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Abstract

In this project, the receptor binding and membrane fusion activities o f  the 

membrane-anchored glycoprotein haemagglutinin (HA), H3 subtype, o f the influenza A 

virus were studied.

Influenza viruses from different hosts can distinguish between a2-3  and a2-6  

linkages that sialic acid (Sia) forms with the penultimate saccharide residue o f the receptor. 

Human viruses prefer a2 -6  linkages and avian viruses a2-3 linkages. The side chain o f 

residue 226 o f the HA receptor binding site (RBS) is involved in the specific recognition 

o f  those linkages. The HA o f the 1968 Hong Kong (HK) pandemic virus (H3 subtype), 

contained in the recombinant X-31 virus, has a 226-leucine and prefers binding to a2-6  

linkages. The L226Q HA o f  the variant virus X-31/horse serum (X-31/HS), corresponding 

to a single-site mutant o f the X-31 HA having 226-glutamine, prefers a2-3  linkages. To 

define the molecular interactions o f  the L226Q HA with the virus receptor, the crystal 

structures o f  L226Q HA in complex with the receptor analogues lactoseries tetrasaccharide 

a (LSTa), a2-3-term inated, and lactoseries tetrasaccharide c (LSTc), a2-6-term inated, 

were determined. The structures show the saccharide residues Sia and galactose (Gal) o f 

LSTa and only the Sia o f LSTc bound on the L226Q HA RBS, which correlates with the 

higher affinity o f  L226Q HA for the a2-3  linkage. However, the L226Q HA binds both the 

trans and cis configurations o f  the Sia-Gal glycosidic bond o f LSTa, which has never been 

observed before. These results are discussed in comparison with data from binding assays 

and the available crystal structures o f the X -3 1 HA, the H3 avian HA o f the influenza virus 

A/duck/Ukraine/63, a potential precursor o f the 1968 HK pandemic virus, and other HAs, 

o f different subtypes and hosts o f origin, in complex with LSTa and LSTc.

Upon endocytosis, at the low endosomal pH, the HA undergoes an irreversible 

conformational change associated with the fusion o f the viral and endosomal membranes, a
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process by which the virus enters the target cell. To gain further insights into the 

membrane fusion mechanism catalysed by the influenza HA, the purification and 

crystallisation trials o f  three different X -3 1 HA forms representative o f the neutral pH and 

fusion pH-induced conformations, containing the membrane-interacting segments fusion 

peptide and transmembrane anchor, were carried out with the future aim o f their crystal 

structure determination. The procedures for the purification and crystallisation trials o f the 

X-31 HA proteins in different conformations are discussed in the context o f  the general 

purification and crystallisation o f  membrane proteins. No promising hint has yet been 

obtained in the crystallisation trials.
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1. Introduction

The receptor binding and membrane fusion activities o f the HA glycoprotein o f influenza 

virus A play a major role at the initial stages o f infection. The X-ray crystallographic 

studies o f HA in complex with receptor analogues, and low pH-treated HA fragments are 

important for a better understanding o f the virus specificity and the mechanisms it uses to 

enter the target cell.

1.1 Initial Isolation o f  the Influenza Virus

The influenza virus as a causative agent o f human disease was not isolated until 1933 at 

the MRC-NIMR, from the filtered throat washings o f  experimentally infected ferrets 

(Smith et al., 1933). The animals developed influenza-like illness, transmitted the disease 

to other ferrets and were rendered immune to re-infection. The first virus isolated from 

humans, presumably was accidentally transmitted by an infected ferret. The virus isolated 

from the throat washings o f the infected human proved to be mouse-adapted as was that 

given to the ferret (Smith and Stuart-Harris, 1936).

1.2 Classification o f  Influenza Viruses

Influenza viruses belong to the Orthomyxoviridae family o f enveloped viruses, having a 

segmented genome o f single-stranded ribonucleic acid o f negative polarity [ssRNAf-j]. 

They are classified into three genera - influenza A, B and C - based on differences o f their 

nucleoprotein (NP) and matrix 1 (M l) protein antigens (WHO, 1933; Schild, 1972). 

Influenza A and B contain eight genome segments, whereas influenza C contains seven 

segments. Influenza A viruses infect various mammals and birds, whereas influenza B and 

C have only been isolated from humans, with the exception o f some type C isolates from 

pigs (Guo et al., 1983) and a type B isolate from seals (Osterhaus et al., 2000). Influenza A
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viruses are subclassified into subtypes, which are distinguished by the antigenicity o f the 

HA and neuraminidase (NA) envelope glycoproteins. To the present time, sixteen HA (H l- 

H16) and nine NA (N1-N9) subtypes have been identified (Schild et al., 1980; Fouchier et 

al, 2005). All sixteen HA subtypes circulate in aquatic birds. O f these, only three have 

evolved in humans (H I, H2, H3) causing pandemics, at least two in pigs (H I, H3) and two 

in horses (H3, H7) (W ebster et ah, 1992).

1.3 The Influenza A Virion

1.3.1 Virion composition

The eight ssRNA segments (M cGeoch et ah, 1976) o f an influenza A virus particle 

(Figure 1A) code for ten viral proteins. Each o f the RNA segments is encapsidated with 

NP, forming a coiled hairpin structure (Pons et ah, 1969; Compans et ah, 1972; Jennings et 

ah, 1983) with the subunit proteins o f the polymerase complex, polymerase basic 1 (PB1), 

polymerase basic 2 (PB2) and polymerase acid (PA) attached to the 5 ’ and 3 ’ ends o f the 

RNA (Hagen et ah, 1994). This assembly o f  viral RNA (vRNA), NP and the polymerase 

proteins forms the viral ribonucleoprotein (vRNP) particle. The influenza virion is 

enveloped by a host-derived lipid bilayer (Kates et ah, 1961) containing the membrane- 

anchored glycoproteins HA and NA, being HA the more abundant: a virion usually 

contains 300-400 HA and approximately only 50 NA molecules (Ruigrok et ah, 1984; 

1998). Only a few copies per virion (14-68) o f a transmembrane protein, the ion-channel 

matrix 2 (M2) protein, are embedded in the viral envelope (Zebedee and Lamb, 1988) as 

tetramers (Sugrue and Hay, 1991). A shell o f M l, the major structural component o f  the 

virus particle, underlies the viral membrane (Schulze 1970; 1972). The non-structural (NS) 

proteins NS1 and NS2 have multiple post-transcriptional functions, and occasionally the 

NS2 protein is packaged into virus particles (reviewed in Lamb and Krug, 1996).
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A

B

Figure 1. Com position and m orphology of influenza A viruses

(A) The influenza virion envelope contains the membrane-anchored glycoproteins HA and NA, and the ion 

channel M2 protein. The viral envelope is lined on the interior face by the Ml protein, which encloses the 

vRNPs. Each o f the latter includes one o f the eight genomic vRNA segments (see text for details). [Adapted 

from: http://www-micro.msb.le.ac.uk/3035/Orthomyxoviruses.htmlj.

(B) Negative-staining electron micrograph o f influenza virus X-31 (H3N2) virus particles. The picture was 

taken by L. J. Calder (Division o f Virology, MRC-NIMR, London).
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1.3.2 Virion morphology

Electron microscopy (EM) studies have shown that influenza virions are structurally 

diverse, ranging from small spherical particles o f 80-120 nm in diameter (Taylor et al., 

1943) to long filaments with a length o f several pm (Mosley and Wyckoff, 1946). The 

virion surface glycoproteins HA and NA are seen as spikes protruding from the virus 

envelope. A progressive change from filamentous to spherical morphology o f clinical 

isolates o f human and animal viruses, which are predominantly filamentous (Chu et al., 

1949), has been observed upon serial passages in embryonated hens’ eggs (Burnet and 

Lind, 1957; Choppin et al., 1960). Other morphologies seem to be associated with specific 

techniques o f sample preparation (Nermut and Frank, 1971; Ruigrok and Hewat, 1991). 

An electron micrograph o f X-31 (H3N2) virions, used in this study (see 2.7.7), is shown in 

Figure IB. These viruses are spherical and other morphologies are linked with certain 

conditions o f sample preparation (L. J. Calder, personal communication).

1.3 The Influenza Virus Replication Cycle

Infection is initiated by attachment o f influenza viruses to target cells, by interaction o f the 

HA with sialylated receptors (see 1.6.1) (reviewed in Gottschalk, 1959). The virus particles 

are then internalised by receptor-mediated endocytosis (Fazekas de St. Groth, 1948). A 

schematic o f the replication cycle o f influenza virus is depicted in Figure 2. The low pH o f 

the endosome triggers an irreversible conformational change in the HA molecule which 

mediates the fusion o f the viral and endosomal membranes (White et al., 1981; Skehel et 

al., 1982; Bullough et al., 1994). Just before the membrane fusion process, the interior of 

the virion is acidified by the proton transport activity o f the ion-channel M2 (Pinto et al., 

1992; Bui et al., 1996; Chizhmakov et al., 1996), leading to dissociation o f M l from the 

vRNPs, which is necessary for the entry o f the viral genome into the nucleus (Bukrinskaya
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Figure 2. The replication cycle of influenza A virus

Simplified schematic showing the major steps o f the influenza virus A replication cycle.

The virus attaches to the target cell membrane via the interaction of the viral envelope HA spikes to cell 

surface Sia-terminated oligosaccharides. After endocytic internalisation and acidification of the 

endosomal vesicle, the HA mediates the fusion between viral and endosomal membranes and the M2 

proton channel acidifies the interior o f the virion leading to disassembling o f the Ml protein and release 

o f vRNPs into the host cell cytoplasm. Once in the nucleus, the segmented viral genome is replicated and 

transcribed. After co- and post-translation modifications the viral proteins assemble at the cell surface, and 

the genome segments are packaged into newly formed virus particles. These are released from cell surface 

receptors by the activity of the viral membrane NA protein, which cleaves off terminal Sia sugar residues 

from oligosaccharides (see text for details). This NA activity also prevents the aggregation o f virus 

particles.

[Adapted from: http://www-micro.msb.le.ac.uk/3035/Orthomyxoviruses.htmlj
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et al., 1982; Martin and Helenius, 1991). Once in the nucleus, the vRNA(-) is transcribed 

into messenger RNA [mRNAf+)] and replicated into the complementary RNA [c R N A ^ ]  

by the proteins PA, PB1 and PB2 o f the polymerase complex (Hay et al., 1977; Braam et 

al., 1983; Honda et al., 2002). The NP is required, together with the polymerase complex 

proteins, for the synthesis o f the vRNA (Beaton and Krug, 1986; Portela and Digard, 

2002). The envelope proteins HA, NA and M2 are synthesised by ribosomes associated 

with the endoplasmic reticulum (ER) (Compans, 1973a; Hay, 1974; Lamb et al., 1985). 

After insertion in the ER membrane (M cCauley et al., 1979; Bos et al., 1984; Hull et al., 

1988), their folding, oligomerisation and glycosylation occur in the ER, and the processing 

o f the glycans and palmitoylation in the Golgi (Schmidt, 1982; Gething et al., 1986; 

Sugrue et al., 1990; Gallagher et al., 1992; Saito et al., 1995). Assembly o f the virus 

components and packaging o f the replicated viral genome segments take place at the apical 

plasma membrane o f the polarised host cell (Boulan and Sabatini, 1978; Hughey et al., 

1992; Kundu et al., 1996; Lin et al., 1998), preferentially at lipid raft domains from which 

the virus is released by a budding process (Skibbens et al., 1989; Scheiffele et al., 1999; 

Zhang et al., 2000). The virion NA prevents the retention o f the virus at the target cell 

membrane (Palese et al., 1974), by cleaving off the Sia from the cell surface. A full set of 

the eight virus genome segments is required for an infectious virus particle. Two different 

models have been proposed for the packaging mechanism o f the vRNA segments. In one 

o f the models, a random incorporation o f the vRNA segments is suggested, assuming the 

presence o f a common structural domain on all vRNPs, and based on experimental 

evidence that virus particles contain more than eight vRNPs, probably forming a 

significant subpopulation o f virions having the full complement o f vRNA segments 

(reviewed in Palese and Shaw, 2007). The other model considers the packaging o f vRNA 

segments to be a selective process, with each independent vRNA segment having a unique
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packaging signal and every virion containing a full set o f eight vRNPs. There is ample 

experimental support for different features o f this model, namely the existence o f a 

packaging signal within coding regions o f vRNA and specific inter-vRNPs interactions 

(reviewed in Palese and Shaw, 2007).

1.4 The Influenza HA

The HA was originally named because o f the ability o f the virus to agglutinate 

erythrocytes (Hirst, 1941). The viral HA mediates the crosslinking o f  erythrocytes 

containing the receptor elements identified by the glycoprotein (see below, 1.6).

1.5.1 HA synthesis and processing

HA is encoded by vRNA segment 4 and is synthesised as a single chain precursor 

polypeptide, HAo, with a molecular weight (MW) o f about 75 kilo-Daltons (kDa), in 

polyribosomes on the rough ER (Compans, 1973a). The nascent polypeptide is targeted to 

the ER membrane via an N-terminal signal sequence (M cCauley et al., 1979). After 

cleavage o f  the signal peptide, the HAo corresponds to a type I integral membrane protein, 

containing a transmembrane stretch near the carboxy C-terminus, the transmembrane 

anchor, and a short cytoplasmic tail (Figure 3). The insertion o f HAo in the ER membrane, 

cleavage o f the signal peptide and core glycosylation take place co-translationally 

(Compans, 1973b). The HA glycosylation was shown to be important for the correct 

folding and oligomerisation o f  HA, which forms trimeric molecules (MW  = 220 kDa) 

(Gallagher et al., 1992; Roberts et al., 1993; Hebert et al., 1995; Molinari and Helenius, 

2000). Trimerisation is essential for the transition o f the HA from the ER to the Golgi 

network (Gething et al., 1986; Copeland et al., 1988). The cleavage o f trimeric HA0 into 

the two disulphide-linked chains HA| (MW = 50 kDa) and HA2 (MW = 30 kDa)
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Figure 3. Schematic representation of the orientation and cleavage of the 

influenza virus integral membrane protein HA

The influenza virus HA is a type I integral membrane protein, having a transmembrane stretch near 

the carboxy C-terminus, the transmembrane anchor (shown in stripes), and a short cytoplasmic tail. 

Upon cleavage o f the precursor protein HA0, the fusion peptide is formed at the N-terminus o f the 

HA2 subunit (see text for details).
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(Lazarowitz et al., 1971; Klenk and Rott, 1973) is essential for virus infectivity (Klenk et 

al., 1975; Lazarowitz and Choppin, 1975). Nonpathogenic viruses are cleaved 

extracellularly (Lazarowitz et al., 1971; Hay, 1974) by host-specific trypsin-like proteases 

(Lazarowitz et al., 1973a; Lazarowitz et al., 1973b; Klenk et al., 1977). The enzyme which 

cleaves influenza viruses in the human respiratory tract is probably similar to the serine 

protease tryptase Clara, produced by cells o f the rat bronchiolar epithelium, which has 

shown to activate human influenza viruses (Kido et al., 1992). Some highly pathogenic H5 

and H7 influenza viruses are cleaved intracellularly (Klenk et al., 1974) by ubiquitous 

subtilisin-like proteases, such as furin (Stieneke-Grober et al., 1992). The high virulence 

and systemic infection o f these viruses seems to be due to the wide tissue distribution o f 

furin-like enzymes, associated with factors like insertion o f polybasic amino acid 

sequences at the cleavage site or deletion o f a carbohydrate in its vicinity, which facilitate 

the access o f the proteases to the cleavage site (reviewed in Steinhauer, 1999). Upon 

cleavage o f  HAo, the newly generated N-terminus o f HA 2 forms the fusion peptide, which 

has a highly conserved hydrophobic amino acid sequence and is implicated in the 

membrane fusion mechanism (reviewed in Skehel et al., 2000) (see 1.7).

1.5.2 Crystal structure o f the HA ectodom ain

The HA ectodomain (HAi residues 1-328 and HA 2 residues 1-175) can be released from 

the viral envelope using the cysteine protease bromelain (Brand and Skehel, 1972), which 

cleaves o ff HA 2 residues 176-221, including the transmembrane anchor (Figure 15). This 

proteolytic isolation o f  HA from the viral envelope allowed circumventing the aggregation 

problems associated with the full-length molecule, containing the hydrophobic HA 2 C- 

terminal membrane-spanning region (Laver and Valentine, 1969). The crystal structure o f 

the bromelain-released HA (BHA) revealed most o f the three-dimensional molecular
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details o f  the HA trimer (W ilson et al., 1981). The soluble HA trimer is 135 A long and has 

two distinct regions: a stem-like core and a globular head at the membrane-distal end o f 

the stem (Figure 4). The stem contains mainly HA 2 residues, which assemble into a 76A- 

long triple-stranded coiled coil. The fusion peptide is buried, in an extended conformation, 

in the interior o f the trimer, at 35A from the membrane-proximal end and 100A from the 

membrane-distal. The globular head contains only HAi residues forming, in each 

monomer, an eight-stranded antiparallel (3-sheet structure [distorted Jelly roll (Swiss roll) 

motif], which was later shown to harbour the RBS in the structure o f HA with a receptor 

analogue (Weis et al., 1988) (see below). The fact that the fusion peptide was buried in the 

native HA trimer pointed to the need o f a conformational change, which would lead to its 

extrusion, rendering the HA molecule fusion active.

The structural information described just above is derived from the X-31 HA, 

A/Aichi/2/68 strain (see 2.1.1), the prototype o f the H3 viruses responsible for the 1968 

HK pandemic (Wilson et al., 1981). More recently, the structure o f the cleaved HA 

ectodomain has been solved for several HAs o f different hosts o f origin and different 

subtypes, namely H I, H3, H5, H7 and H9 (Ha et al., 2002; Ha et al., 2003; Gamblin et al., 

2004; Russell et al., 2004; Stevens et al., 2004, 2006a; Yamada et al., 2006). These were 

shown to be structurally very similar [see Table 7 in Appendix I, for a list o f root mean 

square deviation (r.m.s.d.) values in the pairwise comparison o f the different structures].

1.6 Receptor Binding M ediated by HA

1.6.1 Sialyloligosaccharides as receptors for influenza viruses

A viral infection is initiated by binding o f virus particles to specific molecules, the virus 

receptors, o f the target cell surface. The regions o f the receptor molecules that directly 

interact with the virus are defined as receptor determinants (Paulson, 1985). The specific
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RBS

fusion peptide

fusion peptide
fusion peptide

Figure 4. Crystal structure of the native HA ectodomain

Ribbon representation o f the crystal structure o f the H3 human, X-31 BHA (A/Aichi/2/68). HA| is 

coloured in slate and BHA2 in red. Residues 323 o f HA] to 12 of HA2, corresponding to the HAo loop 

which is cleaved to form the HA molecule primed for activation of the fusion activity (see 1.5.1 and 

1.7.1), are coloured in green and shown with increased width. The locations in the BHA trimer o f the 

fusion peptide and RBSs are indicated. Oligosaccharide molecules and the side chains o f the Asn residues 

at the glycosylation sites are shown in sticks representation and coloured in orange and cyan, respectively. 

Disulphide bonds are coloured in magenta. The coordinates for X-31 HA were obtained from RCSB/PDB, 

accession code 1 hgf. [The figure was generated using the program Pymol (DeLano, 2006)]
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receptors for influenza viruses are still not known, but Sias were a long ago identified as 

receptor determinants (Klenk et al., 1955; Rosenberg et al., 1956), being directly 

recognised by the virion HA. Glycoproteins and gangliosides harbour similar 

sialyloligosaccharide sequences to which influenza viruses bind in vitro (reviewed in 

Paulson, 1985; Suzuki, 1994, 2005), but the relative roles played by glycoproteins and 

gangliosides in virus infection in vivo is not yet determined (discussed by Bukrinskaya, 

1982; Paulson, 1985; Herrler et al., 1995).

1.6.1.1 Specificity o f influenza viruses for different Sias

Sias are terminal sugar residues on oligosaccharide chains o f glycoproteins and glycolipids 

and are abundant on outer cell membranes and in biological fluids o f animals. Due to their 

chemical variety and wide tissue distribution, they are associated with a multitude o f 

biological functions (Schauer, 1982; Varki, 1992; Schauer et al., 1995; Reuter and Gabius, 

1996; Kelm and Schauer, 1997; Schauer and Kamerling, 1997; Varki, 1997).

Chemically, Sias are a family o f 9-carbon acid sugars with more than 40 members 

recognised. Their common distinctive features are a carboxylic group, an amido group and 

a glycerol tail (C7-C9) attached to a pyranose ring at positions 2, 5 and 6, respectively 

(Figure 5A). Members o f the Sia family differ on the substituents at N5, 0 4 , 0 7 , 0 8  and 

0 9  (Varki, 1992; 1997; Schauer and Kamerling, 1997).

Two acyl substituents at N5 can be found in nature. The most common derivative is N- 

acetylneuraminic acid (Neu5Ac), which is a biosynthetic precursor o f other Sias (Figure 

5B). N-glycolylneuraminic acid (Neu5Gc), derived by enzymatic hydroxylation o f the 5- 

N-acetyl group, is found in all mammals except humans (Schauer, 1982; Varki, 1992). 

Substitutions o f one or more o f the hydroxyl groups o f Neu5Ac and Neu5Gc with acetyl 

groups and, less often, methyl, lactyl or sulfate groups, can give rise to other natural Sias.
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Figure 5. Structure of Sias

(A) Common structural features o f Sias from different families
Differences occur at the side-chain groups of the pyranose ring (R)
R4 = H, acetyl 
R5 = acetyl, glycolyl 
R7 = H, acetyl
R« = H, acetyl, methyl, sulfate 
R9 = H, acetyl, L-lactyl, phosphate

(B) Structure of the precursor Sia Neu5Ac (R is the penultimate saccharide residue)

[Adapted from: Skehel and Wiley, 2000]
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O f these O-acylated analogues, only the 4 -0  acetyl, 7 -0  acetyl and 9 -0  acetyl-substituted 

ones were tested for binding to influenza viruses (Levinson et al., 1969; Higa et al., 1985; 

Pritchett and Paulson, 1989; Sauter et al., 1989; Matrosovich et al., 1992; Sauter et al., 

1992a; Matrosovich et al., 1997). The 4 -0  and 7 -0  acetylated Sias bind to some influenza 

virus A strains; 9 -0  acetylated ones do not bind to influenza A viruses (Higa et al., 1985) 

but act as receptor determinants for influenza C viruses (Rogers et al., 1986; Herrler and 

Klenk, 1987; Herrler et al., 1995). The role o f other natural Sia derivatives has not been 

defined. Probably, most o f them either cannot support binding o f influenza viruses or, due 

to their presence in low quantities on target cells, do not play a significant role in binding. 

