antibodies can be produced by variation of the residues in the

hypervariable loops without affecting the overall structure of the antibody.
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Chapter 2

Ebola Virus Nucleoprotein
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2.1 Introduction

Prior to the start of the project, Ebola NP had been cloned into a baculovirus
expression vector by A.R. Fooks at CAMR (Porton Down) for expression in insect
cells. Expression trials at various MOI (multiplicities of infection) and TOI (times of
infection) indicated that the protein yield was too low for crystallization experiments.
A clone expressing high levels of hexahistidine-tagged Ebola NP (Gabon strain) was
kindly provided by Dr M. Bouloy of Institut Pasteur, Paris.

At the time of starting the project, polymerisation of Ebola virus NP had not
been observed in the absence of other viral proteins. However, as self-assembly of
capsid proteins appears to be a common phenomenon among the Mononegavirales,
the oligomeric state of Ebola NP needed to be investigated prior to crystallization

attempts.

2.2 Recombinant Protein Expression
2.2.1 Glycerol stocks

BL21(DE3) cells transformed with plasmid pET-N.Ebola were streaked on
agar and incubated overnight at 37°C. A single colony was picked and grown to an
ODgop of 0.4 in 5 ml Luria broth (LB) containing 34 pg/ml chloramphenicol and 50
ng/ml ampicillin. 0.5 ml of culture was added to an equal volume 30% v/v glycerol

and stored at —80 °C.

2.2.2 Expression of His-tagged Ebola NP

5 ml LB was inoculated with a scraping from a glycerol stock and shaken

overnight at 37 °C. This culture was added to 500 ml LB media containing the
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appropriate antibiotics, and induced with 0.4 mM isopropyl--D-thiogalactoside
(IPTG) when the ODgg reached 0.6. After 3 hours the cells were spun down and

stored at —20 °C.

2.3.1 Metal Chelate Affinity Chromatography

Cell pellets were defrosted on ice and resuspended in binding buffer (20 mM
TrisHCI pH7.5, 0.5 M NaCl and 10 mM imidazole). Following sonication, cell debris
was removed by centrifugation at 20 000g for 20 min. Cleared lysate was filtered
through a 0.22 pm membrane prior to purification.

His-tagged proteins were purified on a POROS MC column (Perseptive
Biosystems, Inc). The column was charged with 5 column volumes (CV) of 100 mM
NiSO, and equilibrated with binding buffer. Protein was loaded onto the column and
washed with 5 CV of 20mM TrisHCI buffer containing 500mM NaCl and 20mM
imidazole. Bound protein was eluted by a 20mM to 800mM imidazole gradient. Peak-

containing fractions were analysed by SDS PAGE.

2.4 Gel Electrophoresis
2.4.1 SDS PAGE

Denaturing electrophoresis was carried out on Bis-Tris-HCI buffered 4-12 %
polyacrylamide NuPAGE gels (Invitrogen) according to the manufacturer’s protocols.
Briefly, samples were dissolved in NuPAGE LDS (lithium dodecyl sulfate) sample
buffer and incubated at 70 °C for 10 min. Approximately 1 ug protein was loaded per
well. After electrophoresis, the gel was stained in a solution containing 0.1 %

Coomassie Brilliant Blue, 45 % methanol, 45 % glacial acetic acid.
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2.4.2 Native PAGE

Proteins were run on 12% acrylamide gels in the absence of SDS or reducing
agent to give an indication of solubility. The gels consisted of 7.5 ml of resolving gel
(12 % acrylamide, 0.37 M TrisHCI pH8.8, 0.1 % SDS, 0.04 % ammonium
persulphate) covered with 2.5 ml stacking gel (5 % acrylamide, 125 mM TrisHCI pH
6.8, 0.1 % SDS, 0.05 % ammonium persulphate). Samples were added to an equal
volume of native loading buffer (0.125 M TrisHCI pH 6.8, 20 % glycerol, 0.004 %
bromophenol blue). Electrophoresis was carried out in tank buffer (2.5 mM Tris, 0.2

M glycine) at a constant current of 25 mA.

2.5 Bradford Assay

Protein concentration was measured by the Bradford assay (Bradford 1976).
500 pl of protein solution, at a concentration between 10 and 100 pg/ml, was added to
500 pl Bradford reagent. After 5 min the optical density was measured at 595 nm and

compared to a bovine serum albumin (BSA) standard curve.

2.6 Dynamic light scattering
250 pl protein solution at 1 mg/ml was filtered through a 0.1 um Whatman
filter. Light scattering measurements were performed using a DynaPro-801 Molecular

Sizing Instrument (Protein Solutions Inc.).

2.7 Immunodetection

SDS gels were run as described above. Unstained gels were blotted onto

nitrocellulose membranes using an Xcell II Blot Module (Invitrogen).

31



The membrane was washed twice for 10 minutes each with TBS buffer (10 mM
TrisHCI, pH 7.5, 150 mM NaCl) then incubated for 1 hour at room temperature in
blocking buffer (3% BSA in TBS). The membrane was washed twice in TBS-
Tween/Triton buffer (20 mM Tris-HCI, pH 7.5, 500 mM NacCl, 0.05 % Tween 20, 0.2
% Triton X-100) and once in TBS before incubating for 1 hour in anti-His antibody
solution (1 in 1000 dilution in blocking buffer). After washing twice with TBS-
Tween/Triton buffer and once with TBS, the membrane was incubated with
secondary antibody solution for 1 hour. The secondary antibody (rabbit-anti-
mouse/AP conjugate) was diluted 1 in 10,000 in blocking buffer. After four washes
with TBS-Tween/Triton buffer, the membrane was stained with Western Blue

(Promega), an alkaline phosphatase substrate.

2.8 N-terminal sequencing

Samples for N-terminal sequencing were run on SDS PAGE and blotted onto
PVDF membrane. The bands, stained for 30 sec with amido black (0.1 % amido
black, 40 % MeOH, 1% acetic acid), were excised and submitted to the University of
St Andrews Protein Sequencing service. Sequencing was carried out on an Applied

Biosystems Procise 491 using the Edman degradation method (Edman 1970).

2.9 Mass Spectrometry

Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight (MALDI-TOF)
Mass Spectrometry was carried out by the University of St Andrews MALDI-TOF
MS service on a Tofspec 2E Micromass system. Briefly, the sample is mixed with a

UV adsorbing matrix and ionised by a UV laser. A potential is applied to the sample
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plate, accelerating the matrix and analyte ions. The time taken by the ions to reach the

detector is converted to molecular weight.

2.10 Electron Microscopy
Electron microscopy was carried out by Dr P. A. Bullough at the University of
Sheffield. NP samples were analysed at a concentration of 0.1 mg/ml in TrisHCI

pH7.5. The protein was negatively stained with uranyl acetate.

2.11 Proteolytic digestion
2.11.1 Thrombin digest
125 pl of NP (0.14 mg/ml) was added to 1 unit of thrombin and incubated

overnight at 37°C.

2.11.2 Trypsin digest

21l of trypsin (140 pg/ml) was added to 500 pl of prewarmed NP (140
pg/ml). The solution was incubated at 37°C. 10 pl aliquots were removed at various
time points and added to 1pl of 10mM phenymethylsulfonyl fluoride (PMSF) to

quench the reaction. The samples were run on both SDS and native gels.

2.12 Construction of Clones
Restriction enzymes and DNA-modifying enzymes were obtained from
Promega with the exception of Asel and Ndel which were purchased from New

England Biolabs. Oligonucleotides were obtained from Oswel.
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2.12.1 Plasmid DNA purification
Plasmid DNA was extracted from cells using QIAprep Miniprep or

Maxiprep kits (Qiagen) following the manufacturer’s instructions. For large numbers
of samples, plasmid purification was achieved by alkaline lysis of cells followed by
isopropanol precipitation: Cells from a 5 ml culture were spun down and resuspended
in 0.3 ml resuspension buffer (50 mM TricHCI, pH 8; 10 mM EDTA; 100 pg/ml
RnaseA). 0.3 ml of lysis buffer (200 mM NaOH, 1% SDS) was then added and cells
were lysed at room temperature. After 4 min, the reaction was neutralized by the
addition of 0.3 ml 3 M potassium acetate, pH 5.5. Samples were incubated on ice for
10 min and then centrifuged for 15 min at 13 000 g. The supernatant was removed to
a fresh tube and respun. In another fresh tube, the second supernatant was added to
0.7 ml isopropanol. Precipitated DNA was pelleted by centrifugation and washed with
0.2 ml 70 % EtOH. The pellet was air dried for 5 min and resuspended in 10 pl H>O.

DNA digestion was carried out to confirm the presence of insert DNA within
the vector. A typical digestion reaction contained 7 pl DNA, 1 pl enzyme(s),1 pl
Multicore buffer, and water up to 10 pl. Following incubation for 1 hr at 37 °C the

DNA was analysed on agarose gel.

2.12.2 Agarose gel electrophoresis
For a 1% gel, 250 mg agarose was dissolved in 25 ml TAE buffer (40 mM
Tris-acetate, ] mM EDTA). When slightly cooled, 3 ul of 10 mg/ml ethidium

bromide was added and the solution was poured into a mould. 10 ul DNA sample was
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added to 2 pl of DNA sample buffer (0.05 % Bromophenol Blue, 40 % sucrose, 0.1 M

EDTA, 0.5 % SDS) and loaded onto the gel. The gels were run at 80 V for 30 mins.

2.12.3 Polymerase chain reaction (PCR)

PCR amplification of five different sections of the NP gene was carried out
using combinations of the oligonucleotides shown in Table 1. The primers were
designed to incorporate 3° BamHI and 5° Kpnl restriction sites into the ends of each
amplified section.

The reaction components (1 pl 5° primer, 1 pl 3° primer, 1 pl plasmid DNA, 1
pl dNTPs, 5 pl 10x Thermopol buffer, 40 pl water, 1ul VENT polymerase) were
mixed in a PCR tube and overlaid with 40 pl mineral oil. Amplification was achieved
by carrying out 30 cycles of DNA denaturation (95 °C, 1.5 min), oligonucleotide
annealing (60 °C, 1.5 min) and oligonucleotide elongation (72 °C, 2 min), followed by

7 min at 72 °C.

2.12.4 Digestion
Vector (pQE30, Qiagen) and insert DNA samples were digested separately
with both Kpnl and BamHI for 3 hr at 37 °C. The digested DNA was extracted from

an agarose gel and purified using a QIAquick Gel Extraction Kit (Qiagen).
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Residues 1-132 Forward |CAC AAA ATT GGA TCC ATG GAT TCT CGT

Reverse |CCG GGA TGG TAC CAA GTT ATC TCT TAATG

Residues 133-399 | Forward | GGA AAA AAC ATT GGA TCC ACA CTT GCT G

Reverse | CGT GAC CTT GGT ACC GCG TTA TTT CTT TAG

Residues 400-739 | Forward | GCT ATG GTA ACT CTA GGA TCC GAG CGC CTG

Reverse | ATC CCA TGG TAC CAT GCT CAT TCA CTG

Table 1. Primers used to amplify sections of Ebola NP.

2.12.5 Ligation

To ligate insert and plasmid DNA, 14 ul of insert was added to 1 pl vector. The DNA
was heated at 45 °C for 5 min followed by 5 min on ice. 2 pl of T4 DNA ligase and 2
ul of ligase buffer were then added and the reaction mix was incubated at room

temperature for 4-7 hours.

2.12.6 Preparation of competent cells
XL1-Blue cells, grown to an ODggp of 0.4, were pelleted and resuspended in

5ml 0.1M MgCl,. The cells were repelleted and resuspended in 2ml 0.1M CaCla.

2.12.7 Transformation

20 pl of ligation reaction was added to 100 pl of competent cells. After 30 min
incubation on ice, cells were heated at 42 °C for 90 sec. After a further 5 min on ice
the cells were added to 100 pl of prewarmed LB media and shaken at 37 °C for 1 hr.

100 pl of cells were plated out on L-agar containing the appropriate antibiotic.
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Following overnight incubation all colonies, up to maximum of 24, were
picked for each construct and grown up in 5 ml volumes of LB. Plasmid purification
of all the cultures was carried out. Identification of positive clones was achieved by
incubation of 7 pl of each purified DNA sample with BamHI and Kpnl followed by

analysis on agarose gel.

2.13 Results
2.13.1 Characterisation of Ebola NP

Purified NP was obtained by metal chelate affinity chromatography. Dynamic
light scattering (DLS) was carried out to investigate the oligomeric/aggregation state
of the protein. DLS measurements gave a molecular weight estimate in the region of
17,000 kDa, clearly indicating either polymerisation or non-specific aggregation of
NP. A test experiment with a BSA standard gave a molecular weight of 70 kDa, close
to the expected value of 66 kDa.

As soluble protein was required for crystallization, various additives were
tested for their ability to reduce aggregation. Addition of 0.5 M NaCl to the protein
solution prior to DLS slightly reduced the observed molecular weight to 10,000 kDa.
Addition of the reducing agent Tris (2-carboxyethyl) phosphine (TCEP) at
concentrations of 0.1, 1 and 10 mM had a similar effect on the aggregation of NP.
TCEP is a more stable, odourless alternative to DDT.

Detergents (Triton-X100, Tween20, n-Octyl-B-Glucopyranoside) were added
at concentrations corresponding to their critical micellar concentrations (CMC). The
lowest molecular weight was obtained with TritonX, however this value was still in

the region of 6000 kDa, indicating that large aggregates were still present.
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To investigate whether NP was self-assembling into nucleocapsid-like
structures the aggregates were analysed by EM. The images revealed ring-shaped
structures 40-50 nm in diameter (Fig. 1). No nucleocapsid-like structures were

observed.

2.13.2 Proteolytic digestion

As attempts to solubilise the full-length protein failed, NP was subjected to
proteolytic digestion so that a soluble portion of the protein might be obtained. In
addition to intact NP (83.3 kDa), SDS PAGE analysis of the thrombin digestion
products showed a band at 81 kDa and a faint band at 31 kDa. The likely cleavage site
is after arginine 260. Cleavage here would result in two fragments of 29.4 kDa and
53.9 kDa. The latter would be highly negatively charged and would be expected to
migrate more slowly on an SDS gel. The intact NP, which has an overall negative
charge of -30, behaves in a similar manner. Unfortunately, neither peptide could be
seen on a native gel, suggesting that they were not soluble.

Digestion with trypsin resulted in a 30 kDa peptide which could be observed
on both SDS and native gels (Fig.2). The peptide was blotted onto PVDF membrane
and the band was excised. N-terminal sequencing indicated that the N-terminus of the
peptide corresponded to residue 133 of the full length NP. Initial MALDI-TOF Mass
spectra of the digested NP did not give a clear indication of the exact molecular
weight of the soluble peptide. Several peaks were present and it is likely that the

peptide of interest was present in too low a concentration relative to other peptides.
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Fig 1. Scanning electron micrographs of purified NP. Arrows indicate ring structures. Bar: 200 nm
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Fig. 2. SDS PAGE : trypsin digestion time course. 0 min, 2 min, 5 min, 10 min, 30 min, MW

Markers.
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The trypsin digested NP was loaded onto an anion exchange column to separate

contaminating protein. SDS PAGE analysis showed that the 30 kDa peptide had been

partially purified. After concentrating the peptide-containing fraction, mass

spectrometry analysis was repeated (Fig. 3).
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Fig. 3. MALDI-TOF MS of the partially purified 30 kDa trypsin digestion product.
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A large peak at 29565.9 Da, with a small shoulder spike at 29452.8 Da, was
observed. These values correspond to residues 133-399 (calculated weight = 29597.5)
and 133-398 (calculated weight = 29469.4). Residues 398 (arginine) and 399 (lysine)

are potential trypsin cleavage sites.

2.13.3 Construction of clones
Based on the above results, five segments of the nucleoprotein, including the
central soluble portion were cloned for expression as N-terminal His-tagged proteins.

These segments are represented in figure 4.

Falege [ I ]

Constrocts: NP-A EENDDDODN | 1132
e I 13%%
Nee — T N 133399

Fig 4. Ebola NP constructs A-E. The soluble segment obtained by trypsin digest is shown in magenta.
Molecular weights: A (15.0 kDa), B (44.7 kDa), C (29.6 kDa), D (68.2 kDa), E (38.6 kDa).

Each PCR reaction amplified DNA of the correct size as shown in Figure 5.
Each insert was successfully ligated into the vector pQE30 and incorporated into XL1-
Blue cells. This was confirmed by BamHI/Kpnl digestion of plasmid DNA purified

from several XL1-Blue colonies.
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Purified plasmid DNA from the positive colonies was used to transform the E.
coli expression host M15. Constructs C, D and E were not expressed, even at a range
of growth temperatures and IPTG levels. Constructs A and B were overexpressed as
insoluble protein. No soluble recombinant protein could be obtained by altering
growth and induction conditions. A second host, SG13009, was tested with each of
the constructs. Unfortunately, peptides NP-A, NP-D and NP-E were not expressed

and peptides NP-B and NP-C were present in insoluble inclusion bodies only.
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Fig 5. Agarose gels of PCR products. NP-A (396 bp), NP-B (1197 bp), NP-C (798 bp), NP-D (1818
bp), NP-E (340 bp).

Due to the difficulties encountered with this expression system, two of the
constructs which had expressed (NP-B and NP-C) were subcloned into a pRSET
vector for expression in (a) BL21#7xB(DE3) and (b) BL21(DE3)pLysS cells. The
former expression host possesses a thioredoxin reductase mutation (trxB) and may
improve solubility and folding by facilitating disulphide bond formation. pLysS strains
produce small amounts of T7 lysozyme, an inhibitor of T7 RNA polymerase. The T7

lysozyme provides additional stability to target genes by suppressing the basal
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level of T7 RNA polymerase prior to induction. However, neither recombinant protein
was expressed in these cells.

A small amount of soluble protein was eventually obtained from XL 1-Blue
cells transformed with pQE30-NP-B (Fig 6a, lane 5) and its identity was confirmed by
immunodetection with anti-His antibody. The levels of soluble protein were improved
by induction with 0.4 mM IPTG and overnight expression at 25 °C (Fig 6b). NP-B

was purified by affinity chromatography on a Ni** column (Fig 6¢).

< NP-B NP-B w

= «NP-B

-~ -
———

Fig 6. Expression of NP-B in XL1-Blue cells. (a) Initial expression, | mM IPTG. Lane 1, markers
(see fig. 2); lane 2, non-induced control; lane 3, whole cell extract 1 hr post induction; lane 4, whole
cell extract 2 hr post-induction; lane 5, soluble extract. (b) Optimised expression, overnight induction

with 0.4 mM IPTG at 25°C. Lanel, non-induced control; lane 2, whole cell extract; lane 3, soluble
extract; lane 4, markers. (c) Lane 1, Metal chelate affinity purified NP-B; lane 2, pre-stained markers

(188 kDa, 62 kDa, 49 kDa, 38 kDa, 28 kDa, 18 kDa, 14 kDa, 6 kDa, 3 kDa).

DLS measurements gave an estimated molecular weight value in the region of
20,000 kDa, indicating that the protein was not monomeric. As in the case of the full
length protein, NP-B was not solubilized by the addition of salt or detergents, or by

raising or lowering the pH.
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2.14 Summary

Although full length NP could be purified almost to homogeneity,
crystallization trials were not attempted. The crystallizability of proteins is strongly
correlated to the monodispersity of the solution (Ferre-D'Amare and Burley 1994).
However, DLS showed that NP was polydisperse and unlikely to produce crystals. In
addition, molecular weight estimates from DLS were 200-fold higher than that
expected for monomeric NP, suggesting that the protein was severely aggregated. To
determine whether NP was polymerising into the coiled rods seen in Ebola virus-
infected cells or aggregating non-specifically, a sample of protein was analysed under
by EM. Surprisingly, the protein appeared to be forming numerous ring-shaped
structures. Although such structures have not previously been reported for a filoviral
NP, recombinant Rabies nucleoprotein has been shown to form similar rings, in
addition to longer, nucleocapsid-like structures (Iseni, Barge et al. 1998). The rings,
which are similar in diameter to the full length nucleocapsid, may be intermediate
structures in the nucleocapsid assembly process.

During the project, EM images of HeLa cells expressing recombinant MBGV
NP were published by Kolesnikova et al. (Kolesnikova, Muhlberger et al. 2000). The
NP, immunogold-labelled using a monoclonal antibody against MBGV NP, formed
tubule-like structures (TLS), appearing in cross section as rings similar in size to
those formed by the Ebola protein. It is possible that recombinant Ebola NP forms
both rings and longer, nucleocapsid-like structures but that the latter were lost during

purification.
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For the purpose of finding a soluble segment for crystallization, NP was
subjected to treatment with thrombin and trypsin. 1 hour trypsin digestion produced a
soluble 29 kDa peptide. N-terminal sequencing and mass spectrometry confirmed that
this peptide corresponded to amino acids 133-399.

Of the five constructs, only NP-B could be expressed as a soluble protein.
This peptide corresponds to the first 399 amino acids of NP. Initial crystallization
trials using an NP-B concentration of 4 mg/ml produced heavy precipitation in over
80 % of wells. DLS indicated that, like the full length protein, NP-B was not
monomeric.

The peptide NP-B corresponds to a region of the full length NP that is
relatively conserved among filoviruses. This region shows a high degree of homology
to the N-terminal 400 amino acids of MBGV NP (54% identity, compared to 20%
identity for the remainder of the protein). A small section of this N-terminal domain
running from residues 150 to 162 also contains significant homology to
nucleoproteins of paramyxoviruses (Barr, Chambers et al. 1991). In the
nucleoproteins of Respiratory syncytial virus (RS), Pneumonia virus of mice (PVM),
Sendai virus (SEN), Measles virus (MV), Rabies virus (RAB), Vesicular Stomatitis
virus (VSV), MBGV and Ebola virus, this short sequence is composed of
hydrophobic regions interrupted by either a lysine or an arginine residue.

Inspection of the predicted secondary structure (Rost 1996) of NP reveals that
the vast majority of predicted helix and sheet lies within the N-terminal 423 amino
acids (Fig. 7). This N-terminal domain is hydrophobic and slightly positively charged,
consistent with putative roles in RNA binding and NP-NP interactions. Conversely,

the remainder of the protein is hydrophilic (Fig. 8) with a strong net negative charge
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of -41. The lack of predicted secondary structure in this region may indicate that
folding of the C-terminal domain requires interactions with other proteins such as

VP40.

60
120
180
240
300
360
420
YDDDDDIPEP GPINDDDNPG HQDDDPTDSQ DTTIPDVVVD PDDGSYGEYQ SYSENGMNAP 480
ppLJEDLDE DDEDTKPVPN RSTKGGQQKN SQKGQHTEGR QTQSRPTQNI PGPHRTIMHA 540
SAPLTDNDRR NEPSGSTSPR MLTPINEEAD PLDDADDETS SLPPLESDDE EQDRDGTSNR 600
TPTVAPPAPV YRDHSEKKEL PQDERQDQDH TQEARNQDSD NTQPEH H 660
PFDAVLYYHM MKDE SDGKENEYPD SLEEEY PPl N TFMTLDGQQF 720
YWPVMNHKDK HHQ 739

Fig. 7. Ebola NP sequence highlighting predicted secondary structure. Strand (cyan), Helix (blue).
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Fig. 8. Hydropathy plot of Ebola NP using the method of Kyte & Doolittle (Kyte and Doolittle 1982).

These observations suggest that Ebola NP has an N-terminal domain with

regions of conserved structure that are involved in functions common to the NNS
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RNA virus N proteins. These functions appear to include the protein-protein
interactions required for nucleocapsid assembly. Buchholz et al (Buchholz, Spehner et
al. 1993) tested 29 mutants of Sendai virus NP for their ability to self-assemble and
showed that deletions within the N-terminal 399 amino acids abolished nucleocapsid
formation. C-terminal deletions did not affect assembly. Similarly, a truncated form
of SV5 NP in which the C-terminal 17 kDa had been cleaved was still able to form
nucleocapsid-like structures (Mountcastle, Compans et al. 1974). Although it could
not be confirmed by EM, it is likely that NP-B also retains the ability to self-

assemble, making it a poor candidate for crystallisation.
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Chapter 3

Crystallisation and Structure Determination of

SV5-Pk Fab
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3.1 SV5-Pk Antibody

The monoclonal antibody SV5-Pk was obtained by Randall e. al. from mice
immunised with Simian Virus 5 (SV5) (Randall, Young et al. 1987). The antibody has
been shown to be specific for an epitope (GKPIPNPLLGLDST) in the P and V
proteins of SV5 (Southern, Young et al. 1991). A 14 amino acid peptide (V5) derived
from this epitope retains its antigenicity when fused to the C-terminus of larger
proteins and binds SV5-Pk very strongly. The picomolar affinity (K4 = 23.6 pmol) of
the SV5-Pk/peptide system has been exploited in a wide variety of applications
including immunodetection, purification and construction of solid matrix antibody-
antigen (SMAA) complexes (Randall and Young 1991). In the latter technique, the
mAb SV5-Pk is linked to a solid matrix to form a complex which can then be coupled
to a recombinant protein tagged with the V5 peptide for vaccination purposes.

The aim of this part of the project was to obtain the three-dimensional

structure of the Fab portion of SV5-Pk.

3.2 Fab Fragment Production and Purification
3.2.1 SV5-Pk antibody purification

Monoclonal SV5-Pk antibody was kindly provided by R. Randall of the
University of St Andrews. The protein had previously been isolated from hydridoma
cells and pelleted with (NH4)>SO,. The pellet was resuspended in binding buffer (1M
glycine pH 8.6, 150 mM NaCl) and loaded onto a Protein A affinity column. The
column was washed with binding buffer until the flow through no longer absorbed at

280 nm. The antibody was eluted with 0.1 M citrate, pH 3.0. UV-absorbing fractions
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were analysed on SDS PAGE (Fig. 1) then pooled and dialysed overnight into

phosphate buffered saline (PBS).

116

[

Fig 1. SDS PAGE: Antibody purification. Lane 1, Pre-stained markers; lane 2, crude antibody;

lanes 3-8, flow through fractions; lanes 9 and 10, elution.

3.2.2 SV5-Pk Fab fragment production

Fab and Fc tragments of the antibody were obtained by papain cleavage.
Antibody was digested with varying papain concentrations and incubation times to
ascertain optimum conditions: 1 mg/ml SV5-Pk was incubated with 20 mM EDTA,
100 mM L-cysteine and 10 pg/ml papain for 2 hours at 37 °C. The digestion was
quenched by adding 500 pl of 200 mM iodoaminoacetate (IAA) to 500 pl reaction,
and incubating at room temperature for 30 min.

The digested antibody was dialysed into binding buffer and the fragments
were purified on a Protein A column (Fig. 2). The flow through containing the Fab
fragments was collected and dialysed into antibody buffer (50 mM NaCl, 20 mM Tris

pH 7.6, 0.1 mM KI). The Fab fragments (Fig. 2, lanes 3-9) appear as two bands of
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close molecular weight corresponding to the light chain (23.6 kDa) and the Fab
portion of the heavy chain (23.1 kDa). The dialysed Fab was then concentrated to 10

mg/ml in a Centricon 10 kDa molecular weight cut-off concentrator (Amicon).

200
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Fig 2. Fab fragment purification. SDS PAGE: Lane 1, MW markers; lane 2, pre-column; lanes 3-9,
flow through (Fab fragment); lanes 10-12, elution (Fc fragment).

3.3 Crystallisation of SV5-Pk Fab

Initial crystallisation conditions were determined using the hanging-drop
vapour diffusion method. Trials were set up on LINBRO crystallization plates at room
temperature using Hampton Crystal Screen Kits (Hampton Research). 1 pl each of 10
mg/ml Fab and reservoir solution were mixed on siliconized glass coverslips and
allowed to equilibrate over wells containing 0.5 ml crystallant.

After 24 hours equilibration, plate-like crystals had appeared in four of the 50

Hampton Screen I conditions, the largest of which grew in 0.2 M Calcium Acetate, 0.1
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M Sodium Cacodylate pH 6.5, 18% PEG 8K (Fig. 3). These crystals were used for in-

house data collection.