Therefore, despite the rich chemical diversity o f Sias, the non-O-acetylated Neu5Ac and 

Neu5Gc seem to be the main species used by influenza viruses to infect their natural hosts.

1.6.1.2 Types o f a-glycosid ic linkage between Sia and penultim ate  

oligosaccharides recognised by influenza viruses

In nature, Sias predominantly exist as components o f sialylglycoconjugates and form 

exclusively a-glycosidic linkages. They are usually attached at the terminal position of 

oligosaccharide chains and the internal location o f Sia residues prevents their binding by 

influenza viruses (Rogers and Paulson, 1983; Suzuki et al., 1986; Sauter et al., 1989; 

Suzuki, 1994; Gambaryan et al., 1995; Suzuki et al., 1992). The penultimate sugar residues 

o f oligosaccharide acceptors o f Sia are D-galactose (Gal), N-acetyl-D-galactosamine 

(GalNAc) and, less often, N-acetyl-D-glucosamine (GlcNAc) and Sia. In general, Sias are 

a2-3- or a2-6-linked to Gal and GalNAc, a2-6-linked to GlcNAc or a2-8-linked to the 

second Sia residue. Few other types o f linkage have been identified, like Sia(a2-4)G al, 

Sia(a2-4)GlcNAc and Sia(a2-9)Sia, but these occur less often and their potential 

recognition by influenza viruses has not been studied yet. In general influenza viruses do
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not bind to gangliosides with the terminal compositions o f  N eu5A c(a2-8)N eu5A c or 

N eu5A c(a2-8)N eu5A c(a2-3)G al(al-4)G lc in solution (Suzuki et al., 1986, 1992; 

Matrosovich et al., 1993). Thus, variants o f the glycosidic linkage o f Sia to the penultimate 

sugar recognised by influenza viruses in nature are most probably limited to Sia(a2- 

3/6)Gal, Sia(a2-3/6)GalNAc and Sia(a2-6)GlcNAc. The binding o f a HI virus to a2-8- 

polysialic acid was recently reported (Wu and Air, 2004), but the potential biological 

significance o f the recognition o f  a.2-8 linkages and the characteristics o f this interaction 

for influenza viruses o f different subtypes and hosts o f origin have not yet been shown.

1.6.2 Specificity o f influenza viruses for Sia-Gal glycosidic linkages

Different binding assays (see 1.6.2.1) indicated that influenza viruses from different hosts 

can differentially recognise the terminal Sia(a2-3)Gal and Sia(a2-6)G al glycosidic 

linkages o f sialyloligosaccharides (see 1.6.8 and 1.6.2.1.1). In general, human viruses 

show a preference for Sia(a2-6)Gal-term inated receptors, avian and equine viruses prefer 

Sia(a2-3)G al-term inated receptors, and swine viruses bind with similar affinity to both 

(Rogers and D ’Souza, 1989; Connor et al., 1994; Gambaryan et al., 1997; Matrosovich et 

al., 1997; Ito et al., 1998; reviewed in Wiley and Skehel, 1987 and Skehel and Wiley, 

2000). However, several HI human viruses, as the swine viruses o f different subtypes, 

have a dual binding preference for Sia(a2-3)Gal and Sia(a2-6)G al glycosidic linkages 

(Rogers and D ’Souza, 1989; Rogers and Paulson, 1983).

1.6.2.1 Characterisation o f influenza virus receptor binding specificity  

and affinity

As the biological receptors for influenza viruses on their target cells have not been
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identified, binding assays to characterise the receptor-binding activity o f influenza viruses 

are carried out using more or less well-defined receptor analogues, which are natural and 

modified Sia-containing molecules or cells (reviewed in Matrosovich et al., 2006).

1.6.2.1.1 H aem agglutination assays using derivatised erythrocytes

Paulson and colleagues introduced a method to generate modified erythrocytes carrying 

defined sialyloligosaccharide sequences (reviewed in: Paulson, 1985; Paulson and Rogers, 

1987). In this procedure, human type B erythrocytes are first treated with Vibrio cholerae 

sialidase to remove Sia, abolishing virus binding. The incubation o f the asialo cells with 

cytidine-5’-monophospho (CM P)-activated Sias and specific sialyltransferases generates 

modified erythrocytes containing sialyloligosaccharides o f defined sequence and Sia 

content. Hemagglutination assays and virus adsorption studies using the specifically 

resialylated erythrocytes revealed that different influenza viruses could have a significantly 

different binding behaviour on the recognition o f oligosaccharide sequences and that 

receptor specificity correlated with species o f virus origin (Carroll et al., 1981; Rogers and 

Paulson, 1983; see 1.6.8). In these studies, for influenza viruses o f  the H3 subtype, human 

isolates with Leu226 had a preference for a2-6-sialyllactosam ine (6 ’SLN) [Neu5Aca2- 

6G alpl-4G lcN A c] while avian, equine and some human strains with Gln226 preferred the 

sequences Neu5Aca2-3Gal(31-3GalNAc, N eu5A ca2-3G alpl-3G lcN A c and a2-3- 

sialyllactosamine (3 ’SLN) [N eu5A ca2-3G alpl-4G lcN A c]. The sequences N eu5A ca2- 

3G aipi-3G alN A c and 6 ’SLN were determined as being the most appropriate for 

distinguishing influenza viruses from different hosts, and the sialyltrasferases involved in 

the generation o f  those sequences were used in subsequent studies (Higa et al., 1985; 

Anders et al., 1986; Daniels et al., 1987; Rogers and D ’Souza, 1989; Connor et al., 1994; 

Ito et al., 1998).
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1.6.2.1.2 Receptor binding assays using soluble sialosides

The interactions o f viruses or individual HA molecules with monovalent 

sialyloligosaccharides are very weak, with dissociation constants (K^s) in the 1-6 mM 

range (Pritchett et al., 1987; Sauter et al., 1989; Gambaryan et al., 1995, 1999). Therefore, 

the small differences in the HA binding affinity to sialosides obtained in these assays are 

significant for receptor specificity (see, below, 1.6.3).

Different competitive binding assays indicated that the binding affinity o f influenza viruses 

for monovalent siolosides was higher than for free Sia, suggesting the interaction o f HA 

with the penultimate Gal residue (M atrosovich et al., 1993, 1997, 1999, 2000; Gambaryan 

et al., 1995, 1999). For influenza virus HI and H3 isolates binding o f soluble receptor 

analogues, avian viruses showed a higher affinity (10 fold) for a2-3-sialyllactose (3 ’SL) 

[N eu5A ca2-3G alpl-4G lc] than for free Sia, indicative o f specific interactions o f HA with 

Gal-2; also, avian viruses bind a2-6-sialyllactose (6 ’SL) [N eu5A ca2-6G alpl-4G lc] and 

6 ’SLN [N eu5A ca2-6G alpl-4G lcN A c] with less affinity than to free Sia, suggesting 

unfavourable interactions with the 6-linked Gal-2 moiety; human and swine viruses, in 

contrast, bind 3 ’SL and free Sia with comparable affinity, indicative o f a poor interaction 

with the 3-linked Gal.

In a competitive solid phase assay o f influenza virus HI and H3 isolates binding o f 

sialylglycopolymers and monovalent sialosides, avian viruses showed a high binding 

affinity for 3 ’SL [S iaa2-3G alpl-4G lc], and lower affinity for 6 ’SLN [S iaa2-6G alp l- 

4GlcNAc]; human viruses bound strongly to 6 ’SLN and did not bind 3’SL; egg-adapted 

human viruses acquired the ability to bind 3 ’SL; and the majority o f swine viruses had a 

reduced ability to discriminate between 3 ’SL and 6 ’SLN, with a few displaying an avian- 

like phenotype (Gambaryan et al., 1997).

In an inhibition assay o f  virus binding to derivatised erythrocytes by soluble sialosides, a
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human H3N2 virus showed an eight fold greater affinity for the a2-6-linked LSTc than for 

the a2-3-linked LSTa (Pritchet et al., 1987) (see 2.2.1, for a description o f the 

sialyloligosaccharides LSTa and LSTc). In a competitive assay o f the binding o f another 

human H3N2 virus strain to soluble sialosides, the virus showed a nine fold higher affinity 

to LSTc than to LSTa (Gambaryan et al., 1995). In this assay, the binding affinity for 

6 ’SLN was identical to that for LSTc, suggesting that the trisaccharide 6 ’SLN and the 

terminal 6 ’SLN moiety o f LSTc have similar conformations (see below, 1.6.7.1).

In nuclear magnetic resonance (NMR) studies o f the binding o f X-31 BHA and X-31/HS 

BHA (L226Q BHA; see 1.6.4), to 3 ’SL and 6 ’SL, the X-31 BHA showed a 1.5 fold higher 

affinity for 6 ’SL and the X-31/HS BHA showed a 2.0 fold higher affinity for 3 ’SL (Sauter 

et al., 1989; Hanson et al., 1992). In these studies, X-31 BHA showed a slightly lower 

affinity for LSTa than for 3 ’SL (Sauter et al., 1989), and the affinity o f X -31 virus for 3 ’SL 

and 6 ’SL was similar, but slightly weaker than that for X-31 BHA (Hanson et al, 1992). 

The similarity between the receptor binding affinities o f virus and BHA for simple, soluble 

sialosides indicates that the RBS is not significantly changed by the bromelain cleavage to 

release BHA from the virus envelope. Therefore, crystallographic (see 1.6.7) and NMR 

studies using BHA accurately reflect the binding o f monovalent sialosides to whole virus.

1.6.3 Polyvalency o f influenza virus receptor binding

As mentioned above (1.3.1), the influenza virion contains multiple HA trimeric spikes 

(Ruigrok, 1998) and hence is capable o f engaging in simultaneous binding o f several HA 

RBSs with multiple copies o f the target cell-surface receptors. The affinity o f viruses or 

individual HA molecules for monovalent sialyloligosaccharides is very weak (see, above, 

1.6.2.1.2). The cooperative polyvalent binding o f a virus particle allows high binding 

avidity through multiple low-affinity individual interactions. The measurement o f  the
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binding o f HA rosettes (see 3.) to polyvalent sialosides revealed large increases in binding 

affinity (Takemoto et al., 1996) and also large differences between the binding o f  viruses 

to monovalent and polyvalent sialosides was reported (Gambaryan et al., 1997). The 

binding o f  the virus can be increased 10 -fold by bridging two sialosides with a synthetic 

spacer (Glick et al., 1991) or greater than 103-fold by coupling multiple copies o f 

sialosides to a macromolecular carrier (Matrosovich et al., 1990; Spaltenstine and 

Whitesides, 1991). Recent advances in the study o f  whole virus cooperative receptor 

binding have been obtained using glycan microarrays (reviewed in Stevens et al., 2006b).

1.6.4 Selection o f the receptor binding variant X-31/H S, containing the 

L226Q HA

The HA o f the human H3N2 X-31 influenza virus has a binding preference for 

N eu5Ac(a2-6)Gal-linked sialosides and the variant X-31/HS, which contains the HA with 

the single amino acid substitution L226Q and prefers Neu5A c(a2-3)Gal-linked sialosides, 

was selected by growing X-31 viruses in hen’s eggs in the presence o f non-immune horse 

serum (Rogers et al., 1983a). This serum contains the Sia(a2-6)Gal-linkage-rich 012- 

macroglobulin, a potent inhibitor o f the adsorption and infection o f H3 influenza virus 

isolates (Rogers et al., 1983b; Hanaoka et al., 1989; Pritchett and Paulson, 1989). The 

change in receptor binding preference induced by the L226Q substitution and its location 

at the membrane-distal globular head o f the HA, confirmed the previous suggestion o f  a 

RBS in that region o f the molecule, based on the existent homology with the Sia-binding 

site o f wheat-germ agglutinin (Wilson et al., 1981). The high potency inhibition o f X-31 

virus adsorption and infection by equine a 2-macroglobulin was shown to be due to its high 

avidity-cooperative binding to the virus (see, above, 1.6.3) (Hanaoka et al., 1989; Pritchett 

and Paulson, 1989).
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1.6.5 H ost range restriction

The contribution o f HA for host range restriction was fist shown by Hinshaw et al. (1983) 

who found that a H3N2 reassortant virus with all six internal genes from an avian strain 

and the HA or both the HA and NA genes from a human strain could not replicate in the 

intestinal tract o f ducks, rich in a2-3-linked oligosaccharides. Variants o f this virus having 

the mutations L226Q and S228G could efficiently replicate in the duck intestine, however 

the mutation L226Q was not sufficient for such replication (Naeve et al., 1984; Vines et 

al., 1998). The L226Q mutation gives the virus the ability to bind a2-3-linked receptors 

(Rogers et al., 1983a), while the S228G substitution seems to be required for an increased 

binding affinity (Vines et al., 1998). The importance o f the association Leu/Gln and 

Ser/Gly at residues 226 and 228, respectively, and their correlation with the species o f 

origin in H2 and H3 influenza virus isolates was shown by Connor et al. (1994). All human 

H3 isolates had Leu226 and Ser228, all equine H3 isolates and practically all avian isolates 

had Gln226 and Gly228. This correlation extended to the H2 isolates. Also, all human 

isolates were very sensitive in haemagglutination assays using native and resialylated 

erythrocytes to inhibition by the a2-6-linkage-rich a 2-macroglobulin o f horse sera (see, 

above, 1.6.4), while avian and equine viruses were resistant. H3 equine viruses show 

stricter receptor specificity for a2-3-linked receptors than duck viruses. Some duck viruses 

are double-binders, also recognising a2-6-linked receptors (Rogers and Pauson, 1983; 

Connor et al., 1994). The two properties, linkage specificity and sensitivity or resistance to 

horse serum, together define the receptor specificity o f H3 virus isolates (Connor et al., 

1994).

The L226Q mutation in the HA o f H3 and H2 viruses is essential for the ability o f human 

viruses to initially infect the intestinal tract o f ducks. Irrespective o f the amino acid at 

position 228, HAs having Leu at position 226 show no evidence o f avian receptor binding



characteristics (Kobasa et al., 1997). The avian virus receptor-binding phenotype requires 

the presence o f Gin at position 226 (Vines et al., 1998). The selection o f the receptor- 

binding variant o f the H3 avian virus A /duck/Ukraine/1/63, having the Q226L mutation at 

the RBS, the reverse o f  the L226Q mutation o f X-31/HS, yielded a virus with a shifted 

preference for Sia(a2-6)G al linkages (Rogers et al., 1985). But this variant reverted the 

receptor-binding phenotype during a single passage in embryonated chicken eggs. As the 

virus was grown in the allantoic cavity, which is devoid o f Sia(a2-6)G al linkages, this 

suggests that in contrast to X -3 1 and human H3 virus isolates, the H3 avian Q226L mutant 

is not able to bind Sia(a2-3)G al linkages efficiently.

Therefore, position 226 o f  influenza H2 and H3 HA seems to play a pivotal role in the 

transmission o f viruses between different hosts, by defining the linkage specificity o f the 

virus. Other factors, like the additional mutation at position 228 (Vines et al., 1998), and 

additional viral genes will then contribute for the completion o f the interspecies 

transmission process (Baigent and McCauley, 2003).

1.6.6 Structure o f the HA RBS

The receptor-binding pocket that accommodates the Sia residue is a shallow depression at 

the surface o f the membrane-distal globular head in each monomer o f the HA trimer (Weis 

et al., 1988). A group o f amino acid residues that are conserved among different virus 

strains form the RBS, and a set o f amino acid residues that change in response to the host 

immune response (antigenic drift; see below, 1.6.9) surround the site (Skehel and Wiley, 

2000). Among the conserved residues in the RBS region, some may be essential for direct 

interactions with the receptor, others may be important for the structural integrity o f the 

HA molecule and/or that o f the RBS.
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For the X-31 HA RBS, at the bottom o f the pocket, residues Tyr98, T rp l53 , His 183 and 

T yrl95 form a hydrogen bond network (Figure 6). Residues 187-194 form a short a-helix, 

the 190 helix, and the side chains o f residues G lul90  and Leu 194 together with those o f 

His 183 and Thrl55 form the rear edge o f the site. Residues 134-138 form a surface loop, 

the 130 loop, which defines the right side o f the RBS. The left edge o f the Sia-binding 

pocket is defined by the stretch o f  residues 224-228, the 220 loop.

The Leu226 to Gln226 mutation in the L226Q HA was found to induce a slight narrowing 

in the structure o f the RBS in comparison with that o f the X-31 HA (Weis et al., 1988; 

1990). The loss o f a van der W aals contact between Leu226 and Ala 138 and the formation 

o f  a new hydrogen bond from Gln226 to Seri 36 seem to form the basis for the new RBS 

geometry in the L226Q HA mutant, with the consequent upward projection o f  Gln226 side 

chain. Smaller shifts in residue position were transmitted to regions in and around the 

L226Q HA RBS (W eis et al., 1988).

The structural differences o f  the RBS o f H3 avian HA, A/duck/Ukraine/63, in comparison 

with that o f  the X-31 HA are similar to the differences observed between the RBSs o f X- 

31 HA and L226Q HA. O f the twenty amino acid differences between X-31 HA and H3 

avian HA, only ten are in the membrane-distal globular head domain, and o f those only 

five, N137S, S193N, L226Q, S227P, S228G, are at the RBS. The L226Q mutation seems 

to induce in the X-31 HA most o f the positional differences seen when comparing the H3 

avian HA RBS with the X-31 HA RBS. The X-31 HA has Leu226 and both L226Q HA 

and H3 avian HA have Gln226. However, residues 227 and 228 apparently are also 

determinants for the conformation o f  the RBS. The X -31 HA and L226Q HA have Ser227, 

but the H3 avian HA has the unusual Pro227. Both the X-31 HA and L226Q HA have 

Ser228, but the H3 avian HA has the typically avian Gly228. The residual difference 

between the conformations o f  the RBSs o f L226Q HA and H3 avian HA are probably due
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Figure 6. The HA RBS

The HA RBS in complex with Neu5 Ac. The three main secondary structural elements of the HA RBS - 130 loop, 

190 helix and 220 loop - are indicated in blue. Potential hydrogen bonds between conserved residues at the 

bottom o f the site are indicated by dashed lines. The terminal Neu5Ac of a receptor analogue bound on the RBS 

is shown in red. Putative hydrogen bonds between the HA and the Neu5Ac moiety are shown as dotted lines. The 

RBS shown is that of the X-31 HA. The HA RBS forms a generally conserved set o f interactions with the Sia 

moiety, irrespective of the receptor analogue. [Adapted from: Skehel and Wiley, 2000]
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to the H3 avian P227 and G228 residues, which seem to allow the 220 loop to be closer to 

Y98 than the residues S227 and S228 o f the L226Q mutant (the distance o f the phenol OH 

group o f Tyr98 to the C a  o f residue 228 is 3.7 A in the H3 avian HA, but 4.6 A in the 

L226Q HA). The superposition o f the 220 loop in the structures o f L226Q HA, X-31 HA 

and H3 avian HA, revealed that it has a r.m.s.d. on all Cu positions o f 0.13 A, 0.31 A and 

0.36 A in the pairwise comparisons L226QHA/X-31 HA, L226Q HA/H3 avian HA and 

H3 avian H A /X -31 HA, respectively (these values were calculated as indicated in 

2.2.4.4.1). The A/duck/Ukraine/63 virus is considered to be a possible progenitor o f the 

virus that caused the 1968 HK human flu pandemic (Ha et al., 2003), namely due to the 

amino acid sequence and structural similarity o f the H3 avian HA to the H3 human X -31 

HA (see, also, 1.6.7.1).

The conformations o f each o f the conserved secondary structural elements o f the HA RBS 

(above-described; Figure 6) are similar in all HAs studied thus far, with small differences 

accounting for variations in the mode o f binding to different receptor analogues (see 

1.6.7. /). The amino acids present at HA RBS positions 226 and 228, in the 220 loop, in H2 

and H3 HAs have been shown to be correlated with the shift in viral preference between 

avian and human receptors and therefore related to viral interspecies transmission (Connor 

et al., 1994; Naeve et al., 1984). In X-31 HA, they are Leu226 and Ser228; in L226Q HA, 

Gln226 and Ser228; in H3, H5, and H7 avian HAs, and HI swine, HI human and 1918 

HAs, they are Gln226 and Gly228; in H9 swine HA, Leu226 and Gly228. The HI HAs 

have the particularity o f efficiently binding human receptor analogues even though they 

have a Gin at position 226 (Gamblin et al, 2004). They have a particular RBS 

conformation, with the side chain o f Gln226 positioned lower in the site by comparison 

with HAs o f other subtypes also having Gin at the same position. The L226Q HA o f the 

present study and the H9 swine HA (Ha et al., 2001) seem to have an intermediate RBS
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between avian and human. When compared with the above-mentioned HAs, except the HI 

HAs, the L226Q HA has an avian Gln226 but a human Ser228, and the H9 swine HA has a 

human Leu226 and an avian Gly228. Even though positions 226 and 228 o f the H2 and H3 

HA RBS seem to play a major role in the virus receptor specificity, as observed in studies 

o f virus-mediated haemagglutination and virus replication in the colon cells o f  ducks 

(Rogers and Paulson, 1983; Connor et al., 1994; Vines et al., 1998), there are RBS 

mutations at positions other than 226 and 228 that can affect the viral receptor binding 

specificity, as described for the replication o f influenza viruses in cells or tissues from 

different species (Gubareva et al., 1994; Hardy et al., 1995; Robertson et al., 1995). Crystal 

structures o f HA-receptor-analogue complexes that could reveal the molecular basis at the 

RBS for those changes in receptor recognition are not yet described.

Two recent studies using a solid phase binding assay and glycan microarrays also revealed 

the importance o f several different mutations in different regions o f  the H5 avian HA 

molecule for the viral receptor specificity (Stevens et al., 2006a; Yamada et al., 2006).

1.6.7 Crystal structures o f HA in complex with receptor analogues

The crystal structures o f BHA in complex with 3 ’SL, 6 ’SL, and different synthetic Sia 

derivatives have been determined by X-ray crystallography (Weis et al., 1988, 1990; 

Sauter et al., 1992a, 1992b; Watowich et al., 1994; Eisen et al., 1997). M ost o f  the studies 

were done using the X-31 BHA (reviewed in Wiley and Skehel, 1987; Skehel and Wiley, 

2000). More recently, these studies have involved the structures o f  HAs o f different 

subtypes and hosts o f origin in complex with the receptor analogues LSTa and LSTc (see 

below, 1.6.7.1), having been extended to the H3, H5 and H7 avian HAs, HI and H9 swine 

HAs, and HI human HA (Eisen et al., 1997; Ha et al., 2001, 2003; Gamblin et al., 2004; 

Russell et al., 2006). All these structures have a biological significance, at the level of
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receptor binding, in terms o f transmission o f influenza viruses to the human population. 