Fig 3. Crystals of SV5-Pk Fab grown in 0.2 M Calcium Acetate, 0.1 M Sodium Cacodylate

pH 6.5, 18% PEG 8K. Bar: 50 um

3.4 Data Collection

The crystals were transferred to a drop containing reservoir solution plus 20%
glycerol prior to flash freezing in a nitrogen stream. X-ray diffraction data were
collected at 100K from Cug, radiation generated by a Rigaku rotating anode generator
using an R-axis [V imaging plate. 180 frames of data were collected in 1° oscillations
at a crystal-to-detector distance of 180 mm. Diffraction data sets were processed and
scaled using DENZO and SCALEPACK software (Otwinowski and Minor 1997).
Data reduction was carried out using programs from the CCP4 suite (Collaborative
Computational Project Number 4 1994). Table 1 summarises the data collection

statistics.
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Highest

All Data resolution
Shell (2.38-2.30
A)
Crystal Parameters
Space Group 2 -
Unit cell dimensions a=69.0 b=53.7 ¢=127.9 (A) .
a=7v=90.0 B=98.3 () -
Resolution Limit (A) 23 -
Mosaicity 048 .
Data Processing
Total N° of observations 126018 "
N® of unique reflections 20029 1973
Rierge” (%) 5.5 14.1
I/(ol) 20.5 8.8
Completeness (%) 97.0 942

Table 1. X-ray diffraction data for crystals of SV5Pk Fab fragment. * Ryyerge = 21— M| /2A), where (1)
represents the average intensity of symmetry-equivalent reflections.

3.5 Structure Determination

The Fab crystal structure was solved by the Molecular Replacement method
using CNS(Brunger, Adams et al. 1998). A high resolution Fab structure (Brookhaven
Protein Data Bank entry 1SBS: mouse anti-Hcg Fab) with high variable domain
homology to SV5-Pk Fab was selected as the phasing model. The sequence identities

of the H and L variable chains of the model and the SV5-Pk Fab fragments are 67 %
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and 68 % respectively. The solution was found by searching separately for the
constant domain (CyCp) and the variable domain (V;V}) to allow for any variability
in the elbow angles. The solution for the Vi;V; domain was found first. The constant
domain was then subjected to a cross rotation search. The rotated, translated variable
domain coordinates and the rotated constant domain coordinates were combined in a
PDB file. These coordinates were subjected to a further translation search in which
the variable domain remained fixed. Sensible packing of the molecule in the crystal
was confirmed visually using O (Jones, Zou et al. 1991).

The solvent content was determined using the equation below (Matthews
1968). The calculated solvent content is 51% with one molecule in the asymmetric

unit.

i 123 /Nm Where Vm = Volume of asymmetric unit (As) - (Da)

3.6 Refinement

Rigid body refinement of the correct solution gave an R-factor of 42.8 % at 4
A resolution. Rounds of model building and refinement were carried out using a
combination of 2Fo-Fc, Fo-Fc and omit maps in O followed by refinement using
CNS. The procedures included positional refinement, simulated annealing and
individual isotropic B-factor refinement. 211 water molecules were added
automatically by CNS in peaks of electron density >3c in the Fo-Fc difference map
and checked manually for suitable hydrogen bonding geometry. Variable domain

residues that differed from those of the model were mutated to the correct amino
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acid. The CDRs of the model were omitted from 2Fo-Fc map calculations. Constant
domain residues, for which the exact sequence was unknown, were mutated to
residues that fitted the electron density. The sequence of the constant domain was
later confirmed by a 1.9 A resolution structure (see Chapter 4) and corresponded to
the A-subclass.

The structure was refined at 2.3 A resolution to a final working R-factor of

21.2 % and an R (calculated with 10% of data omitted from refinement) of 25.7 %

(Fig. 4).

R-factor
g
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Fig. 4. R-factor and R-free values during refinement.

3.7 Structure Description
3.7.1 Overall Structure
The structure of SV5-Pk Fab fragment, shown in Fig. 5, is that of a typical

Fab. The four immunoglobulin domains each contain a 3-barrel formed by two f3-
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sheets connected by an internal disulphide bridge. The ViV, and CyC,. domains each
comprise two immunoglobulin folds that are related by a pseudo two-fold axis of
rotation. The angle between the ViV pseudo-dyad and the CyC, pseudo-dyad (the
elbow angle) is 148°. To calculate the angle, the O program LSQ was used to find the
transformations that map Vy onto Vi and Cy onto C;. These matrices were converted
to vectors using NCS STRICT in X-PLOR (Brunger 1992). The dot product of the
vectors is equal to the inverse cosine of the elbow angle.

Solvent accessible surface area was calculated using NACCESS with a probe
radius of 1.4 A. The program uses the method of Lee & Richards (Lee and Richards
1971). The surface areas of the constant and variable domains are 10438 A” and
10405 A? respectively and the interface between them is 1477 A’. The buried surface

area between the Vy; and V; domains is 1588 A2,

Fig 5. Ribbon representation of the Fab structure showing the positions of the CDRs. The figure was
produced using Molscript (Kraulis 1991).

56



3.7.2 Complementarity Determining Regions (CDRs)

The structures of five of the six CDRs of antibodies appear to conform to a
small number of canonical forms (Chothia and Lesk 1987). The canonical class of
CDRs L1, L2, L3, HI and H2 depends on both the length of the loops and the
presence of structurally determining residues (SDRs). The CDR loops of SV5-Pk Fab
were each assigned a canonical class using the automated method of Martin et.al.
(Martin and Thornton 1996) and are summarised in Table 2. CDRs L2 and H1 match
class 1. L1 is similar to class 4 but has a disallowed residue at .2. However,
superimposition of SV5-Pk CDR L1 onto a representative class 4 CDR (Itet) yields
an rmsd of 0.45 A, suggesting that the loop does indeed belong to this class.
Similarly, L3 and H2 can be superimposed onto representatives of classes 1 and 3

respectively. The superpositions are shown in figure 6.

CDR Class Mismatches

L1 Similar to class 4 L2 =1 (allows V). L51 = M (allows V),
L27 =K (allows Q), L92 = L (allows TS),
L34 =Y (allows HEN), L93 = E (allows H),

L2 Class 1 -

L3 Similar to class 1 91 =1 (allows NFGSRDHTYYV)
92 =L (allows NYWTSRQHAD)

Hl Class 1 .

H2 Similar to class 3 HS52 =N (allows SFWH)

Table 2. Canonical classes of CDRs L1, L2, L3, HI and H2 assigned by the method of Martin er. al.
[Martin, 1996 #101]. The third column lists CDR residues that differ from the canonical definitions.
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Fig 6. The backbone atoms of SV5-Pk CDRs (cyan) that could not confidently be assigned a canonical

class were superimposed onto loops of known class (blue).

(a) CDR: L1, Class = 4, PDB code of representative Fab = 1rmf, rmsd = 0.45 A;
(b) CDR: L3, Class = 1, PDB code = ltet, rmsd = 0.3 A;

(¢) CDR: H2, Class = 3, PDB code = lige, rmsd = 0.32 A.

The third hypervariable region of Vy varies greatly among antibodies and is
therefore more difficult to divide into structural classes. However, analysis of 77
different H3 sequences indicates that some H3 loop conformations can be assigned
canonical forms (Oliva, Bates et al. 1998). The loop is divided into three sections: the
framework, take-off and apex regions. The framework is usually conserved in
structure and the apex region forms a B-hairpin. The take-off region adopts either an
extended or a kinked form. The kinked conformation is characterized by a conserved
Trp103H to carbonyl hydrogen bond. In the extended form the hydrogen bond occurs

between Trp103H and the side chain of a conserved Asp (101H). As shown in Fig. 7,

the take-off region of SV5-Pk Fab H3 adopts a kinked conformation.
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Fig.7 Kinked conformation of the SV5-Pk Fab CDR H3 showing the hydrogen bond formed
between Trp103H and a main chain carbonyl.

Table 3 shows Kabat and Contact definitions of the CDRs. The Kabat
definition (Wu and Kabat 1970) is based on sequence variability whereas the contact

definition is based on analysis of antibody-antigen complex structures (Martin and

Thornton 1996). The positions of the CDRs are shown in Fig 5.
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CDR Residues

Residue: 24 25 26 27 27a 27b 27c 27d 27e 28 29 30 31 32 33 34 35 36
Ll [Kabat: R S S K § L V H S N G I T Y L Y

Contact: ET Y E ¥
Residue: 46 47 48 49 50 51 52 53 54 55 56
L2 | Kabat: Q M S S L A S
Contact: L L I Y Q M S S L A
Residue: 89 90 91 92 93 94 95 096 97
L3 | Kabat: G Q I L E L P F T
Contact: G Q I L E L P
Residue: 30 31 32 33 34 35
H1 | Kabat: S F G M H
Contact: S § F G M H
Residue: 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65
H2 | Kabat: Y I N T D S T T 1 YYGTVKSG
Contact: W V A Y [ N T D S T T I Y
Residue: 93 94 95 96 97 98 99 100 100 101 102
H3 | Kabat: A G P Y Y G F DY

Contact: A S A G P Y Y G F D

Table 3. Amino acid composition of SV5-Pk Fab CDRs determined using the Kabat and Contact
definitions. Residues are numbered according to the Kabat system.

3.8 Quality of the Structure

The quality of the model was verified by PROCHECK (Laskowski,
MacArthur et al. 1993), the outputs of which are shown in Fig 10. 87.6 % of residues
are in favoured regions of the Ramachandran Plot with a further 11.6 % in additional
allowed regions. Three residues lie in disallowed regions (L51, H138, H139). L51,
clearly defined in the electron density, is in the (i+1) position of a y-turn and
corresponding residues in other Fab structures are frequently observed to possess
unusual geometry (Al-Lazikani, Lesk et al. 1997). The remaining two disallowed
residues form part of a loop with poorly defined density connecting strands A and B
of the heavy chain constant domain. This loop, running from H134 to H144, is often

disordered in Fab structures (for examples see (Cheetham, Hale et al. 1998) (Li, Li et
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al. 2000) (Augustine, de La Calle et al. 2001)). In addition, eight out of the remaining
ten main-chain and side-chain parameters are described as ‘better’ than the
PROCHECK comparison values.

In general, the electron density of the structure is of good quality as shown in
Fig 8. However, a small number of residues (H64, L74, L77, L107) have no
observable side chain electron density. A plot ot the average B-factors for each Fab
residue is shown in Fig. 9. Unsurprisingly, the region of highest B-factor occurs in the
disordered Cy loop mentioned above. For the L chain, the highest B-factor values are
present between L157 and L165. This loop has well-defined electron density
suggesting that the high B-factors are due to flexibility rather than disorder.

Rmsd values for bonds and angles indicate good geometry. Table 4 summarises

the refinement statistics for SV5-Pk Fab.

Fig 8. Stereo diagram of a region of the final 2.3 A electron density map showing bound water
molecules (W). The 2fo-fc map is contoured at 1o.
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Refinement Parameters

Resolution (A) 500 —2.3
N of protein atoms 3252
N? of water molecules 211
R Factors
R® (%) 21.2
Rfree® (%) 25.7
Atomic Temperature Factors
All atoms (A% 32.28
Main-chain atoms (A?%) 31.73
Side-chain atoms (A?) 32.88
Water (Az) 34.78
RMS Deviations from Ideal
Geometry 0.006
Bonds (A) 1.4
Angles (°)
Ramachandran Plot
Favourable (%) 87.6
Additional (%) 11.6
Generous (%) 0.0
Disallowed (%) 0.8

Table 4. Refinement Statistics for the PK Fab structure. * R-factor = | Fobs=Fealc | JEF obs. "R-free was

calculated with 10% of the data omitted from refinement.
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Fig 9. B-factor plots for (a) Light chain, (b) Heavy chain
3.9 Summary

The structure of SV5-Pk Fab was solved by Molecular Replacement at 2.3 A
resolution to an R-factor of 21.2 % and an R-free of 25.7 %. The molecule has an
elbow angle of 148°, which falls within the range of angles observed for Fab
structures (127° to 194° (Wilson and Stanfield 1994)). The whole Fab is present in the
structure with the exception of one lysine (H64) and three arginine (L.74, L77, L107)

side-chains.
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Five of the six CDRs of antibodies can be described by their canonical class,
each CDR having only a small number of potential conformations. Of the 300
possible combinations of these classes, only 10 % occurred in an analysis of 381
antibody sequences carried out by Vargas-Madrazo et al (Vargas-Madrazo, Lara-
Ochoa et al. 1995). The combination of SV5-Pk CDR loops, (1 34 1 1) for H1, H2,
L1, L2 and L3 respectively, is one of three combinations that occur in peptide-binding
antibodies. The (1 34 1 1) class is defined as multi-specific as it is also observed in
antibodies that bind proteins, polysaccharides and nucleic acids. The categorisation of
the combining site as multi-specific is not surprising as the antibody binds tightly to

the V5 peptide whether on its own or as part of a larger recombinant protein.