The H3 and HI HAs are connected with pandemics (see below, 1.6.9) (Eisen et al., 1997; 

Gamblin et al., 2004), H5 avian HA and H9 swine HA with outbreaks in HK in 1997 and 

1999 (Ha et al., 2001), and the H7 avian HA with outbreaks in the Netherlands in 2003 and 

more recently in North America (Russell et al., 2006).

The structure and orientation o f Sia bound on the X-31 HA RBS in all hitherto studied 

H A-receptor-analogue complexes is very similar, regardless o f the receptor analogue 

(Figure 6). One side o f  the pyranose ring forms an interface with the base o f  the site and 

atoms o f the ring substituents, namely the axial carboxylate, the acetamido nitrogen and 

the 8- and 9- hydroxyl groups o f the glycerol arm, face main-chain and side-chain polar 

atoms o f identically-positioned residues to form hydrogen bonds. More precisely, the side 

chain o f  conserved Seri 36 and the amide o f peptide bond 137 are hydrogen bonded to the 

carboxylate; the carbonyl o f peptide bond 135 forms a hydrogen bond with the 5- 

acetamido nitrogen; the side chains o f His 183 and G lul90  hydrogen bond to the 9- 

hydroxyl; Tyr98 forms a hydrogen bond with 8-hydroxyl. The acetamido methyl group 

forms a van der Waals contact with the six-membered ring o f T rp l53 , and the 7-hydroxyl 

and acetamido carbonyl bond to each other and form a van der Waals contact with Leu 194. 

The 4-hydroxyl group has not shown any contribution for binding. Results from binding 

studies and site-directed mutations correlate well with these structural data and confirmed 

the importance o f different residues for the interaction with receptor analogues (reviewed 

in Skehel and Wiley, 2000). The just-described interactions between X-31 HA and the Sia 

o f  different sialosides were shown as being generally conserved in the crystal structures o f 

HAs o f different subtypes in complex with LSTa and LSTc (see, below, 1.6.7.1). The 

contacts between individual HAs and the asialo part o f the receptor analogue are important 

for the definition o f recognition patterns related with the virus receptor binding specificity.
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1.6.7.1 HA in com plex with the receptor analogues LSTa and LSTc

Sialyloligosaccharides bearing terminal Sia(a2-3)Gal or Sia(a2-6)G al linkages have 

different configurations around the glycosidic bond that can be differentially recognised by 

the influenza HA. In the crystal structures o f LSTa and LSTc (see 2.2.1, for a description 

o f the sialyloligosaccharides LSTa and LSTc) with HAs o f different hosts and subtypes 

(Eisen et al., 1997; Ha et ah, 2001, 2003; Gamblin et ah, 2004; Russell et ah, 2006) the 

Sia(a2-3)G al linkage o f LSTa is found in the configurations cis or trans and the S ia(a2- 

6)Gal linkage o f LSTc in the configuration cis (Figures 7-13), which correlate with the 

configurations syn (cis) and anti (trans) determined for a2-3-linked and a2-6-linked 

sialosides in solution by modelling, conformational energy calculations and NMR studies 

(Breg et ah, 1989; Poppe et ah, 1989, 1992; Sabesan et ah, 1991). Figures 7-13 were 

generated using the program Pymol (DeLano, 2006).

The binding conformation o f the avian receptor analogue LSTa is very similar in H3 avian 

HA, H5 avian HA, H7 avian HA and HI human HA, having the trans (or anti) 

configuration about the a2-3-glycosidic linkage (Figures 8A, 9A, 10 and 12A). H3 human 

HA and H9 swine HA bind LSTa in the cis configuration, and HI swine HA seems not to 

bind the avian receptor efficiently (Figures 7A, 11 A, and 13A). The H3 human HA, H9 

swine HA, HI human HA and HI swine HA bind LSTc in the cis (or syn) configuration 

about the glycosidic bond, the H5 avian HA binds it poorly and the H7 avian HA does not 

bind LSTc. However, despite the clear preference o f H3 avian HA for LSTa, it can still 

bind LSTc in the cis configuration, as observed for the H3 human HA (Figures 7B and 

8B). This receptor linkage recognition by the H3 avian HA gives support to the proposal o f 

A/duck/Ukraine/63 virus as the possible progenitor o f  the virus that caused the 1968 HK 

human flu pandemic (Ha et al., 2003). A comparison o f the linkage type and configuration 

o f the Sia-Gal glycosidic linkage preferred by the HAs o f different subtypes and hosts o f
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Figure 7 A. Structure of H3 human HA (X-31) in complex with LSTa

The conformation of LSTa bound on the RBS of X-31 HA is shown. The electron density allowed the 

location o f all five saccharide residues o f LSTa. Selected potential hydrogen bonds between analogue 

and X-31 HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for nitrogen, 

and red for oxygen. Relevant residues o f the HA RBS and atoms o f LSTa and the HA RBS, namely 

those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 

220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as 

shown schematically at the top right of the figure. The side chain o f Leu226 makes van der Waals 

contacts with the Gal-2 o f LSTa (dotted lines) (Eisen et al., 1997). [The coordinates for X-31 HA-LSTa 

were provided by M. B. Eisen]
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Figure 7B. Structure of H3 human HA (X-31) in complex with LSTc

The conformation o f LSTc bound on the RBS of X-31 HA is shown. The electron density allowed the 

location of all five saccharide residues of LSTc. Selected potential hydrogen bonds between analogue and 

X -31 HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for nitrogen, and red 

for oxygen. Relevant residues of the HA RBS and atoms of LSTc and the HA RBS, namely those 

involved in the selected interatomic contacts, are specifically identified (see Table 11, Appendix IV). The 

three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 220 loop - are also 

indicated. The arrow indicates the configuration around the glycosidic bond, as shown schematically at 

the top left o f the figure. The side chain o f Leu226 makes van der Waals contacts with the Gal-2 of LSTc 

(dotted lines) (Eisen et al., 1997). [The coordinates for X -31 HA-LSTc were provided by M. B. Eisen]
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Figure 8A. Structure of H3 avian HA (Dk/Ukraine/1/63) in complex with LSTa

The conformation of LSTa bound on the RBS o f H3 avian HA is shown. The electron density allowed the 

location o f only the first three saccharide residues of LSTa. Selected potential hydrogen bonds between 

analogue and H3 avian HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms o f LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 

220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as shown 

schematically at the top right of the figure (Ha et al., 2003). [The coordinates for H3 avian HA-LSTa were 

obtained from the Research Collaboratory for Structural Bioinformatics (RCSB)/Protein Data Bank 

(PDB), accession code lmqm]
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Figure 8B. Structure of H3 avian HA (Dk/Ukraine/1/63) in complex with LSTc

The conformation of LSTc bound on the RBS o f H3 avian HA is shown. The electron density allowed the 

location o f only the first two saccharide residues of LSTc. Selected potential hydrogen bonds between 

analogue and H3 avian HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of LSTc and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 11, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 

220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as shown 

schematically at the top left o f the figure (Ha et al., 2003). [The coordinates for H3 avian HA-LSTc were 

obtained from RCSB/PDB, accession code 1 mqn]
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Figure 9A. Structure of H5 avian HA (Dk/Singapore/3/97) in complex with LSTa

The conformation o f LSTa bound on the RBS o f H5 avian HA is shown. The electron density allowed the 

location of only the first three saccharide residues o f LSTa. Selected potential hydrogen bonds between 

analogue and H5 avian HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues o f the HA RBS and atoms of LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 220 

loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as shown 

schematically at the top right of the figure (Ha et al., 2001). [The coordinates for H5 avian HA-LSTa were 

obtained from RCSB/PDB, accession code ljsn]
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Figure 9B. Structure of H5 avian HA (Dk/Singapore/3/97) in complex with LSTc

Only the Sia of LSTc, bound on the RBS of H5 avian HA, could be fitted in the electron density. 

Selected potential hydrogen bonds between analogue and H5 avian HA are shown as dashed lines. 

Atoms are coloured as: green for carbon, blue for nitrogen, and red for oxygen. Relevant residues of the 

HA RBS and atoms of Sia and the HA RBS, namely those involved in the selected interatomic contacts, 

are specifically identified (see Table 11, Appendix IV). The three main secondary structural elements of 

the HA RBS - 130 loop, 190 helix and 220 loop - are also indicated (Ha et al., 2001). [The coordinates 

for H5 avian HA-LSTc were obtained from RCSB/PDB, accession code Ijso]
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Figure 10. Structure of H7 avian HA (Turkey/Italy/02) in complex with LSTa

The conformation of LSTa bound on the RBS of H7 avian HA is shown. The electron density allowed the 

location of only the first three saccharide residues of LSTa. Selected potential hydrogen bonds between 

analogue and H7 avian HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 

220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as show 

schematically at the top left o f the figure (Russell et al., 2006). [The coordinates for H7 avian HA-LSTa 

were provided by R. J. Russell]
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Figure 11 A. Structure of H9 swine HA (Sw/Hong Kong/9/98) in complex with LSTa

The conformation o f LSTa bound on the RBS of H9 swine HA is shown. The electron density allowed the 

location of only the first two saccharide residues of LSTa. Selected potential hydrogen bonds between 

analogue and H9 swine HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 

220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as shown 

schematically at the top left o f the figure. The side chain of Leu226 makes van der Waals contacts with 

the Gal-2 of LSTa (dotted lines) (Ha et al., 2001). [The coordinates for H9 swine HA-LSTa were obtained 

from RCSB/PDB, accession code ljsh]
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Figure 11B: Structure of H9 swine HA (Sw/Hong Kong/9/98) in complex with LSTc

The conformation of LSTc bound on the RBS of H9 swine HA is shown. The electron density allowed the 

location o f all five saccharide residues o f LSTc. Selected potential hydrogen bonds between analogue and 

H9 swine HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for nitrogen, and red 

for oxygen. Relevant residues o f the HA RBS and atoms of LSTc and the HA RBS, namely those involved 

in the selected interatomic contacts, are specifically identified (see Table 11, Appendix IV). The three main 

secondary structural elements of the HA RBS - 130 loop, 190 helix and 220 loop - are also indicated. The 

arrow indicates the configuration around the glycosidic bond, as explained at the top left o f the figure. The 

side chain of Leu226 makes van der Waals contacts with the Gal-2 of LSTc (dotted lines) (Ha et al., 2001). 

[The coordinates for H9 swine HA-LSTc were obtained from RCSB/PDB, accession code Ijsi]
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Figure 12A. Structure of HI human HA (Puerto Rico/8/34) in complex with LSTa

The conformation of LSTa bound on the RBS o f HI human HA is shown. The electron density allowed the 

location of only the first three saccharide residues of LSTa. Selected potential hydrogen bonds between 

analogue and HI human HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms o f LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see Table 10, 

Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 220 

loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, as shown 

schematically at the top right of the figure (Gamblin et al., 2004). [The coordinates for HI human HA-LSTa 

were obtained from RCSB/PDB, accession code lrvx]
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Figure 12B. Structure of HI human HA (Puerto Rico/8/34) in complex with LSTc

The conformation o f LSTc bound on the RBS of HI human HA is shown. The electron density allowed 

the location o f only the first three saccharide residues of LSTc. Selected potential hydrogen bonds 

between analogue and HI human HA are shown as dashed lines. Atoms are coloured as: green for 

carbon, blue for nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of LSTc and 

the HA RBS, namely those involved in the selected interatomic contacts, are specifically identified (see 

Table 11, Appendix IV). The three main secondary structural elements of the HA RBS - 130 loop, 190 

helix and 220 loop - are also indicated. The arrow indicates the configuration around the glycosidic bond, 

as explained at the top left o f the figure (Gamblin et al., 2004). [The coordinates for HI human HA-LSTc 

were obtained from RCSB/PDB, accession code lrvz]
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Figure 13A. Structure of HI swine HA (Sw/Iowa/15/30) in complex with LSTa

Only the Sia o f LSTa, bound on the RBS o f HI swine HA, could be fitted in the electron density. Selected 

potential hydrogen bonds between analogue and HI swine HA are shown as dashed lines. Atoms are 

coloured as: green for carbon, blue for nitrogen, and red for oxygen. Relevant residues of the HA RBS 

and atoms of Sia and the HA RBS, namely those involved in the selected interatomic contacts, are 

specifically identified (see Table 10, Appendix IV). The three main secondary structural elements o f the 

HA RBS - 130 loop, 190 helix and 220 loop - are also indicated (Gamblin et al., 2004). [The coordinates 

for HI swine HA-LSTa were obtained from RCSB/PDB, accession code Irvo]
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Figure 13B. Structure of HI swine HA (Sw/Iowa/15/30) in complex with LSTc

The conformation of LSTc bound on the RBS of HI swine HA is shown. The electron density 

allowed the location of all five saccharide residues of LSTc. Selected potential hydrogen bonds 

between analogue and HI swine HA are shown as dashed lines. Atoms are coloured as: green for 

carbon, nitrogen (blue) and oxygen (red). Relevant residues of the HA RBS and atoms o f LSTc and 

the HA RBS, namely those involved in the selected interatomic contacts, are specifically identified 

(see Table 11, Appendix IV). The three main secondary structural elements o f the HA RBS - 130 

loop, 190 helix and 220 loop - are also indicated. The arrow indicates the configuration around the 

glycosidic bond, as shown schematically at the top left o f the figure (Gamblin et al., 2004). [The 

coordinates for HI swine HA-LSTc were obtained from RCSB/PDB, accession code lrvt]
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origin in complex with LSTa and LSTc is shown in Table 1. This comparison focuses on 

the influence o f the HA RBS residues 226 and 228 on the receptor binding behaviour o f 

the just mentioned different HAs (see 1.6.6).

Besides the configuration o f  the Sia-Gal glycosidic bond, the conformation o f the first 

three saccharide residues o f LSTa and LSTc is also determinant for the receptor 

recognition mechanism o f  HA (see Figure 16). LSTa binds HA in an extended 

conformation, while LSTc binds in a folded conformation (Figures 7-13), stabilised by 

intramolecular interactions (Eisen et al., 1997). The sequences o f  LSTa and LSTc are 

Neu5A c(a2-3)Gal(P 1 -3)GlcNAc(P 1 -3)Gal(P 1 -4)Glc and N eu5A c(a2-6)Gal(P 1 -4)GlcNAc 

(p l-3)G al(p l-4)G lc , respectively. LSTc contains the terminal 6 ’SLN sequence, having 

GlcNAc as the third sugar residue, which seems to be essential for the formation o f  the 

folded conformation, as the unrelated inhibitor 3,6-disialyllactosamine, also having 

GlcNAc as the third sugar, adopts the same folded conformation in the RBS o f X -31 HA, 

whereas 6 ’SL, which is identical to the fist two saccharides o f  LSTc but has Glc as the 

third residue, binds X-31 HA in an extended conformation (Eisen et al., 1997). The 

trisaccharide 6 ’SLN is abundant at the terminal positions o f natural glycoconjugates and 

therefore LSTc is a more appropriate analogue o f the natural receptors for influenza A 

virus (Matrosovich and Klenk, 2003; Eisen et al., 1997).

Examples o f relevant HA-receptor analogue interactions in the structures o f the complexes 

o f LSTa and LSTc with H3 human HA, H3 avian HA, H5 avian HA, H7 avian HA, H9 

swine HA, HI swine HA and HI human HA are shown in Figures 7-13, and a more 

detailed analysis in comparison with the LSTa-L226Q HA and LSTc-L226Q HA 

complexes is presented in Chapter 4.
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HA RBS residue 
226

RBS residue 
228

Linkage
preference

LSTa(a2,3)
configuration

LSTC(o2,6)
configuration

H3 human Leu Ser a.2,6 cis cis

H3 avian Gin Gly a2,3 trans cis

H5 avian Gin Gly a2,3 trans ?

H7 avian Gin Gly a2,3 trans —

H9 swine Leu Gly a 2 , 6 cis cis

HI human Gin Gly a2,6/a2,3 trans cis

HI swine Gin Gly a 2 , 6 ? cis

Table 1: Linkage type and configuration preferred by HAs of different subtypes 

and hosts of origin

Comparison o f the Sia-Gal linkage type and configuration preferred by HAs o f different subtypes and 

hosts o f  origin in relation to the RBS residues 226 and 228. The linkage preference o f the different HAs 

for a2,3 or a2,6 linkages analysed in different binding assays (see 1.6.2, 4.7.1.1 and 4.7.2.1) and the Sia- 

Gal linkage configuration o f LSTa and LSTc seen in the crystal structures o f the HAs in complex with 

those receptor analogues are indicated (see Figures 7-13). The influence o f the amino acid residue at the 

RBS positions 226 and 228 on receptor binding by HA is discussed in the text (see 1.6.6, 4.8.1.2, 4.8.1.3 

and 4.8.4). The HI human HA binds equally to a2,6 and a2,3 linhages (dual preference) (see 4.8.1.1). 

The H7 avian HA did not bind LSTc. The configuration o f LSTa and LSTc in complex with HI swine HA 

and H5 avian HA, respectively, is not known, since in the HI swine HA-LSTa and H5 avian HA-LSTc 

structures only the Sia residue o f the receptor analogue could be seen.
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1.6.8 Correlation between linkage specificity and host o f origin

1.6.8.1 Avian viruses

The primary natural reservoir o f  influenza A viruses are wild aquatic birds, which are hosts 

for all currently known 16 HA and 9 NA antigenic subtypes (Fouchier et al., 2005; 

reviewed in W ebster et al., 1992; Alexander, 2000; Horimoto and Kawaoka, 2001). These 

viruses occasionally transm it to sea mammals, land-based poultry, horses, swine and 

humans, causing infections o f  different severities. The inter-species transmission o f 

influenza viruses rarely gives rise to a virus adapted to the new host. The transmitted 

viruses usually have a poor fitness in the new host, only occasionally being able to 

efficiently replicate and transm it between individuals and continue to circulate for 

prolonged periods o f  time, forming a stable host-specific virus lineage. All known lineages 

o f  influenza A viruses identified in land-based birds and mammals derived from viruses o f 

wild aquatic birds.

Wild ducks have a major role in the perpetuation o f influenza viruses in nature (W ebster et 

al., 1992). In ducks, the viruses mainly target cells o f the intestinal tract mucosa, where 

they replicate, and do not lead to significant evidence o f  disease (Slemons and Easterday, 

1977; W ebster et al., 1978). The efficient transmission o f these viruses through a fecal-oral 

route in the wild duck population (reviewed in W ebster et al., 1992; W ebster, 1997) 

together with the avirulent nature o f the infection seem to have formed the conditions for 

the establishment o f ducks as the natural reservoir for influenza viruses.

Avian viruses o f different subtypes were reported to preferentially bind to a2-3-linked Sias 

than to a2-6-linked ones (Rogers and D ’Souza, 1989; Nobusawa et al., 1991; Connor et 

al., 1994; Gambaryan et al., 1997; Matrosovich et al., 1997, 1999, 2000). Histochemical 

analysis o f  duck intestinal epithelial cells using linkage-specific lectins revealed the 

presence o f Neu5Ac(a2-3)Gal-term inated sequences but no detectable expression o f
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N eu5Ac(a2-6)Gal (Ito et al., 2000). Confirming a lack o f N eu5A c(a2-6)Gal-term inated 

receptors in the duck intestine, human viruses were found not to bind to plasma 

membranes isolated from duck intestinal cells (Gambaryan et al., 2002). Therefore, the 

receptor specificity o f  duck viruses is linked to the predominance o f  N eu5A c(a2-3)Gal- 

terminated oligosaccharides at the surface o f  the cells where the viruses replicate.

1.6.8.2 Swine viruses

In the laboratory and in natural conditions, swine is susceptible to infection by both avian 

and human influenza viruses (Hinshaw et al., 1981; Kida et al., 1994; reviewed in 

Scholtissek et al., 1998). The introduction o f viruses from other hosts only rarely leads to 

the establishment o f  stable virus lineages, as observed in other mammals. H3N2 viruses, 

which have been circulating in humans since the 1968 pandemic originated the H3N2 

human-like swine virus lineages.

Pigs are seen as ‘mixing vessels’, because they are easily infected with avian and human 

influenza viruses, forming the conditions for reassortment between the two differently 

originated viruses that can lead to the emergence o f pandemic strains (Scholtissek et al., 

1985). Only a few H3N2 swine viruses showed similar receptor binding specificity to 

human viruses (Higa et al., 1985; Suzuki et al., 1997). The presence o f  both Sia(a2-6)G al 

and Sia(a2-3)G al determinants can be detected on the surface o f pig respiratory epithelia 

(Ito et al., 1998), which may explain the human virus-like specificity o f  pig viruses and the 

susceptibility o f  pigs to both avian and human viruses.

1.6.8.3 Human viruses

All human viruses have high affinity for receptor analogues with terminal Neu5A c(a2- 

6)Gal moieties and usually bind weakly to Neu5Ac(a2-3)Gal-term inated receptors, as
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shown in studies o f  the binding by many human influenza A (H I, H2 and H3) and B 

viruses to derivatised erythrocytes, gangliosides, sialylglycoproteins and 

sialylglycopolymers (Rogers and Paulson, 1983; Suzuki et al., 1985, 1986; Rogers and 

D ’Souza, 1989; Xu et al., 1994; Connor et al., 1994; Ito et al., 1997; Gambaryan et al., 

1997, 1999; M atrosovich et al., 2000). In most o f these studies, a2-6-linked analogues 

were represented by the 6 ’SLN [N eu5A ca2-6Gaipi-4G lcN A c]. Presently, 6 ’SLN appears 

to be the most probable receptor determinant used by human influenza A and B viruses in 

nature, as it is abundant in natural sialylglycoconjugates and binds with high affinity to all 

human virus strains (M atrosovich and Klenk, 2003).

The ciliated epithelium o f  the human respiratory tract consists o f  several distinct cell types 

with different functions (Jeffery and Li, 1997). Neither the initial target cells for influenza 

virus nor the specific cell types supporting virus replication have been defined. In 

differentiated cultures o f  human airway epithelium, it was observed that during the course 

o f  a single-cycle infection, human viruses preferentially infect non-ciliated cells, whereas 

avian viruses, and an egg-adapted human virus variant with avian-virus-like receptor 

specificity, mainly infect ciliated cells (Matrosovich et al., 2004). This pattern correlated 

with the predominant location o f a2-6-linked Sias on non-ciliated cells and o f a2-3-linked 

Sias on ciliated cells. These results suggest that differences in replication and 

pathogenicity o f human and avian viruses in humans may be related to the differential 

cellular tropism o f  the viruses.

1.6.9 Pandem ic human influenza viruses and receptor specificity

Antigenic shift and antigenic drift are the major mechanisms o f  the evolution o f influenza 

viruses in humans (reviewed in Kilboume, 1987; Murphy and Webster, 1996; Cox and 

Subbarao, 2000). Antigenic shift occurs when a virus carrying HA or both HA and NA
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genes from a different host emerges in the human population (reassortant viruses; see 

below). These new strains can cause a pandemic because humans lack immunity to the 

new HA and NA proteins, which are the two major influenza virus antigens (see 1.2). The 

evolution o f  pandemic viruses continues by the accumulation o f point mutations that result 

in progressive changes o f  the HA and NA amino acid sequences (antigenic drift). The 

three pandemics o f  the twentieth century - ‘Spanish’ flu (H IN I virus, 1918), ‘A sian’ flu 

(H2N2 strain, 1957) and ‘Hong K ong’ flu (H3N2, 1968) - were caused by the transmission 

into humans o f entire viral genom es or individual virus genes from non-human hosts. The 

‘Russian’ flu in 1977 was caused by the reappearance o f an H1N1 human virus that was 

genetically very similar to the virus circulating in the 1950s. The H2N2 lineage was 

substituted by the H3N2 in 1968, but descendents o f the H3N2 and H1N1 pandemic 

viruses are still circulating in the human population together with type B viruses, which 

may have arisen by an ancient transmission o f an avian virus to humans (W ebster et al., 

1992).

Two human pandemics in the last century were caused by reassortant viruses carrying HA 

(H3N2, 1968), or both HA and NA (H2N2, 1957), derived from avian influenza viruses 

(reviewed in W ebster et al., 1992; Cox and Subbarao, 2000). Studies o f  receptor specificity 

revealed that the earliest virus isolates from these pandemics, in contrast with closely 

related avian viruses, bind strongly to 6 ’SLN-containing receptors and have a low affinity 

for a2-3-linked receptor determinants (Rogers and Paulson, 1983; Suzuki et al., 1986; 

Connor et al., 1994; M atrosovich et al., 2000). The pandemic o f  1918 likely originated 

from an avian virus that was transmitted to humans as a whole (W ebster et al., 1992; 

Taubenberger et al., 1997). Binding studies o f  recombinant viruses containing the HA and 

NA genes from the 1918 strain suggested a human virus receptor specificity for the 1918 

pandemic viruses (Reid et al., 2003; M atrosovich et al., 2000; Kobasa et al., 2004).
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Crystallographic studies o f  the 1918 HA, and two related HI HAs in complex with LSTa 

and LSTc, also suggest the preference o f  the 1918 virus for human receptors (Gamblin et 

al., 2004). Therefore, the acquisition o f a binding preference for 6 ’SLN in comparison with 

N eu5Ac(a2-3)Gal occurred relatively soon after the introduction o f avian H I, H2 and H3 

HAs in humans, at least by the time the viruses from these human epidemics were isolated. 

The H5N1 chicken viruses that directly infected humans in HK in 1997 (Claas et al., 1998; 

Subbarao et al., 1998) kept the avian receptor specificity (M atrosovich et al., 1999) but 

gave no indications o f  efficient human-to-human transmission. Thus, although avian 

viruses showing no significant modifications in their receptor binding preference can 

directly infect humans and even cause a fatal disease, changes in receptor specificity seem 

to be required for effective virus transmission between humans. H5N1 viruses o f the 

present ‘bird flu’ outbreaks isolated from humans can bind both human (6 ’SLN) and avian 

(3 ’SLN) receptors. A few HA mutations, identified as mediating a shift to Siaa2,6G al 

recognition, may be used as markers o f  pandemic potential (Yamada et al., 2006).

There are only a few amino acid substitutions in the HA o f the earliest human isolates 

corresponding to H2 and H3 avian viruses (Bean et al., 1992; Connor et al., 1994; Klimov 

et al., 1996). These alterations included mutations at positions 226 (Gin to Leu) and 228 

(Gly to Ser). Studies comparing the receptor specificity o f  laboratory-derived viruses with 

field virus isolates that differ at these HA positions indicate that the substitution 

G ln226—»Leu226 is required for virus binding to a2,6-linked Sias (Rogers et al., 1983, 

1985; Matrosovich et al., 1993, 1997, 2000; Vines et al., 1998) and that the additional 

mutation Gly228—>Ser228 increases the binding affinity (M atrosovich et al., 2000). The 

HAs o f  H2 viruses isolated in 1957 that had Leu226 but maintained the avian-like Gly228 

may represent the first intermediary HA in the adaptation o f the avian H2 HA to humans 

(Klimov et al., 1996).
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1.6.10 Changes in receptor specificity during egg-adaptation o f human  

influenza viruses

Traditionally, influenza viruses are grown in the allantoic cavity o f  embryonated chicken 

eggs. However, it was a long ago recognised (Burnet and Bull, 1943) that egg-grown 

viruses differ considerably from the original virus isolates. They noticed that the original 

viruses isolated from human throat washes grew in the amniotic but not in the allantoic 

cavity o f  eggs. Viruses adapted to grow in the allantoic cavity gave rise to derivative 

viruses showing altered patterns o f  agglutination o f chicken and guinea pig erythrocytes. 

The original to derivative changes were identified by different studies in the 1980s as the 

result o f  amino acid substitutions around the HA RBS (reviewed in Robertson, 1993). 

Several variants with different substitutions can be derived from a single human specimen, 

but usually only one or occasionally two substitutions are found in each variant. Viruses 

that belong to different HA types and subtypes acquire distinct substitutions, type- and 

subtype- and strain-specific, during egg adaptation. On the other hand, unlike egg-adapted 

variants, human viruses isolated in Madin-Darby canine kidney (M DCK) cell cultures are 

usually homogeneous with unaltered HA sequences (Katz et al., 1990; Robertson et al., 

1990, 1991; Katz and Webster, 1992).

Cells o f  the egg amniotic membrane and MDCK cells express both N eu5A c(a2-6)G al and 

N eu5Ac(a2-3)Gal virus determinants, while cells o f  chicken embryo chorio-allantoic 

membrane (CAM) contain N eu5A c(a2-3)Gal but not N eu5A c(a2-6)Gal determinants (Ito 

et al., 1997). Gambaryan et al. (1997) demonstrated that non-egg adapted human influenza 

A and B viruses do not bind to Neu5Ac(a2-3)Gal-containing receptors, w hereas all their 

egg-adapted variants acquire this ability. All egg-adapted viruses had increased affinity for 

receptors on CAM cells compared to their non-adapted parents and neither egg-adapted 

variant displayed a decreased affinity for inhibitors present in the allantoic fluid
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(Gambaryan et al., 1999). All these results suggest that eggs select receptor-binding 

variants o f human viruses that have increased affinity for Neu5Ac(a2-3)Gal-containing 

receptors on the target cells o f  CAM. By contrast, the cells o f the amniotic membrane and 

MDCK cells appear to express sufficient amount o f N eu5Ac(a2-6)Gal determinants to 

permit relatively unrestricted growth o f  human viruses.

The enhancement o f  HA atomic interactions with the Neu5Ac(a2-3)Gal moiety is one o f 

the mechanisms proposed for the increased binding to CAM cells o f viruses containing 

HAs with amino acid substitutions derived from egg-adaptation (Gambaryan et al., 1997;

1999).

Substitutions in the HA o f  egg-adapted H I, H3 and B influenza viruses, in addition to 

enhancing the affinity for Neu5Ac(a2-3)Gal-term inated receptors, also decrease the 

affinity o f viruses for 6 ’SLN-containing receptors (Gambaryan et al., 1999). It was 

concluded that the decreased binding o f  egg-adapted human viruses to equine qli- 

macroglobulin, which contains 6 ’SLN-terminated biantennary carbohydrates, was due to a 

decreased binding to the 6 ’SLN moieties associated with an increased binding to 

Neu5Ac(a2-3)Gal-term inated receptors. The selection o f the X-31/HS virus variant 

containing the L226Q HA (used in this project) from the parent virus X-31 (Rogers et al., 

1983a) would be connected with a decreased affinity o f the L226Q HA for the 6 ’SLN 

moieties o f  the X -31 inhibitor (X2-macroglobulin and its enhanced affinity for Neu5 A c(a2- 

3)Gal-terminated sialosides in the chicken embryo chorio-allantoic cavity, which is 

devoided o f  Sia(a2-6)Gal receptor determinants (Ito et al., 1997). Evidence for the 

preferential binding o f  X-31/HS to 3 ’SL relative to 6 ’SLN in contrast with the preference 

o f X-31 for 6 ’SLN in comparison with 3 ’SL was obtained in competitive binding assays o f 

solid-phase immobilised viruses to soluble sialosides (Matrosovich et al., 1993, 1997).
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1.7 H A-m ediated M em brane Fusion

Receptor-binding by HA does not induce any significant conformational changes in HA 

(see above). This initial event o f  viral infection allows the virus to attach to the target cell 

surface and subsequently be captured by endocytic vesicles. The trigger for a fusion- 

inducing conformational change is the binding o f one or more protons, as the pH o f the 

endosome becomes progressively lower. Most strains o f  influenza A have a critical fusion 

pH o f  about 5.0-5.5, corresponding to the pH o f a relatively late endosomal compartment. 

No particular titrating residue can be found as causing the conformational transition. A 

cooperative conformational rearrangement occurs immediately after a threshold o f protein 

charge is obtained (Daniels et al., 1985).

1.7.1 HA structural changes required for m em brane fusion

The crystal structure o f  the HA precursor HAo (Chen et al., 1998a) suggested that, after 

cleavage o f  the surface loop connecting HAi and HA2 , structural rearrangements occur in 

which the newly formed H A 2 N-terminus, presumably guided by electrostatic forces, 

moves into a charged cavity, burying ionisable residues implicated in the low pH-induced 

conformational change. This seems to be a priming event by which the membrane fusion 

potential o f  HA is activated. In the next cycle o f infection, HA binds, through HAi, to the 

terminal Sias o f the cellular receptors and at the low endosomal pH, in the range o f 5 to 6 

for influenza A, the HAi subunits detrimerise, while maintaining their individual structure 

(Bizebard et al., 1995), and the HA 2 trimer undergoes extensive refolding (Bullough et 

al., 1994), leading to exposure o f  the fusion peptide and an irreversible conformational 

change o f  the molecule (Skehel et al., 1982). These fusion pH-induced HA structural 

changes underlie the membrane fusion process (Figure 14A). Using hydrophobic 

photolabels, it was shown that only HA 2 residues 1-22, corresponding to the fusion
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Figure 14. M olecular events of m em brane fusion m ediated by influenza HA 

(A) HA conform ational changes associated w ith its m em brane fusion activity

The HAo precursor is cleaved at a loop (green) exposed on the surface of the molecule and the resulting fusion peptide, at the newly formed N-terminus of HA2 (red), is buried in 

the interior o f the trimer (priming event). At the fusion pH, the globular HA] (slate) domains at the membrane-distal tip o f the molecule detrimerise and the HA2 subunit refolds 

extensively to join fusion peptides and membrane anchors at the same tip o f the new low pH-induced conformation (activation). The representation of HA at the fusion pH 

conformation corresponds to a hypothetical model, based on experimental indications (see text for details). In the latter representation, HA| is the X-31 HAi subunit (residues 44- 

309) and HA2 the E. coli-expressed EHA2 trimer (HA2 residues 23-185; see 1.7.4), and the connectors of the HAi subunits to the HA2 trimer were drawn. The coordinates for 

HAo, X-31 HA and EHA2 were obtained from RCSB/PDB, accession codes lhaO, lhgf and lqul, respectively. Oligosaccharides and corresponding Asn side chains, and disulfide 

bonds are coloured as in Figure 3. *: potential location stemming from shown structure. [The figure was generated using the program Pymol (DeLano, 2006)]



Figure 14B. Detail of the fusion pH-induced HA conformational change

Ribbon representation o f the structural changes induced by fusion pH in each monomer o f the HA molecule. 

The crystal structure of BHA (Wilson et al., 1981) is shown on the left. HA] is shown in cyan and HA2 in 

multicolour. HA] residue 27 and HA2 residue 37 are recognised by trypsin and thermolysin, respectively. 

Before residue 43 and after residue 309, HA] is disordered in the determined crystal structure after fusion 

pH incubation (Bizebard et a l ,  1995), shown in cyan on the right together with that o f TBHA2 in 

multicolour (Bullough et al., 1994). The multicolour shows the details o f the fusion pH-induced 

conformational change (see text). Discontinuous lines indicate regions o f the molecule for which the crystal 

structure is not known in virus-derived protein.
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Figure 14C. Hypothetical mechanism for membrane fusion by influenza HA

After the priming and activation events described in Figure 14A, a number o f HA trimers in the fusion pH- 

induced conformation form a ring-like complex, which mediates the formation o f a fusion pore (see text for 

details). The HA, subunits are coloured in slate and the HA2 trimer in red.
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peptide, o f HA in the fusion pH conformation were inserted into a membrane (Durrer et 

al., 1996). The covalent (Godley et al., 1992) or antibody-mediated (Barbey-M artin et al., 

2002) cross-linking o f the HAi subunits o f the HA molecule prevents the fusion pH- 

induced conformational changes. The covalent cross-linking o f the HAi subunits was also 

shown to abolish the membrane fusion activity o f the HA.

1.7.2 Im plications for crystallography from the fusion pH-induced HA 

conform ational changes

Two features o f the fusion pH-induced structural changes in the HA molecule constituted a 

problem for crystallographic studies o f its fusion pH conformation. The exposed fusion 

peptide confers a highly hydrophobic character to the BHA molecule, which tends to form 

aggregates (Skehel et al., 1982) unsuitable for crystallisation. The aggregation problem 

was solved cleaving o ff the region o f the molecule containing the fusion peptide. The other 

difficulty for crystallography stems from the fact that, upon detrimerisation, the HAj 

subunits are kept attached to the central HA2 trimer through structurally disordered 

polypeptide stretches (Bizebard et al., 1995), which make the HA molecule too unstable to 

form a crystal lattice. In the neutral pH conformation o f the HA molecule, the HAi trimer 

is thought to trap the HA2 subunits in a metastable state. The endosomal pH acts as a 

trigger that sets the trimeric HA2 subunit free o f the HAi belt, assuming its lowest state of 

free energy. This feature o f the fusion pH-induced conformational changes o f HA indicates 

that the crystal structure o f HA, in the neutral pH conformation, can only be known for the 

complete molecule and, in the fusion pH conformation, only for HA 2 or HAj, separately.
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1.7.3 Structural details o f the fusion pH-induced HA conform ational 

change

The details o f the fusion pH-induced structural transition were determined by comparing 

the crystal structures o f BHA and thermolysin-solubilised BHA 2 (TBHA 2 ) (Bullough et 

al., 1994). Indications that the BHA trimer had undergone a low pH-induced 

conformational change, exposing the fusion peptide, were the fact that BHA became 

susceptible to trypsin digestion and aggregated upon incubation at fusion pH (Skehel et al., 

1982). TBHA 2 was derived from BHA aggregates (Ruigrok et al., 1988) by cleavage with 

trypsin, which removes the majority o f HAi, and then thermolysin, which removes a HA2 

N-terminal stretch containing the fusion peptide (Figure 15). The crystal structure of 

TBHA 2 indicated that three major fusion pH-induced refolding events occurred in the 

native HA molecule (Figure 14B). A loop and short a-helix  (orange and red) in native HA 

became an extension o f the central coiled coil in TBHA 2 (residues 76-105 extended to 38- 

105), presumably relocating the fusion peptide over 100A from its previously buried 

position. The middle o f the long a-helix (green) o f native HA2 unfolded to form a reverse 

turn, and the second half o f the long a-helix (deep blue) jackknifed back, lying antiparallel 

to the first half and relocating the C-terminal residues by more than 100A in relation to 

coiled-coil residues 76-105 (yellow), which remained unaltered in TBHA 2 relative to 

BHA. Residues 141-175 (purple), located C-terminally to a small P-sheet hairpin, appear 

to have been extruded from a compact association in the native HA 2 into a mostly 

extended structure, packing within the grooves o f adjacent a-helices in the extended 

coiled-coil o f TBHA 2 .

1.7.4 Escherichia co/i-expressed H A2 molecules

Different constructions o f HA 2 (Figure 15) expressed in E. coli, namely E. co//-expressed
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Figure 15. HA molecules previously studied or under study

Schematic o f influenza virus-derived HA molecules, namely the ones used in the present study (HA, 

BHA, HA2 and BHA2) and previously studied (BHA, TBHA2), and E. coli-expressed (EBHA2, FI85 

and EHA2). The crystal structure o f EBHA2 and FI85 was not determined. TM: transmembrane 

anchor. S-S: interchain disulphide bond from HA| Cys 14 to HA2 Cys 137. (Adapted from: Chen et 

al., 1999).
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TBHA 2 (EBHA 2), residues 38-175, E. co//-expressed flag-tagged HA 2 (F I85), residues 1- 

185 solubilised by a N-terminal hydrophilic tag, and E. co/Z-expressed soluble HA 2 

(EHA 2), residues 23-185, spontaneously assembled in the fusion pH conformation 

(respectively: Chen et al., 1995; 1998b; 1999). This fact gave further indications that the 

viral native HA2 is freed into its more stable state upon incubation at the fusion pH. The 

released free energy may be used as activation energy to overcome the unfavourable 

coulombic repulsive interactions as consequence o f juxtaposition o f the viral and 

endosomal membranes to be fused. The crystal structure o f EHA2 (Chen et al., 1999) 

confirmed the indications given by that o f TBHA 2 that the C-terminal regions o f HA 2 pack 

in a mostly extended arrangem ent against the inner trimeric coiled coil, forming a rod­

shaped HA 2 molecule, and revealed the presence o f a conserved structure terminating and 

capping the coiled coil, the N-cap domain, that may confer an extra stability to the 

molecule and ensure that transmembrane anchors and fusion peptides are firmly gathered 

together at the tip o f the molecule.

1.7.5 Unknown structural aspects o f the H A-m ediated m em brane fusion 

m echanism

Theoretically, the fusion o f  two lipid vesicles implies the interaction o f their membranes to 

form pores through which the vesicle contents will interchange. Presumably, the pore 

formation starts by the fusion o f the outer leaflets o f membrane bilayers, producing a stalk 

structure. This defines a hemifusion event, as the transfer o f contents between the fusing 

vesicles is not yet possible. The subsequent fusion o f the inner monolayers completes the 

membrane fusion process resulting in the formation o f a pore. Stepping from these 

concepts, the influence o f  lipid composition on fusion may reflect the necessary membrane 

curvature to form hemifusion and a complete fusion pore; the interaction o f the fusion
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peptide with the target membrane may facilitate the formation o f stalks, leading to 

hemifusion; the membrane anchors, presumably by interaction with the fusion peptides in 

a trimer, are required to complete the pore; and the assembling o f a multi-trimeric HA 

complex forming a ring-like fence around the hemifusion stalk may prevent the extension 

o f  hemifusion, favouring the pore formation (Figure 14C); also, the formation o f a 

completely proteinaceous pore may precede the formation o f a lipid pore. Experimental 

support and models for all these indications have been reported (reviewed in Skehel and 

Wiley, 2000; Cross et al., 2001; Tamm, 2003), but there is not a consensus that could 

define a general mechanism for a complete membrane fusion event.

The soluble molecules used in the previous crystallographic studies o f  HA, in both native 

or fusion pH-induced conformations, lacked exposed membrane-interacting regions, due to 

the problems associated with their aggregation-inducing character (reviewed in Skehel and 

Wiley, 2000). Therefore, the crystal structure o f full-length HA in the native conformation 

containing transmembrane anchors or that o f full-length HA 2 in the fusion pH-induced 

conformation containing fusion peptides or both fusion peptides and transmembrane 

anchors is not known. The presence o f the membrane-interacting regions may have 

implications for the structure o f the whole HA or HA2 molecules (Figure 15). And the 

comparison o f  the structural details o f the transmembrane anchors and fusion peptides in a 

trimer in the native or fusion pH-induced conformation would give indications for features 

like angle o f entry, conformation inside the membrane and mediation o f intra or inter- 

trimer contacts, helping to understand how the structure o f the viral and endosomal 

membranes is disturbed, leading to their fusion.

In the native soluble HA molecule the highly conserved fusion peptide is in an extended 

conformation (Wilson et al., 1981). It is rich in glycines, suggesting that flexibility or 

potential for an unusual conformation o f that region may be required for membrane fusion.

79



Structural spectrometric studies using synthetic fusion peptide analogues indicate about 

45% a-helical content in liposomes. But the fact that these peptides depend on low pH for 

fusion and membrane interaction is in disagreement with observations that the pH o f 

fusion by HA correlates with the pH o f its conformational change (Skehel et al., 2001). In 

a construct made to solubilise the highly aggregating fusion peptide, this one assumed a 

monomeric V-shaped structure, forming a hydrophobic core, in both lipid bilayers and 

detergent micelles (Han et al., 2001). But this structure is subject to the caveats that it is 

fusion pH-dependent and the fusion peptide is not in the context o f a trimeric molecule. 

Mutagenesis studies o f  intact HA molecules have defined critical residues for membrane 

fusion, suggesting a structure for the fusion peptide in a fusion active molecule by which it 

has a helical structure with residues orientated in such a way that if  it forms a trimer, the 

relatively polar glycine residues may form the trimer interface and the large hydrophobic 

side chains would be on the surface o f a coiled coil (Skehel et al., 2001). In a recent study, 

the HA fusion peptide showed a high conformational plasticity related to its adaptation to 

different environments (Vaccaro et al., 2005).

Even though the sequence o f the transmembrane anchor is not highly conserved, the fact 

that glycosylphosphatidylinositol-anchored HA molecules are unable to mediate a 

complete fusion event (Skehel and Wiley, 2000) suggests an essential structural role for 

this region in the membrane fusion process. The transmembrane anchor comprises twenty- 

seven residues, which are sufficient to cross a lipid bilayer as a a-helix. This 

conformational arrangement would be favourable in the lipid environment. The study o f 

HA molecules with truncated transmembrane anchors suggests the need o f at least 

seventeen residues, enough to span the bilayer, for efficient fusion (Armstrong et al.,

2000). Also, the formation o f a triple-stranded coiled coil o f helical transmembrane 

anchors inside the membrane would facilitate trimerisation o f the C-terminal region o f
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HA2, which may be important for the mechanism o f fusion. HA transmembrane anchor 

synthetic peptides have a tendency to form oligomers in SDS micelles (Tatulian and 

Tamm, 2000), suggesting their trimerisation in the HA molecule.