64



$9

sl gy "unw sl
h&l!ﬂangﬁxg.gmﬁ_ai_ﬂaiuﬁf i SO SupEgy
POHICE] A {56 £ > M0 SHORENLR U0 MYRIDAARINN W 011 aﬁx&ﬁﬁﬁgiﬂuﬂé.ﬁi.? IS OISR LA I U 1900 25
poraod aq penom gapous Snesh gl € ' 0T e el v pesery e
EEV 0T I GeAts 10 SREMNNS gI| j0 S uo poaey
D N2 140D i P o 1QUImT U0
gz o8l i a8 3 ol i s 1E .:.w_ o ; B sl
i i = " faanFiren ST wegs sagmas AEalE o saquaEny
- b ! i A U A RN IR Je BAqUIN
g - DA
bf SIS R R P SIATEIO00 SN

v |
e £ SEEA PRACIFEIR U Sy
W o [derjarg-te-] s pasagpe el m sapisay
Rt i BPQ ] Sniaz pimoys RO U Sp0%
LN wy Praty] suordds prunear i o saepisag

413

(Al 0]

ﬁ.}-: st %
ke
B
g

ﬁ. N SHIBLEIS 101
(saFap) g

67 &= xl
: _ &

- = : - 7 .
(og) no (st)ay (L) StH 081 561

D 114 1) i P

L b i) % o T 1 L (U3 p 4 B¥E e
Iﬂ. - .lIn ” ﬂun - U& I ,orL u.m T
TR SR W o O e
O A e T N T

Skl G T m—
= THY 68 VTY
o fa

(F1) 0 & (<1 uH - S
1) 110 1140 -
Rl Ai., 18y [ i) i m,
’ - . &
- im] ‘ l..#ﬂ< - \%- sl m
. . Bk %. : &
(1) dsy T oD usy - LT
s101d ZIyD-11yD 10[d uelpueyoRUIEY
MEH MBS

1 adeg

AIAH N




O FUAM G

EY RN
w00 &
Ll L e L]

SRR TR

[ DT
SO T
ptatm

1 RGO
GEF =0l GE FIT kg vk

Loy

L AsEEERan b

SN U g
g $E @E 8T 00 st G

L
SUORRE I PO PO 17 AT 5
R ]

WL [EpAgena uogs udpy P
vy | soninessy

o $E 0f $Z 0¢ s1 01 or §% 0F §% 08 s el
-

$ W 00
£

uog o
i
2

51 8 L&
&

o o3

P 2pfun e3oum - o poog spRke g w. psunsasse b wipd erpugviney ..mau

s1ojowered ureyo-urejy

sanpraas (] $3d xpmoos pey

SRR

AR PRI EY FSO W SINpAL g auen,

NHEHIOU

99

sl gy dunu

B 20 V()T UGR[0 IE SIS (] J0 VISR UL (03] PATEC SE SUOUTRLIOIC) HYRNOAE] swos Furpeys
TR STE {50 £+ - M00%) SUONEULOTIG JNEIKAEIUN UL 3501]], S350 UL WnOUS 308 SIN[IS J0 SIMqUiny

-1 11D
i il il i (3] i sl %
“ “ t.. i ﬁ. . o 5 1 .w\muo iy
(1} . 13 ~
N S I, 8
(17) 44, (£)yduy,
144D =14 =140
L %mu i 3 i Wl i [ ] wi il 1%
Wil *» - Ag ” M..W w1 Wr - * ﬂw ol m
%. e - W * s 0w % . ; I bl e
(L4 (9) 19 = (91) 57
s1o1d Ziyd-11yD
T 3e,
‘ MEH MM




T ]

AR LTI TE LA T LN | LA

SI00u-0) “F

(SuLs1] 3%} HONELAIP YRR |

PIROIIESI J S0 § PIROHY P

ST AR Ry ST ey RO WIOPEEY

e

=

Lpopy ¥ SUOITRS LT

[T HETE] AN P (T MOt MO A SEa

o smou aem s pergapgiigg
OOl $6 06 KR 0% $L 0L 89 S5

SATLA RS TS & ECOSLAMENIRE S5 1 41 e S TR 10 YA

-
AN LRI S

UOISION P192 JO UONELAAD ‘S Anriya vydie-) 2
LU anpIeay

w5

A e Soe wlauy

0 ¥T 07 31 61 %

o
]

ADP UEIUL NGE |-

1 afng

{014 "[2X2) IN[BA [-14)) UDDIW LOA] UOHRIAID AN[OSQY B

sorpradoad anpisay

NAIHHIEL

L9

sl g d
bl e s 174 AN S SUED Sy
o %1 §F SEE Ao 48 paged -0
o Tk E ] wap i stpd g empy 2
i i v ] AP 1 SRR [A1)
A G- L3 i w0 o s p peapy e
e Lo g e L sl ey PR TR m_ﬁ.n»‘..kﬁh!?ﬁ
SOPIR PEEY U PRI SNMER oo .
00N ST sy
SHISHETS 0[]
MUY ) uOnn sy
b vf 0f sT 00 vl 0l
-3
g
g
=
¥
L]
o
2
L oy
AT SN ZIE) J0 UOLAD PrEpIRg 2
(smnsRuY | BNy S ) wna|0say
OF S GE vT 0T 1 Wi G $E 0t sI 0T 31 0l

1520 ) BOHELIP pIEpUTY

iy

uonELAp pimpiEs pagaod |-y p

(suonsiiny | sonngisay
§§ 0% ST o0 31

sopd spaond -ngy >
]

ol OF St 0f §¢ 6T 5

il

Aadap ) BOUEIAR pIEpUERY

%

SURE ULy Y

snuitE soaed gy v

s1o)owered ureyo-apig

(2213 ) BONRIASP PIEPUELS

(#2232} UONEIAS] PIEpURS

HIAHION




sl g d Em

-

3% W sy G8 s OF 9 st 07 S GE %

(Sunsy) 238) GONTIAIP YUY '}

RPN R AT TE N 1T 00 WY TN TAE EENHY TRV S A I AR VR I ARV AN
LR S TrrTTITRRYY i
PAMOJISICH § SIS B PRMOKY B paindsr) ,83_ v suniias pRIpuTRELInY Muﬂg_ﬁf E]

1190 wopuey — _puiy esoq

a0 oA g rring. o g) Saipeg Diga0oy

ANprgissaooe ?HE:@ W MAONLS Aplodss p

JAGUEN dApEAY

0F sc 00 sl

il

2
2 £
T
g2
9
s m.
- [
UOISION 132 JO UOIEIAID “Sqe Anelya vydje-)
AAGTLATD FNPIsaY
w9 @ iF i sr o BE ST 08 s G % 8L 810 3 o
i 2
v ¥
Ly 3
- 8
6 ¥
UOISIO] EIWIO JO URDW WOL| UOHRIAIP AN[0SqY 4
ST papreny
0L 39 09 5% 05 5k Or B 5T 00 31 61 0T ¥IT T
z
o 5
-
o8 &
oot 2
{04 "[9X2) AN[RA [-1Y)) UBW WO UOHBIAID AN[OSqY F
- afegd Y ﬁ. m
HEHH A

89

sl ) d unn

235) UOHTIAD XEY

BALANIB AN, OV IANE IR T RO LAT AL AL ATV TNV EALT LR S

Y |. AL
PAMOIEIC) [ SIOISUIE) [ PONOIY ® PAMCAT] SO} ¥ SUOITAI URIPUEGITWITY ¥ duanhag 2

CHERS20 AN, UG a.._}, My 100 LOpeY _.Sz.ar.ru MRH -4y

&..B.wﬁ...... _..,u_mE_zu B AUNANRS LMpunaag p
(RSN Wop Sa0p T W A g s oy
) w2 sy Pl BN BpIEaY

$OT ML 361 1 SS1 OR1 $£1 0L1 391 091 551 O%1 sl OF1 sgl 01 sT1 OF1 5} el

g
¥
-]
:
1
o -
UOISI0) BIDZ JO UOHBIAID "Squ AN[Riyd eydje-) >
NG 3apHay
SOT 00T sal D6l 81 DR1 SL1 OL) 91 001 syl 051 s¢1 Ol syl 081 s31 o€ S0 1l | %
L7 m
L m.
F9 2
, B
Ls B
L] 1
UOISIO) BEILO JO URILU WOLJ UOHRIAID N[OSY 'q
AU FAPSIY
T ¥81 ON1 S41 0L1 $95 091 51 051 Skl OF1 sg1 0£1 71 031 $91 -
4
Lo 2
4

(01 "JOX2) aN[RA [-11,) URDUI WOL] UONTIAID N[0SV B

sanadoad anpisay

NIEH M




sl gyl Hnw

SIT GIT $O00 OO 561 D61 $31 081 sil

WK
SRy~ 3

PRNOIISIC] [ SRORUI) § PANO[Y B PRMOSEL OR ¥ sUOLTA upumprwy ¥ 2uanbag 2

pmesame i TG Y Sarpe Sfpesesy (KD WOPETY

AN[HJISEI000 PATWIISD N AMONYS ABPUOIaS P

N P W T W

PRt i St NG APy

SIE 0§ SUE
&
g
2
7
3
2
=
&
[ I
UOISION 12 JO UONBIADD "SqB AR vydpe- -2
ISGEHNG RPISY
’
5
¥
:
o &
UOISIO) BTAWIO JO WL WO UOIRIAID JN[OSQY 'q 4
squEnG 0PI
S1T 017 500 00T $pt 061 581 031 s¢1
| z
Lor &
bor ¥
L ) m
bos 5

(01 ] ]2X2) aN[EA [-1Y) URIUI WO UOIIRIAIP NN[OSqY B

sanuadoad anpisay

¢ adng
NOEH

69

JR—

TR A AR 2NN ARV L

gqﬁ .._.

L O

LN oy by @

[T RS I AT NG L TR, §

£ £ Ty KCvIn

ATy

¥

e

PAMO[ENI) [ SO0 | PANOIIY B pRIKAT] SOJ ¥ suorFas uRIpuEPELEY ¥ duanbag

oo iy, Poumg ya gy R Segrseony [ DIGPEEY [ S TERE RN XA

RSP A4 Sanp D 7T HE) M g Spm Ay
D S a0 S e S AU ANy

S91 091 s31 051 sbl OpL S£1 061 SE1 0T SIL 0L SO0 001 s6 06 S8 0% $&

ULl

-4y

AN[IGISSIION PAVWNSED B AUNOS ARPUoIIg “p

0Ll

UOISIO] RJDZ [0 UONBIAJD “sqe Ajneiyd eyde-) 2

LN 3RS
91 091 sl O%1 sP1 OFL s£1 081 ST1 071 ST 011 soi I sb Ob

UOISIO) BEIWO JO URIW WOLJ UOHRIADP N[0SV g

GG AP
1531 081 SP1 OFL s§1 051 5T1 OT1 S0 011 S01 901 $6 06

~N
:
¥
2
z
3
ol
g
3
S
3
i
o &

AD U S ()

+ adrg

(014 "[9X2) anea [-1y

) URDUW WOL] HONRIAID N[0Sy "8

santadoad anpisay

HIEH O




0L

wld gy d wm s g d unn
R A0S 2GUH Y YT 3 ST S0 BONELASY PIVDUTIS U U S SsaIEa) S| PR PUE PHOY R ARABOUR [ BN YT 1 VT 0[EL BOUTLASP PIFULE PuE U 3y Juas3adal s3] pgEEp pur pog
WRHI 0L SARP B T « S YOR]E WO WOY SAIP W 0T « 810G YR
ST :.-_ﬂqé PN oL F|L ‘ﬁ i s LSRN A B LT 9, wl ool oﬂi AL G el %. W
oy a5 i
= = = o b}
3 3
ol : e z 3
3 8 3 3 3
gt L1 L
i ,x_.\.r.,w L) A ]
BRR= V) oV YN
L (I AN LR L UL IR ) sar “losloofl s41 pdy sl S5 AL SEL ) o) BRI T
: s o y 2 ! A i e g,
Gy +Gy "

2
susibasy
2 :
Amonbasy
Kousnhazy

ssuonbasy
Louanbagg

1
" wt
-1 gt el
Ty ason T i#) g Ky i) {14 21l (AT
Orvd VOrn-d YIND YN ArYD LIS ]
IEESTEOIZE W ME e I R L LN LI L L L T 95T TS S e et fal syl fel LB erd el AR RN

T
14

'.Lm%mg %

tauaan,; v
Asuznbag g
LRITSTH I THY
Aauant=aa g

ek Sy phomes;

fagr foag wlowwsy Fepvh gy wleaes
YIND NG Nor(y 0V vy
s g H_v_ 1L Set iy sl 13 Ja-ml_ Ifr sel et ke 1LY L LT LG O L8 WY L1 £ eb o sih He AR Jﬂ._ LA AR N
5 Lo oy
- m - - - b3
i 3
wm L-km Wil .m. m
i ] 3 3
7 ok - ] b
pal il sl
ey gy TR HIv [ i pash
NV NV NN [438] N-J N

so[Sue puoq ureyd-urejy e SUIBUS] puOq UIRYO-UIBIN

A HHH IR WHEHONA

afeg




wdl gy 0w

BEAINIC iy ) < PO "SR G £ < 1P S ORI G0 SUGHTLASD 33 ANPUT A Y
b - H I S IR 0 SRR SIVH SH0in SOeRieE

g

PEG 60 e l@a qn

siit W - e
L R L L ﬁw‘".... A 0 e oo .x U gD e gy ...cm.
= - i o §
¥ 3 . L]
£ m Z
2 ‘8 ‘3
Hi o ﬁ««
sV ) NSV PV

Areued woly saoueisIp SN

| 29ng
NEHION

IL

sl g d umn

TP ARO[ 2GRH 3§ YT 13 ST San[Ey STLSR RIPUEL PUN UESL 3 WeeRsdal s PSR pur puog
T WO EAMP W 0T < S8 N

L L L L L $1osgl o owe 3w
@ -
1 o5 Fis
iz

(168 1) (k)
.Y Ar¥YIrN

139 _mm gl ot e U1 SIL A ospl e se (L O TS T

g5
HIVIN

Tofr TjL upn el g

iqon olg gy nhxsay 13 2
NN YN VIHD

S9[3ue puoq ureyd-uIe

XAHION




armonns qey 3d

-GAS 21 Jo Anowoa3 ot Sur[relap s)nsal YDIAHIOUd 01 31

cL

s

PP SINY ST RO S0[K, “IIMBY0 WEID < 10 STUL 308 W00 - Smurd mest S SN Y mnpopis
o6 HILH

e

sdnoud reureyd

P TN L RAPL, TS SITE “SanfEN e es wios saautap () « dq Simapp o puog

O£ ®5H 101 ¥Y H
v ¥
vl \“7. Al \7
3 am N ) Tt N
mu—wﬂﬂ PUOY UIBLI-UIRJA

A12woad paiolsi(q

| adeg
RIAHIOUL




Chapter 4

Crystallisation and Structure Determination of the

SV5-Pk Fab-Peptide Complex
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4.1 Introduction

The 14 amino acid VS5 peptide (GLPIPNPLLGLDST), derived from a linear
epitope on the SV5 phosphoprotein (P), is widely used to tag recombinant proteins
which may then be detected with the SV5-Pk antibody. The peptide binds the
antibody with very high affinity (K4 =2.36 x 10™"' M) and requires harsh conditions
for elution, making the system unsuitable for purification of tagged recombinant
proteins.

The three-dimensional structure of the SV5-Pk Fab/V5 peptide complex will
provide insights into the interactions involved. This information may help explain the
unusually tight binding and allow the design of a peptide with slightly reduced

affinity for use as an aid to purification of proteins tagged with the VS5 peptide.

4.2 Peptide soaks

Attempts were made to soak the peptide into the Fab crystals obtained
previously (see Chapter 3). However, at relatively high concentrations of peptide (10
ug/ml), the crystals became “furry” in appearance and eventually cracked. At lower
concentrations (1pg/ml) the crystals appeared normal but subsequent data collection

and analysis of the structure gave no indication that the peptide had bound.

4.3 Co-crystallisation

Co-crystallisation trials were set up using a solution containing 5 mg/ml Fab
and 0.2 mg/ml peptide. Small needle-shaped crystals were obtained in 8 of the
Hampton Screen I conditions and plate-like crystals were observed in one condition:

20% isopropanol, 0.1 M Na Citrate pH 5.6, 20 % PEG 4K. The latter crystals were
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used for in-house data collection. Data processing revealed high mosaicity (1.8°). The
3 A resolution structure was solved by molecular replacement using the native
structure as the phasing model. Inspection of the 2Fo-Fc electron density map
indicated that the peptide was present in the combining site. However, the peptide
was very poorly defined and the structure was not refined further.

Further crystal trials of the complex were carried out in an attempt to obtain
more ordered crystals and higher resolution data. Improved crystals were obtained in
one Hampton Cryoscreen condition (0.08 M Na Acetate pH 4.6, 0.16 M Ammonium

Sulphate, 20 % PEG 4K, 20 % glycerol).

4.4 Data Collection

The crystals, which already contained cryoprotectant, were flash-frozen in a
nitrogen stream. Diffraction data were collected at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) ID14.4 beamline. 180 frames of data
were collected in 1° oscillations at a crystal-to-detector distance of 175 mm (a
diffraction image is shown in Fig. 1). The crystals diffracted to 1.9 A. Data
processing and scaling was carried out using DENZO and SCALEPACK software

(Otwinowski and Minor 1997). Table 1 summarises the data collection statistics.
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Fig 1. Diffraction pattern of an SV5-Pk Fab/peptide crystal. The resolution at the edge of the image is 1.9A.

4.5 Structure Determination and Refinement

The structure was solved by Molecular Replacement with AMoRe (Navaza
1994) using the non-liganded SV5-Pk Fab structure as the phasing model. The initial
R-factor and R-free values were 44 % and 44.5 % respectively. The peptide was
modelled into the electron density within the antigen-binding site.

Repositioning of some combining site residues was required, particularly in
the third CDR of the heavy chain. Subsequent rounds of model building, water-
picking and minimisation reduced the R-factor to 21.4 % and the R to 24.7 %

(Table 2).
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All Data Highest
resolution
Shell (1.97-1.9
A)
Crystal Parameters
Space Group 2 .
Unit cell dimensions a=176.9 b=40.3 c=64.4 (A) -
o=1v=90.0 B=98.7 (°) -
Resolution Limit (A) 1.9 -
Mosaicity (°) 0.57 -
Data Processing
Total N° of observations 215808 -
N® of unique reflections 35937 3428
Rinerge” (%0) 7.0 15.3
I/(sT) 222 17.2
Completeness (%) 98.9 97.8

Table 1. X-ray diffraction data for crystals of the SV5-Pk Fab/peptide complex. * Ryerge = o34

(15| /2(1y, where (I represents the average intensity of symmetry-equivalent reflections.
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Refinement Parameters

Resolution (A) 500-1.9
N® of protein atoms 3387
N? of water molecules 372
R Factors
R® (%) 21.4
Rfree’ (%) 24.7

Average B factors

24.0
All atoms (A?)
22.8
Main-chain atoms (Az) 751
Side-chain atoms (A% .
344
Water (A?)
304
Peptide (all atoms)
RMS Deviations from Ideal
Geometry 0.0065
Bonds (A) 1.43
Angles (°)
Ramachandran Plot
Favourable (%) 89.2
Additional (%) 10.3
Generous (%) 0.0
Disallowed (%) 0.5

Table 2. Refinement Statistics for the SV5-Pk/V5 peptide complex structure. * R-factor = £ | Fobs-

Feato | [EF 4. "R-free was calculated with 10% of the data omitted from refinement.
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4.6 Quality of the Structure

The final structure contained 372 water molecules. Peptide residues P1 to P11
had clearly defined electron density. Residues P12 to P13 were poorly defined and P14
could not be modelled into the structure. Figure 2 shows residues P1 to P11 and the
corresponding 2Fo-Fc electron density map.
In the 1.9 A resolution structure, the H134-H144 loop that was poorly defined in the
previous 2.3 A structure could be assigned more accurately. In contrast to the lower
resolution structure, these residues possess allowed Phi-Psi angles. All residues lay in
allowed areas of the Ramachandran plot with the exception of L51 (see Chapter 3).

Rms deviation from ideal bond distances is 0.0065 A and from ideal angles is 1.4°

e

i=
tw

ni%
.

>
TR,

W

/IS

Fig 2. V5 peptide (residues P1 - P11) 2Fo-Fc electron density map contoured at lo.
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4.7 Fab-peptide interactions

Residues GlylP, Asp12P and Ser13P, at the ends of the peptide extend out
into the solvent. The central portion of the peptide binds a shallow U-shaped groove
formed by the CDRs (Fig. 3) and includes a section of 3y helix formed by residues
Asn6P to Glyl10P. The side-chains of residues Asn6P, Leu9P and Leul 1P extend into
the combining site.

48 % of the peptide surface (691 A?) is buried upon binding. The buried
surface area of the Fab at the binding site is 546 A% The heavy and light chain CDRs
contribute 54 % and 46 % of the Fab buried surface area respectively. Buried surface
areas were measured using the method of Lee and Richards (Lee and Richards 1971).
Table 3 lists the percentage of each peptide residue that is buried upon Fab binding.

Tables 4 and 5 list the contacts between the ligand and water molecules and
between ligand and Fab atoms. The hydrogen bonds are also illustrated in Fig. 4. 11
SV5-Pk Fab residues from CDRs H2, H3, L1, L2 and L3 interact with the peptide
directly. CDR H1 does not contribute to antigen binding. The antibody-antigen
interactions include seven hydrogen bonds, about average for antibody-peptide
interactions. Tyr50H, Asn52H and TyrS9H from CDR H2 are involved in three of the
hydrogen bonds, with the remaining hydrogen bonds being formed by residues
Tyr34L, Tyr49L, [1e91L, Leu92L from the three light chain CDRs. Interestingly, only
one side chain atom of the peptide Asn6P(N®) is involved in hydrogen bonding with
the Fab, the remainder occurring via main chain atoms. Asn6P is buried in the
combining site and makes van der Waals contacts with CDR L1.

CDR H3, in particular Tyr99H, makes extensive van der Waals contacts with

residues P3, P5 and P11 of the peptide.
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Fig 3. Position of the peptide in the antibody combining site. The first and last peptide residues are
labelled. The figure was produced using GRASP (Nicholls and Honig 1991).

- T00H Lys2P

Fig 4. Hydrogen bonds at the Fab-peptide interface. Some CDR side chains (black) and residues P2 to
P11 of the peptide are shown (green).
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Peptide

Rl 1234|5567 |8 9|10 12
%
B“i;'ed 61.4 (156 (83.1[81.3[929(100(79.7|982|100|71.9]88.0/82
Complex

Table 3. Percentage surface area of each peptide residue buried upon SV5-Pk Fab binding

Fab atom Peptide atom Distance (A)
L1 Tyr34L  (OH) lle4P (0) 2.66
L2 Tyrd9L  (OH) | GlylP (0) 2.73
L3 Ile91L (0) Asn6P (N*) 2.78
Leu92L  (O) Asn6P (N%) 3.08
H2
Tyrs0H (OH) | Leu9P (0) 2.59
Asn52H  (N*®) | Glyl0P (0) 3.01
Tyr5S9H  (OH) | Leu8P (0) 2.67
Peptide atom 1 Peptide atom 2
Gly10P (N) Pro7P (0) 3.22.
Leu9P (N) Asn6P (O) 2.96
Leu8P (N) Asn6P (0% 2.77
Water Peptide atom
S99 Asn6P N) 3.17
S154 Gly1P (0) 2.73
S182 Pro3P (0) 2.73
$259 Pro3P (0) 2.78
$262 Pro7P (0) 3.02
$307 Asn6P (0% 2.84
S341 Asn6P (0) 2:97
S344 ProSP (0) 2:53
S344 Aspl2P (O) 3.05

Table 4. Hydrogen bonds in the Fab-peptide complex including water-peptide and peptide-peptide

interactions. Contacts and distances were calculated using the CNS program CONTACT.
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17 water molecules are present in the combining site. Nine water molecules
contact the peptide directly, four of which (S99, S307, S341 and S344) are completely
buried. S99 fills a cavity between Asn6P of the ligand and the Fab residues Tyr108H
and Tyr34L. S341 links two peptide residues (Asn6P and Leul 1P). S307 and S344
occur in two separate hydrogen bond networks (fig. 5).

The two surfaces have a shape correlation statistic of 0.76, as determined by
the CCP4 program SC. This value is relatively high for antibody-protein interactions,
indicating good shape complementarity between SV5-Pk Fab and the peptide. The
shape complementarity is enhanced by the presence of several buried water molecules

(S23, S99, S307, S341 and S344).

Fab atom Peptide atom Distance (A)
(c?) Asn6P (C%) 3.80
o C% | Asn6P (5 3.57
L1 Tyridl ((CEZ) Asn6P Ec"; 3.84
(C% | Asn6P () 3.87
c% Pro3P C 3.50
Sl ECQ)) Pro3P ((c*)) 3.89
Thr97L  (C% | Leu9P (&) 3.78
H3 Tyr98H  (C% Pro3P (CP) 3.88
Tyr99H  (C%1) | Pro3P (%) 3.70
(®9) Pro5P (C% 3.75
(&) Pro5P (C% 3.87
(€ | Pro5P (&) 3.48
(€% | Pro5P (&9) 3.45
(&) Pro5P (ch 3.55
(C®y | ProSP (C%) 3.61
(C*y | ProSP (Cd 2.53
(C®) | LeullP (o) 3.57
(C*) | LeullP (™ 3.59

Table 5. Non-specific van der Waals contacts between Fab and the peptide.
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Fig 5. Stereo views of water molecules involved in peptide (magenta) and Fab (yellow)
binding. A. CDR L3 connecting Asn6P and Pro7P via a network of waters; B. waters bridging CDR
L1 and Pro5P; C. A buried water connecting Asn6P and CDR H3.
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4.8 Comparison of Native and Peptide-bound Fab

The unliganded and peptide-bound Fab structures are very similar with rmsd
values for the Cy, Cr, Vi and V| sub-domains of 0.52, 0.26, 0.68 and 0.40
respectively.
The greatest deviation, in Vy, is mainly due to rearrangements in CDR H3. Upon
complex formation, the C-o backbone of H3 moves by up to 2.2 A. This shift is
accompanied by large movements in the side chains of two tyrosine residues (fig. 6a).
Tyr98H, which has very little contact with the peptide, moves by more than 6 A at its
OH position. Tyr99H also shifts significantly (5.2 A in the OH group) to prevent a
steric clash with Pro5P of the peptide. CDR H1, which is not directly involved in
antigen binding, undergoes a rotamer change in Phe32H to accommodate the
movement in CDR H3. Fig 6b shows the superposition of the liganded and

unliganded antibody combining sites.

Fig 6a. Superposition of CDR H3 from unliganded (blue) and peptide-bound (green) SV5-Pk Fab
showing the side chains of tyrosines H98 and H99.
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Fig 6b. Superposition of the unliganded (purple and pink) and peptide-bound (blue and red) SV5-Pk

antibody conmbining sites. The peptide is shown in yellow.

There is a small change in the elbow angle from 148° in the native Fab to 143°
in the liganded structure. Similar differences in the elbow angle have been seen
between different crystal forms of the same Fab so it unclear whether the shift is due
to peptide binding or the effects of crystal packing.

The surface area buried at the Vyy/V, interface area falls from 1588 A? in the
native Fab to 1462 A® in the complex, a reduction of approximately 9%. This change
is accompanied by a 10° rotation of Vy relative to Vy, (Fig. 7).

The B-factors of the Fab atoms are higher overall in the unliganded molecule
(the average B-factor over all atoms is 24 A in the complex and 32.3 A? in the
native). The increases are mainly confined to the constant regions of L and H, as

shown in Fig. 8.
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The unit cell lengths of the liganded and unliganded forms of Fab crystals are
noticeably different (179.6, 40.3, 64.4 and 69, 53.7, 127.9 respectively). Fig 9. shows

the different packing arrangements of the two forms.

Fig. 9. Arrangement of Fab molecules in the the peptide-bound (left) and unliganded (right) crystals.

4.9 Comparison of SV5Pk-V5 with other Ab-peptide complexes.

The Protein Data Bank currently (Sep 2001) contains the co-ordinates of 27
Fab/Fv-peptide complexes and includes 20 different Fab molecules. For eight of these
Fabs, the structures of the free antibody fragments are also known. Table 5

summarises some properties of known Fab-peptide complexes.
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4.10 Discussion

The crystallographic studies of the SV5Pk-Peptide complex provides
structural explanations for some of the mutagenesis data previously obtained. Dunn et
al used truncation mutants of the VS5 peptide to find the minimal binding epitope
which extends from Ile4P to Leul IP (IPNPLLGL) (Dunn, O'Dowd et al. 1999). This
1s in good agreement with the Fab-peptide structure in which residues Pro3P to
Leul 1P have well defined electron density and low B-factors (< 30 Az) relative to the
ends of the peptide which are disordered (Fig. 9). Furthermore, all non-specific van
der Waals interactions and all but one of the Fab to peptide hydrogen bonds occur
between Ile4P and Gly10P. All of the intra-peptide bonds are confined to the helical

portion of the peptide running from Asn6P to Gly10P.

D 1 1 I I ] 1 I I I 1 I 1

1 2 3 4 &5 6 7 8 9 10 11 12 13
P I P N P L L G L D 8§

Peptide Residue

Fig. 9. Average B-factors for each peptide residue
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Dunn et al also investigated the effect of cysteine substitutions and insertions
on SV5-Pk binding. Binding was completely prevented by mutation of Leu9P to
cysteine, and mutation of ProSP or Asn6P to cysteine resulted in reduced affinity of
the peptide for the antibody. Mutation of the proline residue may affect binding by
distorting the peptide and reducing shape complementarity in a deeply buried region.
Indeed, insertion of a cysteine residue between ProSP and Asn6P totally abolishes
binding. This effect is not produced by insertion in any other region of the peptide.
Asn6P is the only residue that hydrogen bonds to the antibody via side chain atoms.
These bonds would not exist in a cysteine substituted peptide. In addition, the
asparagine side chain is completely buried in the antibody-combining site so a
mutation at this residue may be expected to have a substantial effect on antibody
binding. It is unclear why the Leu9Cys mutation prevents any interaction with the
antibody as it makes only one hydrogen bond via its main chain oxygen which should
be unaffected by the mutation. However, this residue forms part of the 3, helix
which may be disrupted by the mutation.