The importance o f the HA cytoplasmic tail, namely the palmitate residues, for membrane 

fusion is not clear. They were shown to be essential for pore flickering, a feature 

associated with early HA-mediated fusion pores, but not for the kinetics o f fusion 

(Melikyan et al., 1997) and even infectious viral particles can be obtained for mutant 

influenza virus harbouring HA molecules not containing the cytoplasmic tail or 

palmitoylation (Jin et al., 1996).

The BHA2 (HA2 residues 1-175) fragment o f HA in the fusion pH conformation, also 

prepared in this study (Figure 15), corresponds to a TBHA2 molecule, whose crystal 

structure was previously determined (Bullough et al., 1994), having the remaining N- 

terminal region o f HA2, including the fusion peptide. The absence o f the transmembrane 

anchor and palmitoylated cytoplasmic tail in BHA2, could make the molecule less 

hydrophobic than HA2, and thus less difficult to crystallise. It would reveal the structure o f 

the trimeric fusion peptide o f HA2 in the fusion pH conformation. It would not, however, 

be able to form the N-cap m otif found in the EHA2 construct (Chen et al., 1999). The 

comparison o f the BHA2 and HA2 structures could show structural changes in the trimetric 

fusion peptide induced by the transmembrane anchor.
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1.8 Objectives

The crystal structure o f  the L226Q HA in complex with the receptor analogues LSTa and 

LSTc was determined to clarify the interactions the receptor makes with the RBS region 

that could contribute for the shift in viral receptor preference induced by the L226Q 

mutation. The structure o f the L226Q HA in complex with LSTa revealed a dual character 

o f the L226Q HA in the recognition o f Sia(a2-3)Gal linkages, being able to 

simultaneously bind both the cis and trans conformers o f LSTa, in two different RBSs. In 

the structure o f the complex o f the L226Q HA with LSTc, only the Sia moiety was 

observed, which suggests a low binding affinity o f the L226Q HA to this receptor 

analogue. These data correlate with results from binding studies, which indicate a 

preference o f the X-31/HS virus and L226Q BHA for a2-3-linked sialosides over a2-6- 

linked ones, in opposition to what is observed for the parent X -31 virus.

The structure o f the native HA containing the transmembrane anchor or HA fragments in 

the low-pH conformation containing the fusion peptide or both the fusion peptide and 

transmembrane anchor is not known. These structures could reveal alterations induced by 

the presence o f these membrane-interacting regions, which could even lead to the 

formation o f inter-trimer complexes by the low pH-activated fragments o f HA related to 

the formation o f a fusion pore. For this reason, the purification o f neutral pH full-length X- 

31 HA, containing the transmembrane anchor, low pH-treated full-length HA 2 , having both 

the fusion peptide and transmembrane anchor, and low pH-treated BHA 2 , which was 

cleaved from the virus with bromelain to remove the transmembrane anchor but still 

contains the fusion peptide (see schematic on Figure 15), was carried out, followed by 

crystallisation trials. These have not yet given any promising indication for further 

developments.



2. Materials and Methods

2.1 Protein Isolation, Purification and Crystallisation

2.1.1 Viruses and virus purification

X-31 (H3N2) recombinant influenza A virus (Kilboume, 1969) was grown in the allantoic 

cavity o f embryonated hens’ eggs and purified as described previously (Skehel and Schild, 

1971). X-31 contains the HA o f the human influenza virus strain A/Aichi/2/68 (Verhoeyen 

et al., 1980) [HA gene sequence accession code at the National Center for Biotechnology 

Information (NCBI), nucleotide database: VO 1085], which is the prototype o f  the H3 

antigenic subtype virus responsible for the 1968 HK flu pandemic. The virus variant X- 

31/HS containing the L226Q HA (Rogers et al., 1983a) was grown and purified following 

the procedures used for the X -31 virus.

The final pellet o f purified virus was ressuspended in phosphate-buffered saline (PBS) 

[171 mM NaCl , 3.35 mM KC1 , 10.1 mM Na2H P 04, 1.84 mM KH2P 0 4, pH 7.4], 0.01% 

azide or Tris saline buffer (10 mM Tris pH 8.0, 0.15 M NaCl, 0.01% azide).

2.1.2 Enzym es

Stock solutions o f trypsin, trypsin inhibitor (TI) and bromelain were prepared as follows. 

Trypsin Type III, TPCK treated, from bovine pancreas (SIGMA) and Trypsin Inhibitor 

Type I-S from soybean (SIGMA) were dissolved in PBS to 1 mg/ml, divided into aliquots 

and kept at -20°C. Bromelain from pineapple stem (SIGMA) was dissolved in deionised 

water to 10 mg/ml and the resulting solution was centrifuged at 1000 g  (bench centrifuge) 

for 10 min at 4°C. The pellet was discarded and the supernatant (SN) divided into aliquots 

and kept at -20°C. Small-scale TI columns were prepared by packing Soybean Trypsin
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Inhibitor Gel (SIGMA).

2.1.3 Antibodies

Tissue culture SNs o f the anti-NA monoclonal antibody (mAb) N154M (Ig G) at 1 mg/ml 

and ascites fluid o f the anti-HA mAb HC73 (Ig G2a) at 3 mg/ml were used as sources of 

mAbs for the immunoaffinity columns (see below).

2.1.4 Detergents

To keep the proteins soluble, detergents were used throughout the whole purification 

procedure and also in the crystallisation trials. Detergents or surfactants in general are 

amphipathic molecules with distinct hydrophilic (head group) and hydrophobic (tail) 

moieties. The detergents used to crystallise membrane proteins are generally simple 

nonionic or zwitterionic surfactants, which have only a single polar head group and a 

single unbranched, saturated alkyl tail. At dilute concentrations, surfactants are readily 

soluble in water as a monomeric species, but above the critical micellar concentration 

(CMC) the monomers begin to self-associate into micelles (Garavito, 1991). In the present 

case, the detergent molecules are expected to coat the exposed fusion peptides and 

transmembrane anchors and also the palmitate residues o f the cytoplasmic tail, solubilising 

the molecules o f the neutral pH conformation o f HA, and the fusion pH conformation o f 

HA2 and BHA2.

The detergents used were the nonionic Polyoxyethylene 10 Lauryl ether (C i2E|o) from 

SIGMA [linear structural formula (LSF): CH 3(CH2)ioCH2(OCH2CH2)ioOH; MW = 627.0; 

CMC = 0.2 mM] and the zwitterionic Lauryldimethylamine oxide (C i2DAO) from Fluka 

[LSF: CH3(CH2)ioCH2NO(CH3)2; MW = 229.4; C M C = l-3 m M ]. Both detergents are 

included in the commercially available crystallisation detergent screens from Hampton.
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Concentrated stock solutions were prepared for each detergent, 20%w/v C 12E 10 and 10% w/v 

Ci 2D AO. The stock solution o f C 12E 10 was prepared dissolving the detergent in 10 mM 

Tris pH 8.0 and that o f C 12DAO by dilution o f the commercial aqueous solution with 

deionised water. Both C 12E 10 and C 12DAO solutions were kept at room temperature (RT).

2.1.5 Determ ination o f protein concentration

280Protein concentration was estimated from measured A values. The concentration o f 

mAbs was calculated assuming that A280 = 1 corresponds to 0.8 mg/ml (Millar, 1997). 

Concentration reference values (Crej ) corresponding to A = 1  were calculated for the

yv/)
proteins under study using the relationship C ^/(m g/m l)= MW x 1 ml x A / (No. Trp 

residues x 5700 + No. Tyr residues x 1300). The estimated values o f protein concentration 

probably have a maximum accuracy o f 10% (Ruigrok et al., 1986). Theoretical MWs 

obtained by submitting the protein sequences to the ExPasy server were used to calculate 

the reference values. These are: 0.680 (HA), 0.781 (BHA), 0.653 (HA 2 ), and 0.922 

(BHA2).

2.1.6 Isolation o f viral envelope proteins by detergent solubilisation

Viral suspensions (see 2.1.1) at 5 mg/ml were incubated in the solubilisation buffer (2% 

C 12E 10 in PBS, 0.01% azide) for 1 hour at 4°C. After incubation, the solubilisation mixture 

was ultracentrifuged at 200000 g  for 15 minutes at 4°C, in an Optima™  MAX-E 

ultracentrifuge, using a MLA-80 rotor and 8 ml tubes (Beckman). The obtained pellet 

(virus cores) was resuspended in PBS, 0.01% azide and kept together with the SN (viral 

membrane proteins, mainly HA) at 4°C.
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2.1.7 Isolation o f viral envelope proteins by proteolysis

Viral suspensions (see 2.1.1) at 5 mg/ml were incubated with the cysteine protease 

bromelain, at a ratio o f 2 : lw/w virus:bromelain, in a solution o f 50 mM 2-mercaptoethanol 

(2-ME) in PBS, 0.01% azide, at 37°C. Three-step digestions were performed, one o f 90 

minutes followed by two overnight (ON) steps. At the end o f each step, the digestion 

mixture was ultracentrifuged at 200000 g  for 15 minutes at 4°C, in an O ptim aIM MAX-E 

ultracentrifuge, using a M LA-80 rotor and 8 ml tubes (Beckman). The resulting pellet was 

resuspended and reincubated in the conditions given above for the subsequent digestion 

and the SN run in a linear sucrose gradient (see 2.1.8) or subject to ion exchange (IE) 

chromatography (see 2.1.13). Bromelain digestions were stopped by both the latter 

procedures, which separated bromelain and 2-ME from the BHA. The final pellet was 

resuspended in PBS, 0.01% azide and kept at 4°C.

2.1.8 Sucrose density gradient (SDG) ultracentrifugation

Linear sucrose gradients were prepared at RT by mixing in a linear gradient maker diluted 

solutions o f  a stock solution o f sucrose, using the same buffers o f the stock solution. 

Concentrated stock solutions were 60% sucrose in PBS or 0.1% C 12DAO, 10 mM Tris pH

8.0, 0.15 M NaCl. After adding the protein solutions (the SNs from 2.1.6 and 2.1.7) onto 

10 ml sucrose gradients, at a maximum load o f 0.3 mg protein/ml gradient (Vmax=1.5 ml), 

the obtained mixtures were ultracentrifuged at 150000 g  ON at 4°C, in a an Optima™  L- 

90K ultracentrifuge, using SW-41 rotors and 12 ml tubes (Beckman). Fractions o f 1 ml 

were then collected from the gradients and kept at 4°C. Some gradients were performed 

with a cushion (1 ml) o f sucrose stock solution at the bottom.
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2.1.9 Dialysis

From the collected fractions (V =l ml) o f the ultracentrifuged sucrose gradients (see, 

above, 2.1.8), fractions N os 4, 5 and 6 (corresponding to the middle o f the gradient, see 

Figure 21), which are enriched in HA or BHA (see 3.1.3), were selected. These chosen

(R)

fractions were pooled, introduced into a lO kD a MW cut-off (MWCO) Slide -A -Lyzer 

dialysis cassette (PIERCE) and then incubated at 4°C with the dialysis buffer [10 mM Tris 

pH 8.0 (for BHA); 0.1 % C 12DAO, 10 mM Tris pH 8.0 (for HA)]. The dialysis was 

performed in one quick initial step o f 5 hours followed by three steps o f one day. 

Sometimes the samples to be dialysed were concentrated by filtration (diluting the sample 

with dialysis buffer, to avoid concentration o f the sucrose) in order to fit the volume into 

the dialysis cassette.

2.1.10 Protein concentration

Protein concentration by centrifugation was carried out using the Vivaspin Concentrators 

(Sartorius) Vivaspin 500 and Vivaspin 20, according to manufacturer’s the instructions, in 

an Eppendorf 5402 benchtop centrifuge (Eppendorf) and a GS-6R benchtop centrifuge 

(Beckman), respectively. Concentrators containing 30 kDa or 10 kDa MW CO membranes 

were used for samples with or without the detergent C 12DAO, respectively.

(E)Protein concentration by filtration was performed in an AMICON concentrator, 

connected to a N 2 cylinder, using 30 kDa or lO kD a MWCO OMEGA® membranes 

(FILTRON) for samples with or without C 12DAO, respectively. The stirring o f the samples 

was kept slow to not induce foaming.

2.1.11 Im m unoafflnity chrom atography

Three different chromatography columns were prepared: uncrosslinked anti-NA,
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crosslinked anti-NA and crosslinked anti-HA. The anti-NA columns were prepared by 

binding the mAb to a prepacked HiTrap rProtein A FF column (Pharmacia), and the anti- 

HA by binding the mAb to a packed Protein A Sepharose® 4 Fast Flow gel (Pharmacia). 

Crosslinking o f the anti-NA mAb to protein A was only possible using the HiTrap column. 

Each mAb stock solution was diluted to 0.5 mg/ml with PBS, passed through a 0.45 pm 

filter and then passed through the column pre-equilibrated with 20 vols PBS. The column 

was washed with PBS and kept at 4°C. Crosslinking o f mAb to protein A, to prevent 

detergent-induced mAb leakage from the column, was carried out using the imidoester 

cross-linker dimethyl pim elimidate (DMP) from PIERCE, following a procedure adapted 

from a described method (Schneider et al., 1982). Briefly, 20 vols 30 mM DMP, 0.2 M 

triethanolamine pH 8.3 were recirculated for 45 min by the column pre-equilibrated to the 

triethanolamine buffer and the reaction was quenched with the same volume o f 0.3 M 

glycine pH 8.3. At the end the column was washed with PBS, 0.01% azide and kept at 4°C. 

Protein samples were passed slowly through the prepared immunoaffmity columns pre- 

equilibrated to the protein buffer. The columns were then washed and kept at 4°C in the 

protein buffer containing 0.01% azide.

2.1.12 NA activity assay

Protein samples were incubated with fetuin, a source o f Sia, and assayed for free S ia 

following a described procedure (Warren, 1959). Protein samples, 100 pi, were mixed, in 

serial dilutions, with 50 pi o f fetuin solution and incubated ON at 37°C. Periodate solution, 

50 pi, was added and the mixture shaken thoroughly and incubated at RT for 20 m in. 

Arsenite solution, 250 pi, was added and the mixture shaken until a yellow-brown colour 

disappeared. Freshly prepared thiobarbituric acid solution, 500 pi, was added and th e  

mixture shaken and heated in a boiling water bath for 15 min. A relative neuram inic



activity was estimated by comparing the colour intensity o f the final product obtained for 

the different samples, using the sample buffers as negative controls. The following 

solutions were used: 0.2 M sodium metaperiodate in 9 M phosphoric acid; 10% sodium 

arsenite in 0.5 M sodium sulfate, 3%v/v concentrated sulphuric acid; 1.2% thiobarbituric 

acid in 1 M sodium sulfate. The fetuin solution was prepared as follows. Fetuin was 

precipitated by mixing, in equal volumes, foetal calf serum with a solution o f saturated 

ammonium sulfate at 4°C. A fter centrifugation at 2000 g  for 1 hour at 4°C, the pellet was 

resuspended, washed and dialysed ON with distilled water. The dialysed solution was 

transferred to a separating funnel and left for 7 days at 4°C. The lower phase was divided 

into aliquots and kept at -20°C. The fetuin working solution was prepared diluting three 

times with PBS.

2.1.13 Ion-exchange (IE) chromatography

The IE chromatography was performed using the Vivapure Quaternary ammonium (Q) 

spin columns (Sartorius) Vivapure Q Mini and Vivapure Q Maxi in an Eppendorf 5402 

benchtop centrifuge (Eppendorf) and a GS-6R benchtop centrifuge (Beckman), 

respectively, according to the manufacturer’s instructions. The IE membranes included in 

the spin columns contain the strong basic anion exchanger Q (-CH 2 -N+-(CH 3)3CF). At the 

pH 8.0 o f all the buffers used here, the proteins have a net negative charge and will bind to 

the Q membrane, under no-salt conditions. The procedure was carried out in four 

sequential steps: equilibration, binding, washing and elution. In the first step the column 

was equilibrated with the same buffer o f the protein solution (loading buffer). The protein 

solution was then passed through the column to allow the protein to bind to the IE 

membrane. In the third step, the columns were washed with a buffer having the same 

composition o f the elution buffer, but no salt (washing buffer). The protein was eluted



from the spin column with a buffer containing a concentration o f NaCl high enough to 

practically elute all the protein molecules from the IE membrane (elution buffer). Salt 

gradients were carried out to establish the optimal concentration o f salt for the final elution 

o f the protein sample.

2.1.14 Trypsin digestions

Trypsin digestions were performed in detergent, either C 12DAO or C 12E 10. Before being 

incubated with the trypsin, the protein solutions were subject to a low pH treatment as 

follows. To lower the pH, aliquots o f 0.1 M citric acid or 0.1 M citrate pH 3.5 were added 

to the protein solutions until the desired pH was obtained. After incubation at RT, the pH 

was readjusted for the trypsin reaction by adding aliquots o f 1 M Tris pH 8.0 or 0.1 M 

citrate base. All buffer solutions used to adjust the pH contained detergent, either 0.1% 

C 12DAO or 2% C 12E 10. The trypsin reaction was set up adding the trypsin and incubating 

at RT. The reaction was stopped by adding an equal weight o f TI or, for digestions in 

C 12DAO, by passing the final reaction mixture through a TI column pre-washed with 0.1% 

C 12DAO, 10 mM Tris pH 8.0.

2.1.15 Sodium dodecyl sulfate-polyacrylam ide gel electrophoresis (SDS- 

PAGE)

SDS-PAGE was performed by the discontinuous Laemmli system (Laemmli, 1970) using 

12% polyacrylamide gels containing 4 M urea, 0.1 % SDS. Samples for gel analysis were 

boiled in 8 M urea, 2 % SDS (non-reduced conditions) or 8 M urea, 2% SDS, 0.2% 2-ME 

(reduced conditions).
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2.1.16 M atrix assisted laser desorption/ionisation (M ALDI) spectrom etry

The proteins to be analysed by MALDI spectrometry (Karas et al., 1985) were subject to 

SDS-PAGE, stained with SimplyBlue SafeStain (Invitrogen) and processed in-gel using a 

modification o f a described method (Blackman et al., 1998). Briefly, after washing out the 

Coomassie stain from the excised gel bands, the proteins were reduced and alkylated with 

dithiothreitol (DTT) and iodoacetamide, respectively. The bands were then washed with 20 

mM ammonium bicarbonate, 50% acetonitrile, dehydrated with 100% acetonitrile, dried 

and incubated with 2 mg/ml trypsin (sequencing grade, Promega) in 5 mM ammonium 

bicarbonate for 20 hours at 32°C. The MALDI spectrometry analysis and peptide mass 

fingerprinting (Pappin, 1993) were carried out by S. Howell at the Division o f Molecular 

Structure, M RC-NIMR, London. The peptide mass fingerprints obtained were searched 

against the nonredundant protein database placed in the public domain by NCBI, using the 

program M ASCOT (Perkins, 1999). This program allowed the identification o f the protein 

contained in the gel bands by matching the experimental tryptic peptide mass values, 

determined by MALDI spectrometry, with theoretical tryptic peptide mass values o f the 

protein sequences in the NCBI database. Two clear highest scores o f match were obtained 

for the full-length HA 2 amino acid sequence (HA 2 residues 1-221) o f the influenza virus 

strain A/NT/60/68/29c (score: 94%) and the BHA 2 amino acid sequence (HA 2 residues 1- 

175) o f X-31 virus (score: 91%) (protein sequence accession codes at NCBI, protein 

database: CAA24291 and 2VIUB, respectively). The A/NT/60/68/29c HA2 sequence 

contains the E132D mutation in comparison with the A/Aichi/2/68 HA2 sequence o f the X- 

31 virus used in this study (see 2.1.1). This mutation does not affect the trypsin cleavage of 

HA.
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2.1.17 Protein Crystallisation

2.1.17.1 General Protein Crystallisation

The crystallisation o f proteins initially involves the determination o f their purity. Even 

though the crystallisation o f a protein from a mixture o f proteins can sometimes be 

obtained a highly pure protein sample is generally required for successful crystallisation. 

Therefore, the crystallisation process can be seen as a form o f protein purification. A 

suitable solvent is necessary to keep the protein soluble until crystallisation conditions are 

induced. The solvent is usually a water-buffer solution, and occasionally organic solvents 

may be added. M embrane proteins, due to their high hydrophobicity, very often require the 

addition o f detergents.

The spontaneous formation o f very small protein aggregates that can nucleate the 

deposition o f protein is required for the subsequent growth o f crystals. Conditions o f 

supersaturation are the most appropriate to induce the formation o f crystallisation nuclei. 

The adjustment o f  supersaturation, which affects the number o f nuclei formed and rate of 

crystal growth is necessary to obtain suitable crystals for crystallography. Too many nuclei 

would lead to too many small crystals, and highly ordered crystals are usually obtained 

when they are allowed to grow slowly.

The precipitation o f a protein leading to its crystallisation can be induced by several 

different methods. Usually, the addition o f well-defined precipitants that remove water 

from the protein solution increases the concentration o f the protein, leading to its 

precipitation. The most common precipitants are salts (salting-out effect) and 

polyethyleneglycols (PEGs). A salting-in effect may also be used to induce the 

crystallisation o f proteins showing low solubility in pure water. Adding salt to the water 

makes the protein soluble, and by removing the salt, the precipitation o f  the protein is 

provoqued. Salting-in may be regarded as an electrostatic effect and protein-protein
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electrostatic forces are affected by the presence o f organic solvents or changes in pH. 

Another factor affecting protein crystallisation such as temperature may be used to 

increase the strength o f protein-protein hydrophobic forces (Drenth, 1999).

Membrane proteins are water-insoluble and difficult to crystallise. Usually, detergents are 

used to solubilise these proteins in an aqueous solution and the procedures followed for 

water-soluble proteins are used (Michel, 1990; Sowadski, 1994).