The amino acid sequences of the SV5-Pk Vi and V| domains have been
reported and are in agreement with the 1.9 A structure (Hanke, Botting et al. 1994).
The full Fab sequence is given in Fig. 10.

All CDRs except H1 contribute to the Fab-peptide interaction. CDR H3,
almost always most prominent in antigen binding, forms no hydrogen-bonds but
makes extensive van der Waals contacts with the peptide (Table 4). Seven hydrogen
bonds are formed between the peptide and the Fab, excluding those made by bridging

water molecules.
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Heavy Chain

DVQVVESGGG
INTDSTTIYY
PYYGFDYWGQ
FPEPVTLTWN

LVQPGGSRKL
GDTVKGRFTI
GTTLTVSSAK
SGSLSSGVHT

SCAASGFTFS
SRDNPKNTLF
TTAPSVYPLA

SFGMHWVRQT
LOMTSLRSED
PVAGDTTGSS

PEKGLEWVAY
TAMYYCASAG
VITLGCLVKGY

FPAVLQSDLY

TLSSSVTVTS

STWPSETITC

NVAHPASSTK

VDRKIEPR

Light Chain

DIVMTQAAF'S
LLIYOMSSLA
FTFGSGTKLE
VKWKIDGSER

NPVTLGTSVS
SGVPDRFSGS
IRRADAAPTV

ISCRSSKSLV
GSGTDFTLRI
SIFPPSSEQL

HSNGITYLYW
SRVEAEDVGV
TSGGASVVCE

YLOKPGQSPH
YYCGQILELP
LNNEYPKDIN

ONGVLNSWTD

QDSKDTYSMS

STLTLTKDEY

ERHNSYTCEA

THKTSTSPIV

KSFNRN

Fig 10. Amino acid sequence of SV5-Pk Fab. The Cy and Cy, residues are underlined. The variable
domain sequences were obtained from Hanke ef al (1995) and the constant domain sequences were
elucidated from the 1.9 A Fab-peptide structure.

The helical conformation of the peptide within the combining site is unusual

among known Fab-peptide complexes, B-turns being by far the most common

conformation for Fab-bound peptides. Only two other complexes have helical

peptides, 1a3r (a 3¢ helix) and 190 (an a-helix) (Table 5).

It is not immediately obvious from the structure why the Fab-peptide

interaction is so strong (K4 =2.36 x 1o M). The shape complementarity statistic,

number of hydrogen bonds and buried surface areas on both SV5-Pk Fab and ligand

appear fairly typical for Fab/peptide complexes (Table 5). In common with other

antibody-peptide complexes, the two binding surfaces are highly complementary. The

buried surface areas on bound peptides are higher than those reported in the

literature. The values given in Table 5 were calculated using the surface accessibility
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algorithm of Lee and Richards (Lee and Richards 1971) which calculates the area
covered by the centre of a 1.4 A probe rolled over the molecular surface. Surface
areas calculated with this method are therefore artificially low for concave surfaces
(1.e. the antibody combining site) and artificially high for convex surfaces (i.e. the
peptide). However, the buried surface areas are consistently higher than those
calculated using the Connolly’s molecular surface calculation (Connolly 1993) and
would still be expected to highlight any unusual features.

The SV5-Pk/V5 complex is the highest resolution (1.9 A) Fab/peptide
structure obtained to date and provides information about the interaction that can be
used in the design of peptides with altered binding properties. The design, synthesis

and binding properties of mutated peptides are discussed in Chapter 5.
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Chapter 5

Peptide mutants: Crystallisation and Binding
Studies
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5.1 Introduction
Four peptide residues (ProSP, Asn6P, Leu9P and Gly10P) were mutated
separately in an attempt to produce a peptide with slightly reduced affinity to the mAb

SV5Pk. The Fab-peptide interactions are summarised in Fig. 1.

= Hydrogen bond
=== Yan der Waals

L49(OH) H99 H59(0H) H52(HD2)

| ==

GKPIPNPLLGLDS

‘_f -, Y -,
'd'
’J
F

*
*, *
L)
*, e “

., *s, AN
L49 L91(0 L34 L97 H99
H98 ©} L92(0) H50(0OH)
H39

Fig. 1 Summary of the H-bonding and van der Waals contacts between the V5 peptide and SV5Pk

As discussed Chapter 4, ProSP packs closely against a tyrosine residue from
CDR H3 and has previously been highlighted as an important residue in SV5-Pk
binding. It was decided to substitute this residue with a glycine to disrupt its van der
Waals interactions with the Fab molecule. Asn6P is also an important residue,
forming four of the ten Fab-peptide and intrapeptide hydrogen bonds. This amino acid
was mutated to alanine in an attempt to remove the two peptide-Fab bonds made by
the asparagine side chain. Leu9P, present in the 3¢ helix portion of the peptide was
mutated to an alanine. Glyl10P was substituted by a proline residue. Such a mutation

would be expected to disrupt two hydrogen bonds in addition to distorting the helix.
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5.2 Site directed mutagenesis

The four mutated peptides (ProSGly, Asn6Ala, Leu9Ala and Glyl10Pro) were
produced by site-directed mutagenesis of the V5 peptide. The vector, pGEX-2T(Fig.
2), containing the V5 sequence (kindly provided by A. Diassiti of the University of St
Andrews) encodes a thrombin cleavage site between a Schistosoma japonica
glutathione S-transferase (GST) domain and the cloning site. GST-fused proteins may
be affinity purified using glutathione beads. A thrombin cleavage step is then carried

out followed by a further purification step to separate the target protein from GST.

pGEX-2T

BamHl—=m3_ EcoR| Stop
CTG GTT CCG COT'GGA TCC'CCG GGA ATT CAT CGT GAC TGA CTG ACG
jLeu Val Pro Arg 1‘ Cly SeryPro Gly Ile His Arg Asp

Thromhin

esa_\
Ptac

Ampr

~4900bp

pBER322 ori

Fig. 2 The pGEX-2T vector with the cloning site shown in detail.

The vector, transformed into B834 E. coli cells was purified from a 500 ml
culture as described previously. For each mutant, a complementary pair of primers
was designed comprising the mutation plus 12 to 18 bases either side. The sequences

of the primers are listed in Table 1.
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Original Pk Sequence
5'-GGA AAG CCG ATC CCA AAC CCT TTG CTG GGA TTG GAC TCC ACC-3"

ProSGly
Forward 5°-GGA AAG CCG ATC GGA AACCCTTTG CTG GGA TTG-3°
Reverse 5'-CAA TCC CAG CAA AGG GTT TCC GAT CGG CTT TCC-3°

Asnb6Ala
Forward 5'-GGA AAG CCG ATC CCA GCC CCTTTG CTG GGA TTG-3
Reverse 5'-CAA TCC CAGCAAAGGGGCTGGGATCGGCTTTCC-3°

Leu9Ala
Forward 5'-ATC CCA AACCCTTTG GCG GGA TTG GAC TCC ACC-3°
Reverse 5'-GGT GGA GTC CAA TCC CGC CAA AGG GTT TGG GAT-3"

Gly10Pro
Forward 5-ATC CCA AACCCTTTG CTG CCA TTG GAC TCC ACC-3°
Reverse 5'-GGT GGA GTC CAA TGG CAG CAA AGG GTT TGG GAT-3"

Table 1. Primers used in the construction of mutant peptides. Mutated residues are underlined.

A PCR reaction was carried out to denature the plasmid DNA, anneal the
primers, elongate the DNA and amplify the mutated vector. 1 pl of each primer was
added to 1 pl purified plasmid DNA, 1 pul ANTPs, 1 pul PFU polymerase (Promega)
and 5 pl PFU polymerase buffer. The reaction was made up to 50 pl with dH,O and
the following PCR mutagenesis method was used:

e 5 min at 94 °C

e 16 cycles: 30 sec at 94 °C, 30 sec at 50 °C, 12 min at 68 °C

e 7minat 72 °C

The 50 pl reaction mix was incubated with Dpnl for 1 hr at 37 °C. Treatment
with Dpnl removes template DNA by preferential degradation of methylated nucleic
acid.

Competent XL1-Blue cells were transformed with 3 pl of the vector and

plated out on L-agar. A single colony was picked for each mutant and grown up in LB
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media for plasmid DNA purification. Sequencing of the plasmid DNA extractions

confirmed that each construct had incorporated the appropriate mutation.

5.3 Transformation and Expression

The peptides were expressed in an E.coli strain, B834. 100 pul of competent
B834 cells were transformed with 5 pl vector. Colonies of transformed cells, selected
for ampicillin resistance, were picked and grown in LB media for peptide expression.
Cells were grown to an ODggg of 0.6 and induced with 50 uM IPTG for 3 hr. All
peptide-GST fusion proteins, each visible as a 28 kDa band on SDS PAGE, were

over-expressed as soluble protein.

5.4 GST-peptide purification

The GST fusion proteins were purified by a batch method using glutathione
agarose (Sigma), according to the manufacturer’s instructions. Briefly, 140 mg of
glutathione-agarose beads were swollen in water and washed thoroughly. Filtered cell
extract from a 500 ml culture was mixed gently with 4 ml (50% v/v) of glutathione
agarose in PBS for 30 min at 4°C. After four washes with PBS, the bound protein was
eluted four times with 10 mM reduced glutathione in 50 mM TrisHcl, pH 8.0. Elute
fractions contained high concentrations of GST fusion protein (Fig. 3). A small
quantity of higher molecular weight contaminants was present in each fusion protein

solution.
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Fig. 3. GST-peptide purification. Lanes 1-3 Pro5Gly-GST wash; lanes 4-7 Pro5Gly-GST elution;
lanes 8 & 17 markers; lanes 9-12 Leu9Ala-GST wash; lanes 13-16 Leu9Ala-GST elution; lanes 18-20
Glyl0Pro-GST wash; lanes 21-24 Gly10Pro-GST elution.

5.5 Thrombin digest

The fusion proteins contain a thrombin cleavage site to facilitate separation of
GST and peptide. 1 ml of GST-peptide containing approximately 1 mg of protein in
PBS was incubated overnight at room temperature with 1 unit of thrombin. Successful

digestion was confirmed on SDS PAGE (Fig. 4).

5.6 Peptide purification

The digestion products were separated using a microconcentrator with a 10
kDa molecular weight cut off. The filtrate was analysed by MALDI-TOF MS to
confirm the presence of peptide (Fig. 5). Table 2 shows the mass spectroscopy results
for each of the peptides. In each case the observed mass was within 0.5 Daltons of the

calculated value.
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Fig 4. Thrombin digestion of GST-fused peptides. Lane 1, molecular weight markers; lane 2, non-
digested control; lane 3, Pro5Gly; lane 4, Asn6Ala; lane 5, Leu9Ala; lane 6, Glyl0Pro.

Pro5Gly Asn6Ala Leu9Ala Gly10Pro
Calc. MW (Da) 1890.17 1887.21 1888.15 1970.3
Obs. MW (Da) 1890.07 1887.02 1887.96 1969.80

Table 2. Calculated and observed molecular weights of the four peptides.
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Sample P6G, exp mass 1890.17
ext cal on pepmix

24-MAY-2001 A
100+ 1891.11
1880.07
b
1882.10
%
1/!
1913.14
1912.14
1/914.17
1894.12 i
e
1915.21
1885.20
1916.23
: 1896.23 ;fj 192?.15
ﬁ § I f;
W AUVIS O CORI & | | ,iﬂn‘l",.. SRR | ‘{ﬂﬁm,‘.‘ ,,,J.i‘f\‘ﬁ\f‘-ﬂﬂfm{\_.; .
1880 1890 1900 1910 1920 1930 1940

Fig. 5. Mass spectroscopy results for the purified peptides. A, ProSGly; B, Asn6Ala; C,
Leu9Ala; D, Gly10Pro.
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Sample N6A, exp mass 1887.21

ext cal on pepmix
24-MAY-2001
1887.99
100+
1887.02 B
"y

1889.04

r
%-

1880.02
199933&910;03
1911.08
g
1801.09
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sample L9A C
ext cal on pepmix

22-MAY-2001
100- 1888.96
1887.96
%
1888.96
/
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1891.02
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Sample G10P, exp mass 1970.30

ext cal on pepmix
24-MAY-2001
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N
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v
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|
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5.7 Fab-peptide Co-crystallisation
Attempts were made to crystallise SV5-Pk Fab in the presence of mutated
peptide. For each peptide, hanging drops were set up as described in Chapter 4 using
the same crystallisation conditions that provided crystals of the original complex: 0.08
M Na Acetate pH 4.6, 0.16 M Ammonium Sulphate, 20 % PEG 4K, 20 % glycerol.
Crystals were obtained for each peptide. However, these were very small and

diffracted poorly. No data was collected.

5.8 Immunodetection: Dot Blot

A Western blot was carried out to give an indication of the affinity of the
peptides for SV5-Pk. Purified GST-fused peptides were adjusted to a concentration of
0.1 mg/ml, 1 pl of which was applied directly onto nitrocellulose membrane and
allowed to dry. The membrane was washed twice in TBS buffer (10 mM TrisHCI, pH
7.5, 150 mM NacCl) and then incubated for 1 hour at room temperature in blocking
buffer (3% BSA in TBS). The membrane was washed twice in TBS-Tween/Triton
buffer (20 mM Tris-HCI, pH 7.5, 500 mM NacCl, 0.05 % Tween 20, 0.2 % Triton X-
100) and once in TBS before incubating for 1 hour in a solution of SV5-Pk (0.1 ug/ml
antibody in 3% BSA). After washing twice with TBS-Tween/Triton the membrane
was incubated with the secondary antibody, an anti-mouse/alkaline phosphatase
conjugate diluted 1 in 10,000 in 3% BSA. The membrane was stained with Western

Blue (Promega) to determine which GST-fused peptides were recognised by the SV5-
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Pk antibody. The results showed that Pro5Gly-GST, Asn6Ala-GST and a positive
control (V5-GST) bound the antibody. A very faint dot was seen for Leu9Ala-GST
and no evidence of binding was observed for the fourth peptide, Gly10Pro. A negative

control, GST on its own, was not recognised by SV5-Pk.