2.1.17.2 Crystallisation trials

Crystallisation conditions for X -31 HA, HA2 and BHA 2 , at 18°C, were set up using both 

the hanging drop vapour diffusion (HDVD) and microbatch (MB) techniques (Unge, 

1999). MB conditions were set up automatically using an IMPAX micro-dispenser 

(Douglas Instruments). Drops were prepared by mixing equal volumes o f  protein solution 

and precipitant solution: 0.7 pi, for HDVD, and 0.3 pi, for MB. The following 

commercially available crystallisation screens were used: MemStart and MemSys (Iwata, 

2003), Nuclear Receptor-Ligand Binding Domain (NR-LBD), Structure Screen 1 

(Jancarik and Kim, 1991), and Structure Screen 2 (Jancarik and Kim, 1991; Cudney et al., 

1994), from Molecular Dimensions; Crystal Screen (Jancarik and Kim, 1991) and 

Crystal Screen 2 (Jancarik and Kim, 1991; Cudney et al., 1994), from Hampton; and 

Wizard I and Wizard II, from Emerald BioSystems. A PEG 5000 monomethylether 

(MME) salt screen (grid screen at pH 7.5), designed by L. F. Haire (Division o f Molecular 

Structure, MRC-NIMR, London) and the described Core Screen (conditions 1-48) (Page et 

al., 2003) were also used. The MemSys screen was only set up by HDVD. Crystallisation 

drops were regularly examined under a light stereomicroscope. To check if  the protein 

concentration o f the samples used in crystallisation trials (see 3.1.6, for HA, and 3.2.7.2, 

for HA2 and BHA 2) was appropriate for screening, pre-crystallisation test drops were
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prepared by mixing 1 pi o f each protein solution with 1 pi o f  each Crystal Screen 

(Hampton) conditions N° 4 (2.0 M ammonium sulfate, 0.1 M Tris-HCl pH 8.5) and N° 6 

[30%w/v PEG 4000, 0.2 M M gCl2 (H20 ) 6, 0.1 M Tris-HCl pH 8.5]. In general, the drops 

showed the formation o f light granular precipitates and were therefore considered in 

conditions for crystallisation trials.

In the crystallisation trials o f the purified L226Q BHA (see 4.1), several commercially 

available screens and screens prepared in the laboratory (see below) were used.

The majority o f the trials for the crystallisation o f the L226Q BHA were set up at 18°C by 

the HDVD technique (Unge, 1999). Drops were prepared by mixing 0.5 pi o f  protein 

solution and 0.5 pi o f  reservoir solution. Initially, the crystallisation conditions o f the 

L226Q BHA (1.34-1.38 M tri-sodium citrate at pH 7.5) previously described (Weis et al., 

1988) were screened. No crystals were obtained in these trials. Therefore, the 

crystallisation conditions o f  the L226Q BHA were extensively screened using the above- 

mentioned NR-LBD and PEG 5000 MME screens, and the following commercially 

available screens: The Classics (Jancarik and Kim, 1991; Cudney et al., 1994), from 

Nextal; JBScreen 1-10, from Jena Bioscience; PEG/Ion and Additive Screen 1, from 

Hampton; Clear Strategy Screen I and Clear Strategy Screen II (Dauter et al., 2000), and 

PACT premier, from Molecular Dimensions. Several promising conditions o f these trials 

were optimised but no good diffracting crystals were obtained.

Grid screens o f the crystallisation conditions for L226Q BHA were also carried out, at 

18°C by the sitting drop vapour diffusion technique (Unge, 1999), using an automated 

system (Oryx 1-6 robot, Douglas Instruments), which has set up 200 nl drops by mixing 

100 nl o f protein solution and 100 nl o f precipitant solution. These screens were available 

in the laboratory (Division o f M olecular Structure, MRC-NIMR, London) and trials were
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carried out screening the concentration and pH values in solutions o f tri-ammonium citrate, 

K citrate, NaKPCL and ammonium sulfate. Tri-ammonium citrate and ammonium sulfate 

were also screened in the presence o f 1% PEG 400. The crystals used to determine the 

structure o f L226Q BHA in complex with LSTa and LSTc (Figure 30) were obtained in 

one condition o f these screens, namely in 2.1 M tri-ammonium citrate pH 7.5 (see 2.2.1).

2.2 Determ ination o f the X-ray Crystal Structure o f L226Q HA in

Complex with the R eceptor Analogues LSTa and LSTc

2.2.1 Soaking o f L226Q HA crystals with LSTa and LSTc for X-ray

analysis

Crystals o f L226Q BHA, grown in 2.1 M tri-ammonium citrate pH 7.5 (see 2.1.17.2), were 

captured in synthetic fibre loops and washed by transfer into drops o f  the reservoir 

solution. This enabled the removal o f any uncrystallised HA and contaminant NA 

remnants, contained in the mother liquor, from the crystals. Attempts at obtaining 

complexes o f L226Q BHA with LSTa and LSTc, by soaking crystals with the receptor 

analogues, together with preparation for flash cooling, were carried out by transferring the 

washed crystals, mounted in a fibre loop, into a drop o f the precipitant solution containing 

cryoprotectant (glycerol) and either LSTa or LSTc (soaking buffer: 2.1 M tri-ammonium 

citrate pH 7.5, 10%v/v glycerol, 1.5 mM LSTa or LSTc), incubating in the drop for 

different times. After this procedure, the crystals were picked up from the soaking buffer 

using a fibre loop and flash cooled by plunging into liquid nitrogen.

The pentasaccharides LSTa [N eu5A c(a2-3)G al(pl-3)G lcN A c(pl-3)G al(pi-4)G lc] (MW = 

998.9) and LSTc [N eu5A c(a2-6)G al(pi-4)G lcN A c(pi-3)G al(pi-4)G lc] (MW = 998.9)
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were purchased from NBS Biologicals. The structural chemical formulas are given on 

Figure 16.

2.2.2 Collection o f X-ray diffraction images

Preliminary X-ray diffraction collection tests on the crystals were done at 100 K (in a 

nitrogen gas stream) on the in-house rotating Cu anode generator (Rigaku-MSC RU200) 

coupled to a RaxisIIc detector. Full collection o f final data sets was carried out at the 

Daresbury Synchrotron Radiation Source (SRS). Usually, a full data set is collected up to 

the resolution limit, defined by the ratio signal/noise » 2. Optimal data can be collected at a 

synchrotron source, due to the high intensity o f the X-ray beam, which is tunable, allowing 

the utilisation o f short wave lengths. The loops containing the cryo-frozen crystals (see, 

above, 2.2.1) were mounted on the goniometer head and centered in the nitrogen gas 

stream. Once a satisfactory diffraction image was obtained, the crystal was rotated 90° and 

a second image was taken. These two preliminary diffraction images were processed with 

the program Denzo (Otwinowski and Minor, 1997) to determine the crystal orientation 

(see, below, 2.2.3.1), and then the collection strategy, to maximise the data coverage, was 

defined using the program ROTGEN (Campbell, 1995), which outputs total angles (p o f 

crystal oscillation range for different levels o f data coverage.

2.2.3 X-ray data processing

The HKL suite (Otwinowski and Minor, 1997), version 1.96.3, including the programs 

XdisplayF, for visualization o f  the diffraction pattern, Denzo, for data reduction and 

integration, and SCALEPACK, for merging and scaling o f the intensities given by Denzo, 

was used for the processing o f  the collected data. The procedures o f these programs are

96



LSTa (a2,3)

LSTc (o2,6)

Figure 16. Structural chemical formulas of LSTa and LSTc

Structural chemical formulas of the pentasaccharides LSTa and LSTc, showing the adopted extended 

and folded conformations, respectively, on the binding to HA. The numbering of the pyranose cyclic 

carbon atoms of Sia and Gal-2 is indicated. [Edited from Ha et al., 2001]
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briefly described below and an outline o f all data processing steps, including additional 

programs to prepare the data for the subsequent procedures o f molecular replacement (see

2.2.4.2.1) and model refinement (see 2.2.4.4) is shown in Figure 17.

2.2.3.1 Data reduction and integration

The autoindexing o f selected spots o f a diffraction image carried out by the program 

Denzo (Otwinowski and Minor, 1997) allows the determination o f the lattice type and unit 

cell dimensions o f the crystal, together with the definition o f the orientation o f the crystal 

relative to the X-ray beam. Subsequently, Denzo performs the reduction o f raw X-ray 

diffraction data, by integration o f each o f the diffraction images, producing a final file 

containing a list o f the M iller indices (h,k,l), unsealed intensities (I) and associated 

standard deviation (a ) corresponding to each reflection.

Initially, the crystal and detector orientation parameters are determined for a single image. 

The intrinsic crystal parameters describe the lattice type and unit cell dimensions; the 

crystal orientation parameters, the orientation o f the reciprocal lattice to the spindle, beam 

and vertical axes o f the camera; the detector and X-ray parameters, the wavelength, crystal 

to detector distance, the precise coordinates o f the direct beam, detector missetting angles 

and internal scanner alignment parameters. Subsequently, the above-mentioned parameters 

are refined using all frames collected.

The display program XdisplayF (Otwinowski and Minor, 1997) allows interactive 

monitoring o f the progress o f the Denzo refinement procedures. This is done by displaying 

the match between the predicted lattice points, resulting from space group and unit cell 

selection, with the observed pattern as parameters are refined. Also, after each refinement 

cycle, Denzo lists statistics indicators, which give a quantitative indication o f the progress 

o f the refinement. An important statistic is the value o f % , which is a weighted
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Collection o f  diffraction images

|  |  .osc files

Denzo program
1) Autoindexing using selected reflections

2) Integration o f each diffraction image

XdisplayF program
Selection o f reflections

|  |  .x files

SCALEPACK  program
1) Determine scale and B factors for each 
image

2) Reject outliers

3) Assess data scaling and adjust the a  
values estimated by Denzo

4) Reduce to unique asymmetric unit

5) Output scaled I and CT| values

.sea file

SCALEPACK2M TZ
Convert merged SCALEPACK output into 
MTZ format

|  .mtz file

TRUNCATE program
1) Convert I and a l values into F and ctf

2) Remap weak I values

3) Assess Wilson B factor

|  .mtz file

AM oRe program 

M olecular Replacement .mtz file

CAD program
Sort the data and put it into the correct asymmetric unit 
for CCP4

UNIQUE program
Produce a list o f all possible unique reflections

FREERFLAG program
Tag each reflection with a flag for cross-validation in 
refinement

Figure 17. Flow chart showing the different steps of data processing

The programs Denzo, XdisplayF and SCALEPACK are included in the HKL suite (Otwinowski and Minor, 

1997). The programs SCALEPACK2MTZ, TRUNCATE, CAD, UNIQUE and FREERFLAG are all part of the 

CCP4 program suite (Collaborative Computational Project, Number 4, 1994). The program AMoRe (Navaza, 

2001), also implemented in the CCP4 program suite, was used here for molecular replacement (see 2.2.4.2.1).
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2 •measure o f the positional error o f the predicted reflections. The decrease o f x is an 

indication o f successful refinement and, at the final refinement cycle, % ought to be about

1.0. The data can then be scaled using the companion program SCALEPACK (Otwinowski 

and Minor, 1997).

The number o f spots selected for autoindexing, monitored with XdisplayF, can be adjusted 

by manipulating the values for the mosaicity and I/a(I) (signal/noise). The aim is to have 

all real reflections matched by predicted reflections, but not having too many predictions. 

The value for the mosaicity obtained after refinement in Denzo (Otwinowski and Minor, 

1997) was optimised by SCALEPACK (Otwinowski and Minor, 1997). Then the 

diffraction images were reprocessed with Denzo using the optimised value for the 

mosaicity.

2.2.3.2 M erging o f reduced X-ray diffraction data

The program SCALEPACK calculates, for each frame o f integrated reflections, the scale 

and B factors (see 2.2.4.3, for B value), which are then used for a global refinement 

(postrefmement) o f certain crystal parameters, namely the unit cell dimensions, mosaicity 

and misseting angles. The merging and scaling o f diffraction images allows the estimation 

o f  the errors affecting the values o f intensity (I) o f each reflection. The program uses the 

equivalence between symmetry-related reflections to refine a global scaling solution. At 

the end, accurate unit cell values are obtained and the quality o f the data can be assessed 

by the formula:

^ h ( ^ lr > ') 

ft-symm ________________

^<Ih>
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where h  is the scaled intensity for each reflection h, <//,> is the weighted intensity o f all 

observations o f the reflection h and the summation includes all recorded measurements. 

The output file is then converted to MTZ format, and the square roots o f the intensities are 

recorded as structure factor amplitudes (CCP4 suite).

2.2.4 Structure determ ination

2.2.4.1 The phase problem

In a diffraction experiment, the intensities o f waves reflected from planes (denoted by hkl) 

in the crystal are measured. The amplitude o f the wave | Fhki I is proportional to the square 

root o f the intensity (I*, /) measured on the detector. The calculation o f an electron density 

map requires estimates o f  the phases o f the waves scattered by the crystal. To calculate the 

electron density at a position (xyz) in the unit cell o f a crystal, the following summation 

over all the hkl planes has to be carried out:

p(xyz) = 1/V 'Lhki \?hki\ exp[-2ni(hx + ky + lz) + iahki]

where V is the volume o f the unit cell (in A) and ahki is the phase angle associated with the 

structure factor amplitude | Fhki I , and x, y, and z are fractional coordinates in the unit cell. 

The amplitudes can be measured, but the phases are lost in the experiment and must be 

determined indirectly. This is the phase problem o f crystal structure analysis.

2.2.4.2 Phasing methods

To determine the phases it is necessary to use phasing methods, namely isomorphous 

replacement, anomalous scattering, molecular replacement or on occasion direct methods
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(Taylor G., 2003). In isomorphous replacement, heavy atoms are introduced in the crystal 

to create intensity changes that can be used to deduce their position in the unit cell. The 

heavy atom positions can then be used to calculate scattering factors, and with the Harker 

construction, determine the phases (Figure 18A). The anomalous scattering method is 

based on the presence in the protein o f  sufficient anomalous scattering atoms, which 

absorb X-rays at a specific wavelength and can generate reasonable anomalous differences 

(in general, stronger for heavier atoms) that can be used to locate these atoms. With the 

atomic coordinate parameters it is possible, again, to construct phase determination 

diagrams (Figure 18B and C). Direct methods are based on the positivity and atomicity o f 

electron density that leads to phase relationships between normalized structure factors 

from which the phases can be determined. Once the phases o f some reflections are known, 

a process o f phase calculation is initiated leading to phase values for all reflections. The 

very high resolution required by these methods, higher than 1.2 A, limits their application 

to protein crystallography. The molecular replacement method, used in this study, will be 

discussed below.

2.2.4.2.1 M olecular replacement

When a homology model is available, molecular replacement can be successful, using 

methods first described by Michael Rossman and David Blow (1962). Patterson search 

techniques are used for the first two steps: the orientation o f the model in the new unit cell 

is determined by finding when the calculated Patterson function best matches the observed 

one (Rotation Function) and then the correctly orientated model is translated relative to the 

origin o f the new unit cell (Translation Function). At the end, the positional parameters are 

usually optimised by rigid-body refinement.

The Patterson function is a map o f vectors between the atoms within the unit cell. These
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F ( l )

FM< t-) without anomalous scattering

Ful-*) with anomalous scattering

Fh(- )  without anomalous scattering

Fm(“ ) with anomalous scattering

Figure 18. Protein phase determination by isomorphous replacement and anomalous 

scattering

(A ) Harker diagram for phase determination by isomorphous replacement. The two possibilities for the phase 

angle o f the protein (P), defined by the vectors FP(1) and FP(2), are obtained at the intersections o f the circles with 

radii corresponding to the experimentally determined |FPH| and |FP| from the heavy atom derivative (PH) and 

native data sets. The heavy atom (H) coordinates are found by application o f the Patterson function. 

Theoretically, using a second heavy atom derivative, a single value for the protein phase angle can be obtained.

(B ) Harker diagram for phase determination by anomalous scattering. The phase angle (a) can be found with the 

construction obtained from three circles having radii FP, FPh(+) and FPH(-). When anomalous scattering is present, 

Friedel’s law, which would imply that FPh(+) = FPH(-) for the reflections h k l  and h k l  (Bijvoet pairs), is no 

longer obeyed (see below). For this reason, Fn(+) and FM(-) are not symmetric in relation to the horizontal axis. 

As the native data has not an anomalous component, the phase angles a P will be symmetric with respect to the 

horizontal axis (ci| and a ’i).

(C )  Argand diagram showing the anomalous scattering effect for a Bijvoet pair o f reflections. When an 

anomalous scatterer is present, F h( + )  and F h( - )  are no longer symmetric in relation to the horizontal axis (see 

above). In this case, the intensity o f a reflection h k l  is different from that o f h k l .
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vectors can be divided into intramolecular or self-vectors, and intermolecular or cross­

vectors, which arise between pairs o f atoms in neighbouring molecules. The Patterson 

function can be calculated using the formula:

Pwvw = 1/V 'Lhki I Fhki 12 cos [271 (hu + kv  +  I w)] 

where u, v, and w are coordinates in Patterson space, referring to the same axis and unit

I I 7Fhkil is derived from the

directly measured intensities.

For a Rotation Function, the number o f self-vectors is maximised, whilst minimising the 

cross vectors. This is done by placing the molecule in a large PI cell 25-30 A larger than 

the unit cell under study, and selecting a radius o f search 75-80% the diameter o f the 

molecule. This can be a complex procedure when the shape o f a molecule is not spherical 

and the appropriate radius, which will include most o f the self-vectors without too many 

cross vectors, is evaluated by trial and error.

The program AM oRe (Navaza, 2001), as implemented in the CCP4 program suite, was 

used here. This program includes routines to run a complete molecular replacement. The 

package allows for multiple inputs to the individual programs. The outputs are lists o f 

potential solutions (Navaza, 1994). Two preliminary programs must be run to organise the 

data into a suitable format: SORTING, which sorts, packs and assesses the quality o f the 

measured data, and TABLING, which calculates the continuous Fourier coefficients 

corresponding to the search model. During this step, the model coordinates are translated 

and rotated to fit a minimal box, which just contains the model. The ROTING program is 

then used to calculate the cross-Rotation Function, displaying a list o f Eulerian angles (a, 

P, f). The subsequent TRAING program is used to compute the Translation Function.
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Finally, FITING is used to refine the positional parameters o f the potential solutions by 

rigid body refinement. The program LSQKAB (CCP4 suite) applied the rotation and 

translation parameters obtained in AMoRe to the coordinates derived from TABLING.

2.2.4.2.1.1 Search model for the structure o f L226Q HA

The 2.9 A crystal structure o f  L226Q HA from its complex with 3 ’SL [Neu5Aca2- 

3G alpl-4G lc] (coordinates accession code at RCSB/PDB: 4hmg) was used as the search 

model for molecular replacement. This corresponds to an improved model, after 

refinement by simulated annealing (Weis et al., 1990), o f the original structure o f the 

L226Q HA in complex with 3 ’SL (Weis et al., 1988). The electron density maps only 

allowed the placement o f the Sia o f 3 ’SL, in all three RBSs. Therefore, the structure o f the 

asialo portion o f 3 ’SL in complex with the L226Q HA, namely the configuration o f the 

Sia-Gal a2-3  linkage, was not determined.

Here, in the initial model generated by LSQKAB after running AMoRE (see, above,

2.2.4.2.1), the coordinates o f  the Sia o f the 3 ’SL were replaced by models o f  the LSTa and 

LSTc receptor analogues during the refinement procedures (see, below, 2.2.4.4.1).

2.2.4.3 Calculation o f structure factors

From the structural model obtained by molecular replacement, which contains the 

coordinates xyz o f the atoms o f the structure, the theoretical structure factors (Fc) can be 

calculated by:

Fc = 'L if [cos 271 (hxi + kyi + Izi) + / sin 2n (hxi + kyi + lzi)\
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In the above e q u a tio n ,/is  the scattering factor (in electrons), which depends on the type o f 

atom; it is modulated by the thermal factor, B (assuming isotropic and harmonic vibration):

B = 8rc2 x u2

where u is the mean square deviation (m.s.d.) o f the atomic vibration.

The vector Fc contains the phase information. A Fourier synthesis can then be performed, 

using the values o f the amplitudes, |F0|, and phases, acaic, for the calculation o f the electron 

density map corresponding to the structure.

2.2.4.4 Refinem ent

Refinement is necessary to improve the accuracy o f the structure obtained by the 

molecular replacement calculation. Refinement leads to the improvement o f the reliability 

o f atomic parameters, and therefore a caic, minimising the differences between the 

observed, F0bs, and calculated, Fcaic, structure factors. Especially in the present case, the 

accurate determination o f  the interactions between protein and ligand is required to define 

the specific binding o f  LSTa and LSTc on the RBS o f the L226Q HA.

In protein crystallography, refinement is generally based on the principle o f maximum 

likelihood. This is a more general method o f refinement than the least squares method, 

which can be applied if  the observations have a Gaussian distribution. Refinement implies 

the variation o f atomic positional parameters (.x ,y , z, 5factor) so that the values o f Fcaic get as 

close as possible to those o f the observations, F0bS- Usually, several cycles o f refinement 

are necessary till the residual differences between F0bs and Fca|c are small. The radius o f 

convergence defines the maximum distance between the position o f the atom to be
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corrected and its true position. In least squares refinement, 'Lhkiil Fo b s  I I Fca lc  I)2 is

minimised, or more properly, the function to be minimised is:

I  w(h k l ) ( \  Fobs ( h k l )  | - | F Caic ( h k l ) \ f
hkl

the summation is over all crystallographically independent reflections and w is the weight 

given to an observation.

The progress o f refinement can be monitored with the R-factor, which gives an estimation 

o f the errors in a data set:

S I | F0 1 -  I Fc I I
R,  = hkl^ fa c to r  ____________________________________

2 If0|
hkl

It represents the summation o f the amplitudes o f the absolute differences between 

observed, F0, and calculated, Fc, structure factors over the sum o f the observed amplitudes. 

It is advisable not to rely entirely on the value o f the R-factor as an indication o f  the 

success o f refinement. Usually, a cross-validation statistic is used, the R-free factor, which 

is calculated for a separate small portion o f the data (5-10%) that is excluded from the 

refinement process.

2.2.4.4.1 M odel refinem ent o f the L226Q HA in complex with LSTa and 

LSTc

Refinement was carried out using the program REFMAC (Murshudov et al., 1997). This 

program can be used to perform restrained or unrestrained refinement, in order to minimise 

differences between F0bs and Fcaic, satisfying a maximum likelihood residual. At the end of
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each refinement cycle, a MTZ file is produced, containing weighted coefficients for the 

calculation o f  2F0-FC and F0-Fc electron density maps (see, below, 2.2.4.5).

In the present case, REFMAC was also used to create a dictionary entry for the receptor 

analogue by transferring the corresponding coordinates from a model molecule into that o f 

the target molecule. Structure-based sequence alignments o f ligand-less L226Q HA and X- 

31 HA in complex with LSTa or LSTc, or ligand-less L226Q HA and H3 avian HA in 

complex with LSTa, were carried out with the program LSQMAN, included in the Uppsala 

Software Factory (USF) suite o f programs. The HAi domain comprising residues 59-269 

(H3 numbering), which include the HA RBS, was selected for the alignments. The 

coordinates o f the receptor analogues were positioned by these alignments to be transferred 

to the RBS o f the L226Q HA model molecule obtained after running AMoRe (see

2.2.4.2.1.1). The program LSQMAN was also used in the determination o f transformation 

matrices for the L226Q HA monomers (see 4.5) and r.m.s.d values (see 1.6.6 and 4.7.1.1). 

For the calculation o f the r.m.s.d. on all Ca positions o f the 220 loop in the pairwise 

comparisons L226Q HA/X-31 HA, L226Q HA/H3 avian HA and H3 avian HA/X-31 HA 

(see 1.6.6), residues HAi 224-228 in the monomers o f each structure (the coordinates for 

uncomplexed L226Q HA, X-31 HA and H3 avian HA were obtained from RCSB/PDB, 

accession codes 3hmg, lh g f and lmql, respectively) were used in the alignment and an 

average value is indicated. In the calculation o f the r.m.s.d. on all Ca positions in the 

comparison o f RBS1 and RBS2 o f L226Q HA in complex with LSTa (see 4.7.1.1), 

residues HAi 59-269 were considered in the alignment.

Several cycles o f refinement were carried out, checking the values o f working and free R- 

factors for refinement improvement. Further adjustments were done manually using the 

molecular graphics program O (Jones et al., 1991) (see, below, 2.2.4.5), adjusting the
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torsion angles o f the ligand bonds. For this manual modelling, torsion libraries were 

generated for LSTa and LSTc by submitting the corresponding pdb  files to the PRODRG2 

server (Schuettelkopf and van Aalten, 2004).

2.2.4.5 Calculation o f electron density maps

Electron density maps can be calculated from F 0bs and a caic- Starting phases can be 

calculated from a search model, once the molecular replacement parameters are known. 

The electron density maps calculated using these phases showed if, and how, the receptor 

analogues LSTa and LSTc are bound on the RBS o f L226Q HA. Because experimental 

amplitudes were used, the maps contain some information about the molecule under study. 

But as phases tend to dominate in the calculations o f electron density maps, these are 

biased by the model structure. Therefore, the coordinates o f the receptor analogue and 

those o f water molecules were not included in the search model for molecular replacement 

(see 2.2.4.2.1.1) and in the calculation o f omit maps (see, below, 2.2.4.5.3). This meant 

that the ligand density had to be interpreted specifically.

Fourier maps were calculated using the program FFT and extended to cover a whole 

molecule with EXTEND (CCP4 suite). The program MAPMAN (Kleywegt, 1996) was 

used to convert the calculated maps from the CCP4 format to DSN6, which can be used for 

display on a silicon Graphics workstation using the program O (Jones et al., 1991).

2.2.4.5.1 F0-Fc, or difference, M aps

The difference Fourier, or F 0bs-Fcaic, maps are obtained from a caic, but have peaks of 

density not accounted for in the model used to to calculate F caic. They are quite useful to 

study the binding o f ligands to proteins and check the location o f  water molecules by
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analysing the changes introduced in the electron density. However, high B values and 

limited resolution weaken the resolving power o f F0-Fc maps (McRee, 1999).

2.2.4.5.2 2F0-FC M aps

The 2 F 0 b s - F c a i c  maps are the sum o f the electron density obtained from the model and that 

o f a Fobs-Fcaic map. These maps, besides including the electron density corresponding to the 

protein o f the model structure, also enhance the visualization o f atoms not included in the 

phase calculation, like solvent and ligand molecules. Some particular 2 F 0 b s - F Caic  maps, such 

as 2 w F 0 - D F c ,  for which REFMAC calculates coefficients after each refinement cycle, are 

very useful for fitting. In the study described here, these maps were used for the modelling 

o f LSTa and LSTc bound to the L226Q HA, which allowed the study o f the interatomic 

interactions between protein and receptor analogue (McRee, 1999).

2.2.4.5.3 Om it maps

Omit maps are difference Fourier maps which are calculated by removing from the model 

specific regions that can then be analysed, in theory, without phase bias from the model. 

These maps allowed checking the presence o f electron density specific for the receptor 

analogues in complex with the L226Q HA. F0-Fc and 2F0-FC omit maps were generated for 

both the complexes L226Q HA-LSTa and L226Q HA-LSTc, by deleting from the model 

the coordinates o f LSTa and LSTc, respectively.
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3. Purification and Crystallisation Trials of Full-Length X-31 

HA, HA2 and BHA2

The aim o f this study was to determine the crystal structure o f full-length HA in the native 

conformation, full-length HA2 in the fusion pH conformation and BHA2 in the fusion pH 

conformation (Figure 19) derived from X-31 influenza virus, to get new indications for the 

membrane fusion mechanism. Throughout the text in this chapter HA, HA2 and BHA2 

refer to the full-length proteins in the just described conformations. HA contains the 

transmembrane anchor and palmitoylated HA2 cytoplasmic tail exposed, HA2 both the 

fusion peptide and transmembrane anchor/cytoplasmic tail, and BHA2 the fusion peptide. 

Therefore, all the molecules under study have exposed hydrophobic regions prone to non­

specific aggregation. These aggregates are usually seen as rosettes upon EM analysis 

(Ruigrok et al., 1986a). To keep the proteins soluble, a detergent was used throughout the 

whole purification procedure and also in the crystallisation trials.

The virus ensures a source o f large quantities o f protein necessary for crystallisation. Also, 

the presence o f oligosaccharide chains on these virus-derived proteins may be important 

for the formation o f inter-trimer contacts, which could not be formed by E. coli-cxpressed 

molecules (Skehel and Wiley, 2000). HA2 and BHA2 were obtained from HA and BHA, 

respectively, by digestion with serine protease trypsin, which cleaves HA or BHA, in the 

fusion pH conformation, after HAi residues 27 and 224. A disulphide bond links the 

resulting HAi28'224 and HA]225'328 polypeptides. Therefore, HAi residues 28-328 were 

cleaved-off by trypsin treatment o f HA and BHA and the remaining HAi residues 1-27 

were kept on the HA2 and BHA2 molecules. The TBHA2 crystal structure revealed at the 

membrane-distal tip o f the molecule the presence o f a hydrophobic core, which 

presumably stabilises the fusion pH conformation, involving some o f those HAi residues
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HA, (1-328) HA2 (1-221)

HA
328  1 23 185 211 221

HA2 □
185 211 221

BHA2 □

Figure 19. The X-31 HA forms under study

The schematic diagram represents the full-length HA, full-length HA2 and full-length BHA2 isolated 

from X-31 virus and purified as described in this chapter. The black-filled boxes correspond to the 

fusion peptide and the stripped ones to the transmembrane anchor. The disulfide bond connecting the 

HA! and HA2 subunits is indicated (see Figure 15).
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(Bullough et al., 1994). Therefore, their presence on the studied molecules may be 

important for the crystallisation process. The absence o f transmembrane anchors and lipid- 

harbouring tails on BHA2 could render the molecule less hydrophobic, turning its 

crystallisation easier than that o f HA 2 . Nonetheless, the structure o f BHA 2 could reveal the 

three-dimensional arrangement o f the fusion peptides on the molecule in the fusion pH 

conformation.

The different steps o f the general protocol prepared for the purification o f  these proteins 

are described below. Alternative procedures (3.1.5, 3.2.2 and 3.2.3) correspond to 

unsuccessful or uncompleted experiments. Crystallisation trials were set up for HA, HA 2 , 

and BHA 2 to get hints about suitable conditions for their crystallisation.

3.1 Isolation and Purification of HA and BHA

3.1.1 Isolation o f HA from the viral envelope

The full-length HA was solubilised from the viral envelope using the mild nonionic 

polyoxyethylene detergent C 12E 10 (see 2.1.6). The solution obtained, after removing the 

viral cores by ultracentrifugation, contains practically all the viral HA, which has the 

exposed hydrophobic regions coated by detergent, and also viral membrane lipid -  

detergent micelles and an excess o f pure detergent micelles. M inor apparent low MW 

contaminations were observed upon SDS-PAGE (Figure 20A). The contaminant 

polypeptides are most probably breakdown products o f the viral membrane proteins and/or 

membrane remnants from cells o f the allantoic fluid where the virus was grown.

3.1.2 Isolation o f BHA from the viral envelope

BHA was removed from the influenza virus by cleavage with the cysteine protease 

bromelain and then separated from the digested virus particles by ultracentrifugation (see
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—  HA,
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Figure 20. SDS-PAGE of HA and BHA isolated from the influenza virus envelope

(A) Solubilisation of HA from X-31 influenza virus envelope in 2 % C12E10. SDS-PAGE o f HA under reduced 

conditions (0.2% 2-ME) on 12 % gels containing 4 M urea, 0.1 % SDS. Lanes: 7. Marker o f pure HA. 2. Whole 

virus before incubation with C12E10. 3. Pellet o f final solubilisation mixture. 4. Supernatant o f final solubilisation 

mixture. The viral core ribonucleoprotein co-migrates with HAi. Therefore, a strong band at that level was 

obtained in the pellet o f the final solubilisation mixture.

(B) Isolation of BHA by bromelain cleavage of X -31 influenza virus. SDS-PAGE of BHA under reduced 

conditions (0.2% 2-ME) on 12 % gels containing 4 M urea, 0.1 % SDS. Lanes: 7. Marker of pure BHA. 2. Initial 

mixture o f 1st digestion. 3. Final mixture o f 1st digestion. 4. Supernatant o f the final mixture o f 1st digestion. 5. 

Initial mixture of 2nd digestion. 6. Supernatant o f the final mixture o f the 2nd digestion. 7. Pellet of the final 

mixture o f 3rd digestion. 8. Supernatant o f  the final mixture of 3rd digestion.
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2.1.7). The resulting SNs contain BHA and bromelain, which shows low M W  smears due 

to auto-degradation (Figure 20B). The first short step o f digestion enabled the removal o f 

the majority o f the contaminating NA, which is more susceptible to bromelain digestion 

(see 3.1.3).

3.1.3 Preliminary purification o f HA and BHA by SD G  ultra­

centrifugation

Both HA and BHA isolated from the virus were purified in linear 5-25 % sucrose gradients 

(Figures 21A and B) (see 2.1.8). The polypeptide contaminants o f both viral proteins (see

3.1.1 and 3.1.2) were found on the top fractions o f the gradients and, for BHA, also 2-ME 

was removed into the most upper fractions. In the case o f HA, the gradient 

ultracentrifugation was also used to exchange the non-dialysable detergent C 12E 10, used for 

the HA solubilisation from the virus (see 3.1.1), for the dialysable C 12DAO, which only 

differs from C 12E 10 on its head group. The detergent exchange during SDG 

ultracentrifugation was necessary because, the subsequent step o f dialysis required a 

dialysable detergent. HA- and BHA-rich fractions, showing no signs o f  polypeptide 

contaminants upon gel analysis (fractions 4, 5 and 6 in Figures 21A and 2 IB), were 

selected from the collected gradient fractions. No BHA fractions were selected from the 

gradients corresponding to the SN from the first bromelain digestion, as all fractions had 

high or very high levels o f NA (data not shown). Also, no HA fractions below  fraction 4 

(see Figure 2 IB) were selected as they could contain HA aggregates. The selected HA and 

BHA gradient fractions were then pooled and dialysed to remove the sucrose (see 2.1.9). 

Figure 21C shows the polyacrylamide gel analysis o f the purified proteins, both in the 

dialysis buffer: HA is in 0.1 % C 12DAO, 10 mM Tris pH 8.0, and BHA in 10 mM Tris pH 

8 .0 .
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—  HA
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NR R

Figure 21. SDS-PAGE of HA and BHA purified by SDG u ltracen trifugation

Purification of BHA and HA by SDG ultracentrifugation on linear 5-25 % sucrose gradients. SDS-PAGE on 

12 % gels containing 4 M urea, 0.1 % SDS. BHA (A) or HA (B) gradient fractions. Lanes: 1-11. Gradient 

fractions 1-11, respectively. Fractions were numbered in crescent order from bottom to top o f gradients. (C) 

Purified HA and BHA after dialysis and concentration by centrifugation (see 2.1.10). Lanes: 1. BHA. 2. HA. 

R: reduced conditions (0.2% 2-ME). NR: nonreduced conditions.
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Faint bands for HAi and HA 2 were frequently seen in nonreduced conditions, suggesting 

that a residual level o f reduction o f the H A 1-HA 2 disulphide bound has occurred during 

sample preparation. This was more evident for HA samples, suggesting a higher 

susceptibility o f the HA molecule to reduction, maybe due to the presence o f detergent. 

High MW bands were always seen for HA samples, suggesting a tendency o f HA to form 

oligomers. The absence o f those bands in BHA samples suggests that the C-terminal HA2 

residues 176-221, removed by bromelain, are important for the formation or stability o f  the 

oligomers. This region o f the molecule has previously shown to be important for the 

stability o f  influenza A HA trimers. HA trimers remained intact upon incubation in SDS, 

but BHA dissociated under the same conditions (Dorns and Helenius, 1986). In 

nonreduced conditions, the further migrating HA oligomer band has an apparent MW of 

220 kDa, which corresponds to that o f the HA trimer. This fact suggests that stable HA 

trimers may mediate the formation o f higher order oligomers. The higher stability o f  HA 

trimers may be due to intra-transmembrane anchor interactions (Tatulian and Tamm, 

2000), forming a triple-stranded coiled coil as previously suggested (Wilson et al., 1981).

3.1.4 Improvement o f HA and BHA purification by anti-NA im m uno- 

affinity chromatography

The detection o f low concentrations o f  NA in HA or BHA samples analysed in 

polyacrylamide gels is hampered by the fact that some NA bands co-migrate with HA, as 

checked by running the two proteins separately in gel (data not shown). Therefore, a 

colorimetric assay testing for NA activity (see 2.1.12) was done to check if  there was still 

NA present in the samples purified by SDG ultracentrifugation (see 3.1.3). Both post­

dialysis HA and BHA solutions showed significant levels o f NA activity. Immunoaffmity 

chromatography was then used to remove the contaminating NA (see 2.1.11). The
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available anti-NA mAb showed to have low affinity for NA. Extensive passage o f  HA and 

BHA samples was performed both at RT and 4°C. The dialysis buffers (the protein buffers 

o f the samples used) 0.1 % C 12DAO, 10 mM Tris pH 8.0, for HA, and 10 mM Tris pH 8.0, 

for BHA, were used to pre-equilibrate and wash the columns. Even though the levels o f 

NA activity could be reduced, the activity was not totally eliminated. Also, significant 

losses o f protein sometimes occurred. This could have been caused by protein aggregation 

inside the column.

3.1.5 Alternative purification o f HA and BHA by one-single-step IE 

chrom atography

Alternatively, a simpler procedure for the purification o f the isolated HA and BHA was 

performed using only IE spin columns. In the case o f the HA, the SN containing the 

solubilised protein in 2% C 12E 10, PBS, 0.01% azide was passed through the IE column, 

after dilution with 2% C 12E 10, 10 mM Tris pH 8.0 to reduce the salt content to a minimum 

o f 30 mM. The IE column was then washed with 2% C 12E 10, 10 mM Tris pH 8.0 (washing 

buffer), ensuring the removal o f any remaining viral membrane lipids, and the HA eluted 

with 2% C 12E 10, 10 mM Tris pH 8.0, 400 mM NaCl (elution buffer). For BHA, the pooled 

SNs from the bromelain digestion were directly passed through the IE column. An 

identical procedure was followed as for HA, using 10 mM Tris pH 8.0 as the washing 

buffer and 10 mM Tris pH 8.0, 400 mM NaCl as the elution buffer. An extensive washing 

o f the column-bound BHA ensured the complete elimination o f 2-ME. Both HA and BHA 

samples were highly concentrated by eluting them in the minimum possible volume. 

Overloaded lanes in SDS-PAGE gels showed faint contaminant bands in HA and BHA 

samples (Figures 22A and B).

Therefore, this seems to be a valid simple procedure for the purification o f HA and BHA,
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Figure 22. SDS-PAGE of HA and BHA purified by IE ch rom atography

Purification of HA and BHA by IE chromatography. SDS-PAGE on 12 % gels containing 4 M urea, 0.1 % 

SDS. Samples subjected to IE, detergent-solubilised HA (A) or bromelain-released BHA (B), were eluted 

with 400 mM NaCl. (A) Lanes: 7. Pellet o f final solubilisation mixture; 2. SN of final solubilisation mixture. 

3. 1st elution from the IE column (50 pg, loaded protein); 4. 2nd elution from the IE column; 5. Flow-through 

from IE column. (B) Lanes: 7. Marker of BHA; 2. 1st elution from IE column (80 pg, loaded protein); 3. 2nd 

elution from the IE column; 4. Flow-through from IE column; 5. SN of ON digestion; 6. Pellet o f ON 

digestion. R: reduced conditions (0.2% 2-ME). NR: nonreduced conditions. No bands were obtained in the 

flow-through, as samples had to be diluted to reduce the ion strength before passage through the column.
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but it needs to be further developed. The detergent C 12E 10 in HA samples was not 

exchanged as it proved to be the most suitable for solubilisation o f both HA and BHA 

upon the low pH incubation for the trypsin digestion (see below).

3.1.6 Final purification o f HA for crystallisation trials by IE chromato- 

graphy

Large quantities o f HA were solubilised from virus, preliminarily purified in a linear 

sucrose gradient, dialysed, passed through an anti-NA column (as described in 3.1.1, 3.1.3, 

and 3.1.4, respectively) and, finally, passed through an IE spin column. In this last IE 

chromatography step o f the HA purification protocol (see 2.1.13), firstly, the HA sample 

was centrifuged through a spin column pre-equilibrated in 0.1% C 12DAO, 10 mM Tris pH

8.0 (loading buffer). Then the column was extensively washed with 1.5% C 12E 10, 25 mM 

Tris pH 8.0 (washing buffer), and the HA was eluted with 1.5% C 12E 10, 25 mM Tris pH

8.0, 450 mM NaCl (elution buffer).

The composition o f the HA sample used in the crystallisation trials -  10 mg/ml HA in 

0.5% C 12E 10, 25 mM Tris pH 8.0, 150 mM NaCl -  was obtained by diluting the elute 

solution with 25 mM Tris pH 8.0. The polyacrylamide gel analysis o f this HA sample is 

shown in Figure 28A, lane 1 (see below). The detergent C 12DAO was exchanged for 

C 12E 10, which gave indications to be the most suitable for solubilisation o f HA 2 and BHA 2 

(see 3.2.4), and also to keep all proteins solubilised in the same detergent for the initial 

crystallisation trials. The ionic strength was set to 150 mM NaCl to use the same value o f 

the solutions o f BHA proteins derived from other influenza virus subtypes under 

crystallisation in the laboratory [L. F. Haire (Division o f M olecular Structure, MRC- 

NIMR, London), personal communication]. Common crystallisation patterns may be
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derived from the comparison o f the different proteins, helping the identification o f 

promising crystallisation conditions.

3.2 Isolation and Purification o f H A2 and BH A2

HA2 and BHA2 were obtained by trypsin digestion o f low pH-treated HA and BHA in 

detergent. HA was already in detergent as it contains the hydrophobic transmembrane 

anchor and palmitate residues. During the required previous low pH treatment, both HA 

and BHA extrude the fusion peptide. Therefore detergent had also to be present in BHA 

and BHA2 samples to keep the proteins soluble. Samples o f HA and BHA isolated from 

virus, initially purified by SDG ultracentrifugation and passed through an anti-NA column, 

as described above (see 5.7.7, 5.7.5, and 3.1.4, respectively), were used for all procedures, 

unless otherwise indicated.

3.2.1 Trypsin digestion o f HA and BHA in the detergent C i2DAO

The first test digestions were performed in the detergent C 12DAO. Several different 

conditions were tried for the low pH and trypsin incubation steps. The proteins, at 2 mg/ml 

in 10 mM Tris pH 8.0, were incubated for 10 min at pH 5.0 or 4.8 in the presence o f 

C 12DAO at concentrations ranging 0.1-1.1 % and then incubated for 30 min at pH 7.0 with 

trypsin, at trypsin:HA or BHA w/w ratios o f 1:50, 1:40 or 1:20 (see 2.1.14). Upon gel 

analysis o f the reaction mixtures, the presence o f a HAi band in all the conditions indicated 

that the reaction was not complete. Also, a band migrating a little further than that o f HA2 

or BHA2 suggested that the N-terminus was being cleaved at a labile region as previously 

described (Ruigrok et al., 1988). This over-digestion was more apparent, after incubation 

at pH 4.8, at l:20w/w trypsin:HA or BHA ratios (Figure 23A). To overcome this problem, 

new conditions were tried, following the indication that the N-terminus o f HA2 was not
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Figure 23. SDS-PAGE of HA and BHA digested with trypsin in C 12DAO

(A) Digestion of HA and BHA with trypsin at pH 7.0 in C,2DAO. SDS-PAGE on 12 % gels containing 4 

M urea, 0.1 % SDS of HA (A.l) and BHA (A.2), under reduced conditions (0.2% 2-ME), after digestion 

with trypsin. (A.l) Lanes: 1. HA marker; 2. Final reaction mixture*; 3. Final reaction mixture passed by a 

TI column; 4. Trypsin marker. (A.2) Lanes: 1. BHA marker; 2. Final reaction mixture*; 3. Final reaction 

mixture passed by a TI column; 4. Trypsin marker. *: samples were frozen after reaction.

(B) Digestion o f HA and BHA with trypsin at pH 6.0 in Ct2DAO. SDS-PAGE on 12 % gels containing 4 

M urea, 0.1 % SDS of HA (B.l) and BHA (B.2), under reduced conditions (0.2% 2-ME), after digestion 

with trypsin. (B.l) Lanes: /. HA marker; 2. Final reaction mixture*; 3. Final reaction mixture passed by a 

TI column; 4. Trypsin marker. (B.2) Lanes: /. BHA marker; 2. Final reaction mixture*; 3. Final reaction 

mixture passed by a TI column; 4. Trypsin marker. *: samples were frozen after reaction.
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cleaved by trypsin at pH 6.0 (Ruigrok et al., 1988). HA and BHA were incubated for 10 

min at pH 5.0 and then incubated with trypsin at 1:100w/w trypsin:HA or BHA for one hour 

at pH 6.0. Under these conditions, even though the reaction was far from complete, no 

significantly clear band indicative o f  HA 2 or BHA 2 digestion was obtained (Figure 23B). 

The HAj peptides resulting from the trypsin digestion are indicated in Figure 23B: HAi 

residues 28-328 (40 kDa), HAi residues 28-224 (25 kDa) and HAi residues 225-328 (15 

kDa).