5.9 Isothermal Titration Calorimetry

The binding affinity of the peptides for SV5-Pk was investigated by
isothermal titration calorimetry (ITC). Measurements were taken using an MCS
Isothermal Titration Calorimeter (MicroCal) at the University of Glasgow. The
equipment can be used to measure a range of physical characteristics including
affinity (K,), heat of antigen binding (AH) and the number of antigen-binding sites. In
ITC, successive amounts of ligand are injected into a cell containing a solution of the
antibody. The heat released upon binding (AH) is measured. The titration is continued
until the binding sites reach saturation and only heats of dilution are observed.

The antibody SV5-Pk and GST-fused peptides were dialysed extensively

against PBS. Protein concentrations were determined spectrophotometrically using

the Beer-Lambert law, A=€cl, where A is the absorbance of the protein solution at

280 nm, € equals the extinction coefficient, c is the concentration and | refers to the

path length.
Each experiment required 2 ml of SV5-Pk antibody at a concentration of 5 pM
and 500 pl of GST-fused peptide at a concentration of 200 uM. Prior to each

experiment, the calorimeter was equilibrated with PBS. The antibody was added to
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the sample cell and pipetted up to down to remove air bubbles. The syringe was filled
with ligand solution and placed into the cell. Following equilibration, the

ligand solution was titrated into the cell in approximately 25 injections of 10 pl. Data
analysis was performed using the program Origin. The last three values (after
saturation) were averaged and subtracted from the raw data to correct for any heat of
dilution. Figure 6 shows the results of the titration of SV5-Pk antibody with the four

different peptides.

106



Time (min)
-10 0 10 20 30 40 S50 60 70 80 90
L] I ) I L] I L] I L) l L] I L] l L) I L) I ]
= T r
T (f(f((vwvwv

B : 4
2

S -0.5- ~
3.

o e L L N L B B L B B N B B B B B B

0 - B

- il Data: p5g 91

S -2~ Model: OneSites |

s i Chir2 = 46827.8 3

g 47 N 4586 £0.00946 -

=} 6 1 K 6.405E7 +9.003E6 A

by AH  -1.305E4  50.00 _

8 Bl AS  -8.040 .

E -10- .

o 1 s

& . L L '

i ]

T I T I T i 1] I T l L] I 1 I ) I L) I L] I ) I L) I L) ] 1 I T [

-0.50.00.51.0152.0253.03.54.04.55.0556.0657.0
Molar Ratio

Date: 8/2/01 [Syringe] = 0.1848 mM
File: ~jpSgab.opj [Cell] = 0.0055 mM
NG ROeE T=25.00822 °C

Fig.6 Isothermal titration calorimetry of the interaction between SV5-Pk antibody and (a) Pro5Gly, (b)
Asnb6Ala, (c) Leu9Ala, (d) Glyl0Pro.
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5.10 Summary

Three of the peptides (Pro5Gly, Asn6Ala and Leu9Ala) showed SV5-Pk
affinity high enough to be detected by ITC. The results for the titration with Pro5Gly-
GST (Fig. 6a) show a typical pattern of heat release. Unfortunately, the experimental
molar ratio (N) of ligand to antibody appears to be in the range of four to five rather
than the expected two. It is possible that GST may have aggregated, complicating the
binding interactions. However, although the results are not quantitative, they indicate
that the mutant Pro5SGly is recognised by the antibody. Titration of SV5-Pk with
Asn6Ala-GST produced a more unusual pattern of heat release which could again be
a consequence of GST aggregation. As indicated in the lower half of Fig. 6b, a
binding model could not be produced to fit this data. This peptide-GST fusion protein
appears to bind the antibody with lower affinity than ProSGly-GST as suggested by
the lower AH. Binding of the third ligand (Leu9Ala-GST) to SV5-Pk was only just
detectable by ITC (Fig. 6¢) and the affinity of Glyl10Pro-GST for the antibody is
lower again. The results are consistent with the dot blot analysis described above.

The decision to use GST-fused ligands was taken after difficulties were
encountered in measuring the peptide concentrations. The peptides are too small to be
measured by the standard assays and contain no aromatic residues that would allow
them to be measured spectrophotoscopically. For this type of experiment it may be
preferable to try to produce a large amount of peptide that could be freeze-dried and
weighed directly.

The dramatic effects of the mutations at peptide residues Leu9P and Gly10P
on SV5-Pk binding are consistent with the crystal structure and previous mutagenesis

results. The two amino acids reside within the 3¢ helix which may be important for
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antibody recognition. In contrast, the mutation of Pro5P to glycine may exert a
smaller effect by increasing flexibility in the chain and/or by removing van der Waals
contacts. Asn6P makes several connections both to the antibody and within the
peptide. These include side chain interactions which would not exist in the Asn6Ala
mutation.

The precise effects of these mutations on Fab binding could not be confirmed
crystallographically as the crystals of the complexes that were grown were of
insufficient quality for data collection. The mutations may have had a large enough
effect to alter the crystal growth, or the problem may lie in the difficulties in
measuring exact concentrations of peptide.

The preliminary ITC experiments could not be developed further due to time
constraints. However, the experiments indicate that the Pro5SGly mutant exhibits
slightly reduced affinity for SV5-Pk and therefore has potential for use in tagging

recombinant proteins for purification.
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Appendix I - SV5 Phosphoprotein

1. Introduction

As discussed in Chapter 1, the phosphoproteins of Paramyxoviruses act as

both a cofactor for the L protein and a chaperone for unassembled N protein. The

phosphoprotein (P) from SV5 is 42 kDa and is thought to be oligomeric. The

sequence of the phosphoprotein is shown below with the SV5Pk epitope underlined.

MDPTDLSFSP
LTNAAEAKIQ
PLLGLDSTPS
NPIATSSPID
QQGDLNALVY
QTIKNDIVGL
VPESFNDSFL
EQLAKDCISK

DEINKLIETG
ESTNHQKGSV
TQTVLDLSGK
FKRGAGIPAG
SVQSLALNVN
KAGMATLEGM
TQSEDVISLD
PKMREEYLLK

LNTVEYFSTQ
GGGAKPKKPR
TLPSGSYKGV
STEGSTQSDG
EILNTVRNLD
ITTVKIMDPG
ELARPTATSV
INQASSEAQL

QVTGTSSLGK
PKIAIVPADD
KLAKFGKENL
WEMKSRSLSG
SRMNQLETKV
VPSNVTVEDV
KKIVRKVPPQ
IDLKKATIIRS

NTIPPGVTGL

KTVPGKPIPN

MTRFIEEPRE
ATHPVLQSPL
DRILSSQSLI
RKTLSNHAVV
KDLTGLKITL
AT

The following describes preliminary cloning and purification of SV5 P for X-ray

crystallographic

2. Expression and Purification

study.

The SV5 phosphoprotein construct was received in a pGEM3 vector

transformed into the expression host, BL21-DE3. The protein was expressed by
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inducing the cells with 1 mM IPTG when the ODg reached 0.4 and incubating for

three hours. The cells were pelleted and resuspended in 20mM TrisHCI pH 9.2 in

preparation for anion exchange. This buffer was used because SV5 P, which has a
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calculated pl of 8.6, would not bind an anion exchange column at a pH lower than 9.
The protein eluted from the anion exchange column at approximately 400 mM NaCl
along with several, mainly lower molecular weight, contaminants.

The identity of the protein was confirmed by immunodetection with the SV5-
Pk mAb. The Western blot was carried out as described in Chapter 2. SV5-Pk was
used as the primary antibody, followed by the secondary antibody (rabbit-anti-
mouse/alkaline phosphatase conjugate) and Western Blue stain (Promega).

As P is thought to be oligomeric, the protein was run on a gel filtration
column. Unfortunately, many impurities remained, even after a further hydrophobic

column step.

3. Cloning
3.1 Site-directed mutagenesis

As the SV5 phosphoprotein was not being expressed in large amounts and was
proving difficult to purify to homogeneity, the P gene was sub-cloned into a vector for
over-expression as a dodeca-His tagged protein. The chosen vector (C12HIS) required
an insert with a 3" Ndel restriction site and a 5° BamHI restriction site. A restriction
map of the entire P gene revealed BamHI cleavage sites at positions 3 and 373. The
latter site was removed by site-directed mutagenesis to introduce a silent mutation
such that BamHI no longer cleaved and the encoded amino acid was not altered.

The vector, pPGEM3 containing the P gene was purified as described
previously. A double digest with Sall and Kpnl was carried out to confirm the
presence of the gene, visible as a 1200 bp band on agarose gel. For the site-directed

mutagenesis, a PCR reaction was carried out using a pair of complementary primers
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covering the silent mutation plus 17 bases either side (5'-AAA ACA TTA CCA TCA
GGG TCC TAT AAG GGG GTT AA-3" and 3'-TTA AAC CCC TTA TAG GAC

CCT GAT GGT AAT GTT TT-5").

Site directed mutagenesis PCR was carried out as follows:
e 5Sminat94°C
e 16 cycles of: 30 sec at 94 °C, 30 sec at 50 °C, 2 min per 1 Kb plus 2 min at 68 °C

e 7 minat72°C

The PCR reaction products were treated with Dpnl to cleave methylated
(template) DNA. 1ul of Dpnl was added to 50 pl of PCR and incubated for 1hr at 37
°C.

5 ul of the digest was used to transform competent XL1-Blue cells, which
were then plated out on L-agar containing 50 pg/ml ampicillin. Eight colonies were
picked and grown overnight in 5 ml LB for plasmid purification. Incubation of two of
the plasmid preparations with BamHI, Sall and Kpnl each resulted in a clear band of
1200 bp (Fig. 1, lanes 6 and 8), confirming mutation of the BamHI restriction site. A
control incubation (Fig. 1, lane 9) containing non-mutated DNA resulted in two bands

of 300 and 900 bp indicating that the DNA had been cleaved at the BamHI site.
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Fig. 1. Digestion of purified plasmid DNA with BamHI, Sall and Kpnl. Lanes 1 to 8,
digestion of plasmid DNA purified from eight colonies grown from cells transformed with mutated
vector. Lane 9, control digestion of non-mutated DNA resulting in two bands of 300 bp and 900 bp
(indicated by white asterisks). Lane 10, IKb DNA ladder. Arrow indicates 1200 bp bands present in

lanes 6 and 8.

3.2 Cloning into the C12HIS vector

The following primers were used to amplify the P gene and incorporate the 3°
Asel and 5° Xbal restriction sites (Forward: 5'-GCG CTC ATT AAT ATG GAC CCC
ACT-3", Reverse: 3'-GGT CGA CGC GGA TCC TCA AAT TGC-5"). In addition,
the forward primer introduced a silent mutation that removed the BamHI site at
position 3. Asel was chosen for the 3" site as digestion with this enzyme results in the
same overhang sequence as Ndel digestion.

A PCR was carried out and the reaction products were gel purified as
described previously and digested with 2 pl Asel, 2 pl BamHI and 1.5 pl buffer 2
(New England Biolabs). 1 pl of the C12HIS vector was digested with 1 pul BamHI, 1

ul Ndel, 1 pl buffer and 6 pul H,0 for 3 hours at 37°C.
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The digestion products were gel purified and ligated with digested C12HIS as
described previously. Competent XL1Blue cells were transformed with the ligated
DNA (‘C12HIS-SV5P’) and plated out on L-agar containing 50 pg/ml ampicillin.

The four colonies that grew overnight were picked and grown in LB media for
plasmid purification. Subsequent digestion with Xbal and BamHI indicated that three

of the colonies contained (he correct construct (lig. 2).

4. Expression of SVSP-12HIS

1 pul of DNA from colony number 1 (fig. 2) was used to transform the
expression host, BL21-Star (DE3) (Invitrogen). Overnight cultures of six of the
colonies were used to inoculate 25 ml LB media containing ampicillin. When the
ODggo reached 0.4, cultures were induced with 0.5 mM IPTG and samples were
removed at 0, 1, 2 and 3 hours post-induction. SDS PAGE analysis indicated the

presence of a highly expressed protein of the expected weight (45 kDa).

Fig. 2. Lanes 1-4, Xbal/BamHI digestion of plasmid DNA purified from four colonies of XL1-Blue
cells transformed with C12HIS-SVS5P. Lane 5, 1 Kb DNA ladder. Arrow indicates 1200 bp bands in
lanes 1, 3 and 4
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5. Purification

Cleared lysate from the soluble cell extract was loaded onto a POROS MC
column as described in Chapter 2. Unfortunately, very little of the P protein remained
bound to the column after washing. To investigate the reasons for this, protein
minipreps were carried out using Qiagen nickel spin columns in varying concentrations
of urea. The spin columns were equilibrated with buffer (20 mM Tris pH 7.5, 300 mM
NaCl). After addition of the cleared lysate the column was washed twice with buffer
containing 10 mM imidazole. Bound protein was then eluted with 250 mM imidazole.

As fig. 3 shows, under native conditions and in the presence of 1M urea almost
all the P protein is removed from the column after the first wash. However, at higher
urea concentrations (SM and 8M) P is able to remain bound to the column until eluted

with 250 mM imidazole.

12 3 45 6 7 8 910111213141516 1718 19 20 21 22

62
38 <
28

18
14

U Wl W2 EIl E2 U WIW2 EI E2 UWI W2 EI E2 U WI W2 El E2

Fig. 3. Purification of SVSP on protein miniprep nickel columns at different concentrations of urea.
Lanes 1 and 22, molecular weight markers. Lanes 2-6, native conditions. Lanes 7-11, 1M urea. Lanes
12-16, 5M urea. Lanes 17-21, 8M urea. U = unbound, W1 = wash 1, W2 = wash2, El = Elute 1, E2
= Elute 2
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6. Multiple sequence alignment and secondary structure prediction
Fig. 4 shows the sequence of SV5 P aligned to five other paramyxovirus
phophoproteins. The areas of predicted secondary structure, including the putative

coiled coil region are also indicated.

7. Discussion

Initially, it was hoped that the interaction between P and the antibody SV5-Pk
could be exploited for the purification of P. The phosphoprotein-antibody complex,
isolated using a protein A column, could then be subjected to papain digestion to
remove the Fc region of the antibody in preparation for crystallisation. However,
preliminary incubations of P with papain indicated that the protein was susceptible to
proteolytic digestion by the enzyme indicating that this approach was unsuitable.

As the original SVS5 P construct could not easily be purified by anion
exchange, gel filtration and hydrophobic columns, the P gene was cloned into a vector
for expression as a 12-his tagged protein for metal chelate affinity purification.
Unfortunately, it appeared that the tag was too inaccessible to bind to the nickel
column. This was indicated by the behaviour of the protein in urea. As the
concentration of denaturant was increased, more of the histidine tag became exposed
and consequently more phosphoprotein was able to bind. Due to time constraints,
scale-up of purification in urea and protein refolding could not be carried out.

Multiple sequence alignments of some paramyxovirus phosphoproteins

(excluding SV5 P) have been carried out by Tarbouriech et al. (Tarbouriech, 2000a).
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Sendai PGLETDSTKKGIG-ENTSSMKEATLLTSLGVIQSAQEFESSRDASYVFAR 355

HPIV1 PTPEHDTTSNEEGT SNTSVDEMAKLLVSLGVMKSQHEFELSRRASHQFAK 356
HPIV3 TQKTIGKERKDTEESNRFTERAITLLONLGVIQSTSKLDLYQDK A 394
BPV3 TQKTDGKEREDTEESTRFTERAITLLONLGVI QSAAKLDLYQDKWA 386
Rind ATRPALKSQWGPSGPNASAENALASASNVSPTQ-GSKTESGTTTSRISQS 299
SV5 FKRGAGIPAGSIEGSTQSDGWEMKSRSLSGATIHPVLOSPLOQGDLNALVT 210
Sendai RALKSANYAEMTFNVCG KSSARKVDENKQLLKQIQESVESFRDI 405

HPIV1 RMLKSANYKEMTFNLC KSLGNKVEENRTLLKQIQEEIDSSRDL 406

HPIV3 NVLNNVDTASKIDFLAG DNDTKLIQIQNEMLNLKADLKRMDES 444
BPV3 NVLNNADTASKIDFLAGLMIGMSMDHDTKLNQIQNEILSLKTDLKKMDES 436
Rind NIEPEDDYDDELFSDIQDIKTALAKLHDDQQIIITRLESLVSLKGEIDSI 349
SV5 SVBS—————— LALNVNEILNTVRNLDSRMNQLETKVDRILSSQSLIQTI 253

-

T

Sendai YKRFSEYQKEQNSLLMSNLST
HPIV1 HEKRFSEYQOKEQNSLMMANLST,
HPIV3 HRRLIENQREQLSLITSLISNL
BPV3 HRRLIENQKEQLSLITSLISNL ERGGKKDQPENSGRTPMIKTKAKE 486
Rind KKQISK-QNISISTIEGHLSS PGFGKDPNDPTADVDINPDLRPII 398
SV5 KNDIVG-LKAGMATLEGMIBFIVKIMDPG————— VPSNVTVEDVRKTLSNH 297

. - . .. .k
. . . . . . . s

DRGGKTDNTDSLTRSPSVFAKSKE 455
DRGGKTGDPSDTTRSPSVFTKGKD 456
ERGGKKDONESNERVEMEBRTKLKE 494

Sendai NKTKATRFDPSMETLEDMKYKPDLIREDEFRDEIRNPVYQERDTEPRASN 505

HPIV1 NKVKKTRFDPSMEALGGQEFKPDLIREDELREDIRNPVLEEHNNEPQASN 506

HPIV3 EKIKKTRFDPLMEAQGIDKNIPDLYRHAGNTLENDVOUREEILSSYNESN 544

BPV3 EKIKKVRFDPLMETQGIEKNIPDLYRSIEKTPENDIQIKSDINRSNDESN 536

Rind GRDSGRALAEVLKKPASERQSKDTGKLGIESKGLLKKEFQLKPIEKKSSS 448

SV5 AN ES FNDS BSOS ———-- EDVISLDELARPTATSVKKIVRKVPPQKD 342
- - *

Sendai ASRLLPSKEKPTMHSE'EIIESSPLSRAEKAAYVKSLSKCKTDQEVKAVM 555

HPIV1 ASRLIPSTEKHTLHS SPLSRVEKKAYIKSLYKCRTNQEVKNVM 556
HPIV3 ATRLIPRKVSSTMRSLVAVINNSNLPQSTKQSYINELKHCKSDEEVSELM 594
BPV3 ATRLVPKRTSNTMRSLIIIINNSNLSSRAKQOSYINELKLCKSDEEVSELM 586
Rind AIRFVPDGSVASRSVIRSIIKSSHLGEDRKDYLMSLLNDIQGSKDLAQFH 498
SV5 LTGLK———————- ITLEQLAKDCISKPKMREEYLLKINQASSEAQLIDLK 384
Sendai ELVEEDIESLTN 567
HPIV1 ELFEEDIDSLTN 568
HPIV3 DMFNEDVNNC-- 604
BPV3 DMFNEDVSSQ-- 596
Rind OMLVKILKN--- 507
SV5 KATIIRSAI--—- 392

Fig. 4. Sequence alignments and secondary sequence predictions for the C-terminal regions of Sendai
virus, Human Parainfluenza virus 1, Human Parainfluenza virus 3, Bovine Parainfluenza virus 3,

Rinderpest and SV5 Phosphoproteins. The multiple alignment was carried out with ClustalW 1.6 and
the secondary structure prediction with PHD {Rost, 1996 #124}. Regions of predicted a-helix and (-
sheet are highlighted in yellow and blue respectively. The predicted coiled coil region is indicated by
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To ascertain the likely positions of functional domains in SVS5 P, its sequence
has been aligned to five other paramyxovirus phosphoprotein sequences (fig. 4).
Although there is little sequence homology between the proteins, there are similarities
in predicted secondary structure in two regions. The first region is the predicted
multimerisation domain. The region of Sendai P corresponding to this domain has
been shown by X-ray crystallography to form a tetrameric coiled coil (Tarbouriech,
2000b). As fig. 4 shows, SV5 P is also predicted to form a coiled coil in this domain.
The second part of the phosphoprotein with similar predicted secondary structure is
located towards the C-terminus. This domain is thought to bind to the N protein of the
N:RNA template (Ryan, 1991). The phosphoproteins in fig.4, including SV5 P, are

predicted to be a-helical in this region.
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Appendix II - Crystallography theory

1. Crystallisation

In the most common method of growing protein crystals, the purified
polypeptide is added to a solution containing a precipitant at a concentration just
below that necessary to precipitate the protein. Water is removed gradually by
controlled evaporation. This is often achieved by vapour diffusion using, for example,
the hanging drop method (Fig. 1). The concentration of precipitant in the drop is half
that of the reservoir buffer and the two solutions are allowed to equilibrate by vapour
diffusion. As the reservoir is much larger than the drop, the precipitant concentrations
of the two solutions at equilibrium are almost identical. The concentration of

precipitant in the drop is therefore maintained at that optimum for precipitation.

Drop: protein +
/ reservolr buffer

~ N

M Cover ship

~ Mo Reservoir buffer

Fig. 1. Vapour diffusion: The hanging drop method.

Once crystals are obtained, the growth conditions may need to be optimised to

produce better quality crystals. The many variables for growth include temperature,

pH, precipitant concentration, protein concentration, drop size and protein purity.
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2. Crystal mounting

Data collection is commonly carried out at low temperatures (-100°C) to help
improve molecular order and decrease radiation damage to the crystal. Before
mounting, the crystal is added to a cryoprotectant such as glycerol, typically for 5-30
seconds. The crystal may then be simultaneously mounted onto the goniometer and

flash frozen in a stream of nitrogen gas in preparation for data collection.

3. Diffraction
The dimensions of the unit cell of a crystal is described by the lengths of the
cell edges (a, b, ¢) and three unique angles (a., B, y). The different types of cell are

classified as shown in table 1.

Cell type Cell dimensions
monoclinic azb#c a=7y=90°% B >90°
triclinic azb#c a#EP#y
hexagonal a=b a=B=90°%y=120°
cubic a=b=c a=p=y=90°
tetragonal a=b=#c a=p=y=90°
orthorhombic azb#c a=p=y=90°

Table 1. Dimensions of the six cell types

For the purposes of structure calculation, diffraction of X-ray beams by atoms
in a crystal can be treated as reflections from sets of parallel planes of atoms. The sets
of planes can be described by lattice indices (kk/). The A index refers to the number of
planes per unit cell in the x direction. Similarly, £ and / indicate the number of planes
per unit cell in the y and z directions respectively.

Diffraction of an X-ray beam is described by several factors: the sets of planes

(hkl), the interplanar distance (d), the wavelength of the x-ray beam (A) and the angle
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of the beam (0). A reflection will only be produced if the value of O satisfies Bragg’s
law:

2dpiisin® = nA, (where n is an integer)

As illustrated in Fig. 2, the extra distance travelled by ray 2 compared to ray 1
is equal to 2dpsin®. If this distance is equal to the wavelength multiplied by an
integer, the beams will emerge from the crystal in phase and produce a strong

reflection.

Fig. 2. Diagram demonstrating the geometry involved in Bragg’s law

4. Data collection

The aim of a data collection experiment is to obtain a dataset that covers most
of the theoretically possible reflections. Only the contents of the reciprocal space
asymmetric unit cell are needed to reconstruct the electron density. As the reciprocal
lattice spacings are the inverse of the real space lattice, a data collection strategy
requires knowledge of the unit-cell dimensions.

Fig.3 describes Bragg’s law in reciprocal space. The crystal (C) is at the centre

of a sphere of radius 1/A. O is the origin of the reciprocal lattice. Diffraction maxima
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only occur when a reciprocal lattice point (P) lies on the edge of the sphere. This

condition occurs when Bragg’s law is satisfied.

Beam

Film

Fig 3. Unit cell dimensions are inversely proportional to reflection spacings on the detector

Fig. 3 also shows the detector film where F is the origin on the film and R is the
reflection recorded on the film. It can be seen from the diagram that:
RF/CF = PO/CO = PO/(1/))
Therefore: ~ PO =RF/CFA
PO is equal to the reciprocal of unit cell edge a (d;g) giving:
digo = CFA/RF
For this simple example of an orthorhombic crystal, the length of the cell edge
can be calculated by dividing the crystal to film distance by the distance between the
reflection and the film origin and multiplying by the wavelength of the beam.
Similarly, the length of the other unit cell edges can be obtained from the spacing of
reflections along 0k0 and 00L.
The total angle of data collection can be further reduced by the use of
symmetry information. The 230 possible space groups condense to 11 Laue groups

when an additional centre of symmetry is added (a reciprocal lattice possesses the
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same symmetry elements as the corresponding real space lattice, plus an extra centre
of symmetry). The fraction of unique reflections expected for each Laue group can be
calculated and used to reduce the amount of data collected. The symmetry is
determined by certain systematic absences in the diffraction pattern that are

characteristic of different space groups.

5. Scaling and processing

The collected data must be scaled to allow for differences in, for example, the
diffracting power of different crystals, beam intensities and film sensitivities. This is
achieved by comparing equivalent reflections from e.g. different films and rescaling

those blocks of data so the equivalent reflections are of equal intensity.

6. Structure Factors and The Phase Problem
During a diffraction experiment, the intensities and positions of reflections are
measured. The structure factor equation (1) specifies the amplitude| Fl, frequency and

phase () of each reflection (h,k7).
Foy = Zj=1 fij) exp[2m-i(hxg) + kygy + Iz))] ()

This equation is a summation over all atoms (j), the fractional co-ordinates of which
are represented by x, y and z. F;, the scattering factor of atom j depends on the
diffraction angle of the corresponding reflection (%,k,/) and the atom type. Equation
(1) allows the calculation of structure factors from a known structure. In order to carry
out the reverse, i.e. determine a structure from known structure factors, a Fourier

Transformation (FT) is applied to the structure factor equation to obtain the electron
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density equation (2). In this equation, F ) is in units of electrons and the summation
is divided by the cell volume, V. The dimension of p(x,y,z) is therefore electron
density. Thus, if the structure factors are known, the actual structure (the density of

electrons in real space) can be calculated.

p (x,,2) =1y Zpia F g €Xp[-2n(hx+ky+1z)] (2)

As mentioned above, the structure factors specify the amplitude |F|, frequency and
phase (o) of each reflection. The amplitudes, proportional to V(Zi ), are obtained
from the diffraction data and the frequency is that of the X-ray source. However, the
data do not provide phase information. Common methods of determining phases
include isomorphous replacement, anomalous dispersion and molecular replacement.
If the target is similar to a protein of known structure, as in the case of Fab molecules,
molecular replacement is the method of choice for estimating phases.

The aim of the method is to superimpose the known structure, or phasing
model, onto the target molecule by first orientating and then translating the model into
the correct position. The first step, the rotation search, is achieved using the Patterson
function, Py, which does not require phases and uses only the intensities as Fourier

coefficients:

P = 1/,2 | Fp| cos(2nhu)

The Patterson map of a molecule contains peaks corresponding to inter-atomic
vectors between atoms (self-rotation function) or intra-atomic vectors between

equivalent molecules (cross-rotation function). During the rotation search, Patterson
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maps of the phasing model in various orientations are calculated and compared with
the measured map. The search is monitored by the correlation coefficient (CC). The
correct solution should ideally have a high CC with a clear gap between the top CC
and the lower values.

In CNS, the top ten rotation solutions are then subjected to a translation
search, which is monitored by comparing the observed structure factor amplitudes
(Fops) with amplitudes calculated from the translated model (F.y¢). The agreement

between the two sets of amplitudes is indicated by the R-factor, defined below:

R=Z| |F0bs - Fcalcl |
2% | Fobsl

7. Refinement

The first phase estimates will often be incomplete and will need to be refined
before an interpretable electron density map can be produced. Refinement minimises
the differences between the observed and calculated structure factors, bringing the
model towards its global minimum. The starting model must be within the radius of
convergence, i.e. it must be near enough to the correct structure that refinement will
cause the model to converge upon the global minimum. The radius of convergence
may be increased by several means, for example by constraining the occupancy, or by
restraining bond angles and lengths to within a certain range of values. The radius of
convergence may also be increased by energy refinement. In simulated annealing, the
model is allowed to move as if at high temperature and is then slowly cooled. This

may also serve to remove the model from incorrect local energy minima.
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Later stages of refinement involve alternate rounds of model building and
energy minimisation. In the final stages, atomic temperature factors are refined

independently and water molecules are added.

8. Validation

The progress of refinement is commonly monitored using the R-factor,
described above. To reduce the risk of introducing bias into the model, a second
criterion, the free R-factor (Rye.) is used. The Ry is calculated using a subset of the
data, typically around 10% of the total, which has been excluded from the refinement.
Other methods of validation evaluate the various structural parameters (e.g. bond
lengths, bond angles, phi/psi angles) by comparing their values with those of known

high resolution structures.
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