In all the trypsin digestion conditions indicated above, aggregation was visually detected 

upon incubation at low pH, for both HA and BHA. Extensive aggregation was obtained in 

the samples incubated at lower pH (pH = 4.8). This aggregation was not affected by the 

subsequent rising o f pH for the trypsin reaction and most o f it could not be reversed by the 

addition o f more detergent. To check if  this was due to detergent coming out o f solution, 

1% C 12DAO was incubated at low pH. After 1 hour at pH 4.7, no signs o f  aggregation 

were observed. This indicated that protein aggregation, presumably mediated by the 

exposed fusion peptide, was occurring. To avoid aggregation from happening upon 

incubation at low pH, a lower protein concentration was used and the trypsin digestion 

carried out in the conditions shown not to induce N-terminal HA 2 cleavage, as described 

above. Protein samples at 0.3 mg/ml in 0.1% C 12DAO incubated for 10 min at pH 5.0 

showed occasional small-scale aggregation.

3.2.2 Purification of H A2 by anti-H Ai im m unoaffinity chrom atography

To remove the trypsin-cleaved HAi 40 kDa fragment and the uncleaved full-length HA, 

final reaction mixtures o f the trypsin digestion o f HA in C ^D A O  showing no signs of 

aggregation were passed through a mAb HC73 affinity column. HC73 binds to both the 

low pH and native conformation o f  HA, at HAi residues 134 and 145. No protein could be
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detected in the void volume and HA 2 , free o f the HAi 40 kDa fragment and full-length 

HA, was recovered in the subsequent fractions collected by passing 10 mM Tris pH 8.0, 

0.1% C 12DAO through the column (Figure 24). The fact that HA 2 was only eluted after the 

void volume could be a consequence o f the protein having to pass through the pores of 

sepharose beads. The positioning o f a protein between the void and the included volumes 

o f a gel filtration column is a criterion for protein solubility (Boehringer Mannheim, 1990). 

But it could also reflect the aggregation o f HA2 inside the column. In fact, aggregation was 

observed in some o f the eluted samples, even though the protein concentration was as low 

as 0.1 mg/ml.

3.2.3 Purification o f HA2 and BH A2 by SDG ultracentrifugation

The purification o f trypsin-isolated HA2 and BHA2 in C 12DAO was also tried by 

ultracentrifugation in linear sucrose gradients (see 2.1.8). The final trypsin digestion 

reaction mixtures showing no signs o f aggregation (see 3.2.1) were ultracentrifuged in 

linear 5-15% sucrose gradients with a 60% sucrose cushion. The uncleaved full-length HA 

or BHA were expected to be found at the 15/60% sucrose interface. The polyacrylamide 

gel analysis o f the gradient fractions showed that the different polypeptides did not form 

sharply defined bands, leading to their overlapping (data not shown). This made the 

selection o f pure HA2 or BHA2 bands not possible.

3.2.4 Trypsin digestion o f HA and BHA in the detergent C j2E i0

The detergent C 12DAO o f HA samples in 0.1 % C 12DAO, 10 mM Tris pH 8.0 was 

exchanged for C 12E 10 by IE chromatography (see 2.1.13). Each HA sample in C 12DAO 

was passed through a pre-equilibrated IE spin column, extensively washed with 2% C 12E 10, 

10 mM Tris pH 8.0 (washing buffer) and eluted with 2% C 12E 10, 10 mM Tris pH 8.0, 400

124



1 2 3 4 5 6 MW (kDa)

HA, (28-328)

H A,—

HA2—  m  **

50

40

25

Figure 24. SDS-PAGE of HA2 purified by im m unoaffin ity  ch rom atog raphy

Purification of HA2 by immunoaffinity chromatography. SDS-PAGE, under reduced 

conditions (0.2% 2-ME), on 12 % gels containing 4 M urea, 0.1 % SDS o f  trypsin-digested 

HA passed through an anti-HA, column. Lanes: /. Marker o f pure HA; 2. Trypsin digestion 

final mixture; 3. Void volume from anti-HAi column; 4-6. l sl-3rd fraction o f  recovered HA2, 

respectively.
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mM NaCl.

Samples o f  HA or BHA at up to 1.0 mg/ml in 1 or 2 % C 12E 10 showed no signs of 

aggregation even after ON incubation at pH 5.0. The conditions for the digestion o f HA 

and BHA with trypsin in C 12E 10 were then extensively screened, aiming at a complete 

cleavage, which would simplify the purification o f HA 2 and BHA 2 . The trypsin digestions 

were always performed at pH 6.0, as trypsin showed not to cleave HA2 under those 

conditions (see 3.2.1). A time-course screen showed that a maximum o f digestion 

extension, evaluated by the intensity o f the HA| band, was obtained after about 2 hours of 

incubation with trypsin at a trypsin:HA ratio o f l:50w/w (Figure 25A). An increase o f the 

trypsin:HA ratio up to l:5w/w did not affect the extension o f  digestion (data not shown). A 

pH screen o f  the low pH treatment showed that after incubation o f HA at pH < 4.8 the 

trypsin digestion was complete (Figure 25B.1). A smaller-scale screen for BHA showed 

that after incubation at pH < 4.5 the digestion was also complete (Figure 25B.2). These 

results indicated that an incubation at a pH < 4.8 was necessary to induce a conformational 

change in all the molecules in solution. The HA| peptides obtained from the trypsin 

digestion are indicated in Figure 25: HAi residues 28-328 (40 kDa), HAi residues 28-224 

(25 kDa) and HAi residues 225-328 (15 kDa).

Upon incubation at lower pH values, the HAi 40 kDa fragment is practically no longer 

detected, suggesting that it is susceptible to further trypsin digestion under those 

conditions. The split o f the HAi 40 kDa band into the 25 kDa and 15 kDa bands, by 

reduction o f  the connecting disulphide bond, is obvious for the BHA-derived HAi but not 

for the HA-derived. This was due to co-migration o f the HAi 25 kDa fragment with the 

HA2 m onom er in trypsin-digested HA samples. Both HA 2 and BHA2 showed to be stable 

at pH values as low as 3.4 and 4.0, respectively, and no aggregation was observed in any 

o f the sam ples.
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Figure 25. SDS-PAGE of HA and BHA from  the screening of trypsin  digestion conditions 

in C 12E 10

(A) Time course screen of the conditions for the digestion o f HA with trypsin in C^Eio. SDS-PAGE o f HA, under 

reduced conditions (0.2% 2-ME), on 12 % gels containing 4 M urea, 0.1 % SDS. SNs o f solubilised HA at 1 mg/ml 

were incubated at pH 5.0 for 40 min and then incubated with trypsin at pH 6.0. Fractions were taken at successive 

times o f / 2 hour and immediately treated with trypsin inhibitor. Lanes: 1. HA solubilisation SN after incubation at 

low pH; 2-10. Trypsin digestion mixture at successive times; 11. Mixture 1:1 w/w of trypsin and trypsin inhibitor. 

The sharp band seen slightly above that of HA, residues 28-328 may correspond to an oligomer of HA, residues 

225-328 obtained is this particular occasion.

(B) pH screen of the low pH treatment o f HA and BHA previous to trypsin digestion in C 12E10. SDS-PAGE on 12 

% gels containing 4 M urea, 0.1 % SDS of HA (B.l) and BHA (B.2) samples, under reduced conditions (0.2% 2- 

ME). HA and BHA samples at 1 mg/ml in 2% C,2E,0, 400 mM NaCl were incubated for 95 min at different pH 

values and then incubated for 3 XA hours at pH 6.0 with trypsin at 1:50w/w. (B. 1) Lanes: 1. Marker o f pure HA; 2-10. 

Trypsin digestion final mixture after incubation at different pH values: 5.0, 4.8, 4.6, 4.4, 4.2, 4.0, 3.8, 3.6 and 3.4, 

respectively; 11. Mixture l : lw/w of trypsin and trypsin inhibitor. The band seen above that of HA, as well as the 

ones at the top o f the gel correspond to oligomers of HA2 (see 3.2.6). (B.2) Lanes: 1. Marker of BHA; 2-4. Trypsin 

digestion final mixture after incubation at different pH values: 5.0, 4.5 and 4.0, respectively.

127



3.2.5 Purification o f trypsin-isolated H A2 and BH A2 by IE chrom ato- 

graphy

The trypsin-digested samples from the low pH screens (see 3.2.4) after incubation at pH 

4.2 and 4.4, for HA, or pH 4.0 and 4.5, for BHA, were pooled and passed through pre­

equilibrated IE spin columns (see 2.1.13). The columns were pre-equilibrated and washed 

with 2% C 12E 10, 10 mM Tris pH 6.0 (loading and washing buffer) and the proteins eluted 

with 2% C 12E 10, 10 mM Tris pH 6.0, 500 mM NaCl (elution buffer) in the minimum 

volume possible, which led to a 5 times concentration o f the proteins. The eluted samples 

contained practically pure HA2 or BHA2 with minor apparent low MW contaminations o f 

trypsin, TI and putative break down products o f the HAi 40 kDa fragment (Figure 26).

The observed difference in migration o f both HA2 and BHA2 in reduced conditions, when 

compared to nonreduced conditions, reflects the release o f  the HAi residues 1-27 

polypeptide by reduction o f the HAi -  HA2 disulphide bound. In nonreduced conditions, 

the HA2 monomer co-migrates with the HAi 40 kDa fragment. As for HA, HA2 showed 

bands o f higher MW than that o f the monomer, suggesting oligomer formation. As 

obtained for BHA, this was not observed for BHA2, further suggesting that the region, or 

part o f it, cleaved off by bromelain is important for the formation or stability o f the 

oligomers. The analysis o f  band migration does not clearly suggest the oligomerisation 

order o f the formed oligomers. The comparison o f the lanes for HA and HA2, in reduced 

conditions, in Figure 26A suggests the oligomers seen for the HA sample may in fact have 

been formed by HA2, which was obtained from HA upon sample preparation for gel 

analysis.
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Figure 26. SDS-PAGE of HA 2 and BHA 2 purified by IE chrom atography

Purification o f HA2 and BHA2 by IE chromatography. SDS-PAGE on 12 % gels containing 4 M urea, 

0.1 % SDS of HA2 (A) and BHA2 (B). Lanes: 1. Marker of pure HA or BHA; 2. Trypsin digestion final 

mixture; 3. Flow-through; 4. 1st elution; 5. 2nd elution. R: reduced conditions (0.2% 2-ME). NR: 

nonreduced conditions. In (A), lane 4/R the 60kDa band corresponds to the mass spectrum shown in 

Figure 27.

(No bands were observed in gel for the flow-through, as samples had to be diluted to reduce ionic 

strength before passing by the column)
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3.2.6 Analysis o f H A2 and BH A2 by M ALDI spectrom etry

The HA2 and BHA2 samples eluted from the IE spin columns (see 3.2.5) were run in a 

different gel and all the bands analysed by MALDI spectrometry (see 2.1.16). The spectra 

obtained (Figure 27) were very similar to each other and, after a data base search, all were 

found to correspond only to HA2 (see 2.1.16) [S. Howell (Division o f Molecular Structure, 

MRC-NIMR), personal communication], which further indicates the high MW bands seen 

in gel for HA2 samples correspond to HA2 oligomers (Figure 26A). Also, the fact that no 

matched peptides were found for HAi further indicates the purity o f the HA2 and BHA2 

samples and that the trypsin digestion had been complete, as inferred from gel analysis. 

Matched peptides were obtained for the N-terminus o f HA2 in both HA2 and BHA2 

samples, which indicated that the N-terminal region o f HA2 and BHA2 was intact, not 

having been affected by the performed digestion o f HA and BHA with trypsin, as inferred 

from gel analysis.

No matched peptides corresponding to the HA2 sequence beyond residue 174 were 

identified. The unmatched region corresponds to the fragment cleaved o ff by bromelain 

from HA. Previous studies o f protease susceptibility o f the full-length HA gave a similar 

result. No peptides corresponding to that region could be observed upon gel analysis [S. A. 

Wharton (Division o f Virology, MRC-NIMR), personal communication]. This may reflect 

the fact that this region is not, as the exposed ectodomain, under selective pressure for 

protection against degradative enzymes. Taken together, these results suggest a higher 

susceptibility to unspecific proteolysis for the HA2 residues 175-221 stretch. Therefore, 

direct evidence that the trypsin-isolated HA2 has an intact C-terminus is not available. But 

the fact that upon gel analysis in reduced conditions its migration can not be distinguished 

from that o f HA2 obtained by reduction o f control HA in sample preparation (Figure 26A) 

suggests the protein is full-length intact.
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Figure 27. MALDI spectrom etry  analysis of HA 2

MALDI spectrometry analysis o f HA2 purified by IE chromatography.

A representation of arbitrary intensity as a function o f molecular mass is shown.

The peptide mass spectrum of in-gel-digested HA2 is shown. The gel analyses of the HA2 and BHA2 

samples processed for MALDI spectrometry are shown in Figure 26. The band whose spectrum is shown 

here is identified in the previous figure. The spectra obtained for BHA2 and the other HA2 bands have minor 

differences comparing to the one shown.
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3.2.7 Preparation o f H A2 and BH A2 for crystallisation trials

3.2.7.1 Optimised trypsin digestion o f HA2 and BH A 2 in C 12E 10

HA or BHA at 1 mg/ml in 2% C 12E 10 were incubated for 2 V2 hours at pH 4.6 and then 

incubated with trypsin, l:50w/w trypsin:HA or BHA, for 4 hours at pH 6.0 (see 2.1.14). 

Complete digestions were obtained for both proteins (Figure 28A).

3.2.7.2 Final purification o f H A2 and BH A2 by IE chrom atography

The final trypsin digestion reaction mixtures were then passed through an IE spin column 

at pH 8.0 (see 2.1.13). The columns were pre-equilibrated and washed with 2% C 12E 10, 25 

mM Tris pH 8.0 (loading and washing buffer) and eluted with 2% C i2Eio» 25 mM Tris pH

8.0, 600 mM NaCl (elution buffer). The eluted proteins have an apparent high purity in gel 

(Figure 28B). A new faint 50 kDa band was observed for the BHA2 sam ple, presumably a 

dimer o f  BHA2. The BHA2 dimer may not have bound efficiently to the IE column at pH

6.0 (see 3.2.5 and Figure 26). The composition o f  the protein sam ples used in the 

crystallisation trials was adjusted by dilution with 1% C i2E i0, 25 mM  Tris pH 8.0. These 

samples were: HA2 10 mg/ml in 1.5% C j2Ei0, 25 mM Tris pH 8.0, 300 mM NaCl and 

BHA2 9.5 mg/ml in 1.5% Ci2E i0, 25 mM Tris pH 8.0, 200 mM NaCl.

The detergent concentration was set to three times o f  that used fo r H A, as the molar 

concentration o f HA2 and BHA2 samples is about three tim es higher. T he ionic strength in 

both samples was higher than the aimed 150 mM NaCl, as the obtained protein losses did 

not allow to dilute the final solutions as much as planned, and the solution concentration 

could not be adjusted, by dialysis or centrifugation, because C i2E io is a non-dialysable 

detergent.
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Figure 28. SDS-PAGE of HA and BHA afte r optim ised trypsin  digestion, and HA2

and BHA2 subsequently purified  by IE ch rom atography

Preparation of HA2 and BHA2 for crystallisation trials.

(A) Optimised tryptic digestion of HA and BHA. SDS-PAGE on 12 % gels containing 4 M urea, 0.1 % 

SDS showing a comparison o f the final reaction mixtures for both proteins. Lanes: 1. Marker of pure HA; 

2. HA trypsin digestion final mixture; 3. BHA trypsin digestion final mixture; 4. Marker of pure BHA. R: 

reduced conditions (0.2% 2-ME). NR: nonreduced conditions.

(B) Purification o f BHA2 (lanes 1 and 2) and HA2 (lanes 3 and 4) by IE chromatography after optimised 

tryptic digestion of HA and BHA. SDS-PAGE on 12 % gels containing 4 M urea, 0.1 % SDS showing a 

comparison o f flow-through and elute samples for both proteins. Lanes: 1. Flow-through; 2. Elute; 3. Flow­

through; 4. Elute. R: reduced conditions (0.2% 2-ME). NR: nonreduced conditions.
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3.3 Crystallisation Trials

The gel analysis o f the purified proteins HA, HA 2 and BHA 2 (see 3.2.7.2; Figure 28) and 

the M ALDI analysis o f the gel bands o f HA 2 and BHA2 (see 3.2.6; Figure 27) indicated 

that the proteins had a reasonably high level o f  purity and that HA 2 and BHA 2 were full- 

length intact. Therefore, the samples o f  HA, HA2 and BHA 2 purified by IE 

chromatography (see, above, 3.2.7.2) were used in crystallisation trials (see 2.1.17.2).

To cover the largest possible spectrum o f conditions, the major commercially available 

crystallisation screens were used. One o f these, M emStart (Iwata, 2003), is specific for 

membrane proteins. MemSys (Iwata, 2003), a systematic screen, also specific for 

membrane proteins, was used to complement the conditions established with MemStart 

(Iwata, 2003). The PEG 5000 MME salt screen was used as it showed to be a promising 

screen for BHA samples obtained from other influenza virus subtypes (L. F. Haire, 

personal communication). The NR-LBD screen was used as it contains a range o f mild 

concentrations o f high MW PEGs, which seem to be preferable crystallisation conditions 

for m em brane proteins (Abramson and Iwata, 1999). Conditions described as having a pH 

< 6.5 w ere not used in the HDVD assays with HA, to avoid wasting protein which would 

undergo the low pH-induced conformational change. This selection o f  conditions was 

based on final pH values given by the manufacturer (W izard I and Wizard II screens) or on 

pH values available in the literature (Wooh et al., 2003), for Crystal Screen (Jancarik and 

Kim, 1991), Crystal Screen 2 (Jancarik and Kim, 1991; Cudney et al., 1994), 

Structure Screen 1 (Jancarik and Kim, 1991), and Structure Screen 2 (Jancarik and Kim, 

1991; Cudney et al., 1994).

3.3.1 A nalysis o f crystals

Very th in , 10x300 pm needle-like crystals o f HA2 (data not shown) were grown by MB, in
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24%w/v PEG 5000 MME, 0.2 M M g S 0 4, 0.1 M Tris pH 7.5 and 20%w/v PEG 5000 MME, 

0.2 M M gCh, 0.1 M Tris pH 7.5 (PEG 5000 MME salt screen; see 2.1.17.2). A few o f 

these crystals were tested using the in-house diffractometer. Very weak Bragg diffraction 

with closely spaced reflections at low resolution was indicative o f protein crystals. 

However, the solution o f  the dissolved crystals did not have enough protein to be detected 

by either EM or W estern-blotting. Another very small (icosahedral) crystal was grown by 

HDVD, but it did not diffract upon testing in the in-house diffractometer. The analysis by 

EM (carried out by L. J. Calder, at the Division o f Virology, MRC-NIMR, London) o f the 

solution (~300 ng p i '1 protein concentration) obtained after dissolving the crystal in PBS, 

showed seemingly trimeric molecules with features o f the fusion pH conformation o f HA 2 , 

namely globular knobs at the tip o f stems (data not shown). The fact that rosettes could not 

be seen was indicative o f the cleavage o f the fusion peptide and transmembrane anchor, 

but it could also indicate that some detergent had remained bound to those regions o f HA 2 , 

keeping the molecules soluble. However, the shape o f these molecules indicates that HA 2 

had been denatured and degraded in significant extent (L. J. Calder, personal 

communication).

The observed needle crystals had been under crystallisation conditions for ten months, and 

the icosahedral one for fourteen months. The gel analysis o f the BHA 2 sample used in 

crystallisation trials showed, after twelve months, small MW bands indicative o f protein 

degradation (data not shown). These results suggest that after long periods o f time, as the 

components o f the crystallisation drops get highly concentrated, due to water evaporation, 

very high detergent concentrations may have caused protein denaturation. Also, in those 

conditions, residual protease activities may become significant. This potential protease 

activity was not characterised. A residual trypsin activity, used in this study for the 

preparation o f HA2 and BHA 2 , may have contributed for the observed protein degradation.
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3.4 Discussion

3.4.1 Isolation and purification in detergent o f HA, H A2 and BH A2

A protocol for the isolation and purification in detergent o f HA, HA2 and BHA2 from X -31 

influenza virus was prepared in this study. As crystallisation requires a high level of 

sample homogeneity (Bergfors, 1999), a particular effort was put into having a complete 

trypsin digestion o f low pH-treated HA and BHA, aiming at the preparation of 

homogeneous solutions o f  HA2 and BHA2. The efficient purification o f  these two proteins, 

after trypsin digestion, in a one-single-step purification by IE chromatography ensured not 

only high yields o f protein recovery but also a high sample reproducibility, which is 

another important factor in protein crystallisation (Bergfors, 1999).

The detergent C i2E io (also known as Brij 36T) had proved to be a good dispersing agent 

for the removal o f the full-length HA from the viral envelope (W harton et al., 1986) and 

here it also proved to be a suitable detergent to keep HA, BHA, HA2 and BHA2 soluble 

during the low pH incubation required before the trypsin digestion. Also, its mild character 

indicated that a high detergent concentration necessary to ensure complete protein 

solubility could be used without risking denaturing the proteins. The concentration o f 

protein samples without concomitant concentration o f the nondialysable C i2E io was 

possible by using the IE spin columns, whose large pore (3-5 pm) matrix allowed the free 

passing o f detergent micelles and elution o f the matrix-bound protein in the desired 

volume.

The presence o f NA in the protein samples used in the crystallisation assays was not 

checked. The attempted removal o f NA from HA and BHA samples by immunoaffinity 

chromatography was not completely successful. Some NA was removed by SDG 

ultracentrifugation and, as it has a pi « 7, at each step o f IE. Therefore, the levels o fN A  in 

the proteins used in crystallisation trials must be very low. The fact that the crystals which
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previously led to the structure determination o f viral HA molecules were obtained from 

samples still containing NA (L. F. Haire, personal communication) suggested that the 

presence o f residual levels o f  NA in the HA, HA 2 and BHA 2 samples o f this study would 

not be a problem for crystallisation.

3.4.2 Crystallisation trials

The strategy for initial crystallisation trials was to cover a large number o f conditions, 

using different available commercial screens, to increase the probability o f getting crystals 

and identify different crystal forms.

The crystallisation trials were carried out in the detergent C 12E 10, in which the used 

proteins showed to be stable. The mild character o f this detergent suggested that, as the 

protein solution is driven to high concentrations in the process o f crystallisation by HDVD, 

the risk o f protein denaturation might be reduced. However, the EM analysis o f HA2 

derived from a crystal (see above) suggests that high C 12E 10 concentrations (among other 

factors), for long periods o f time, may contribute for protein denaturation. The detergents 

C 12DAO, also used in this study, and octyl-p-D-glucopyranoside (/?-OG) are popular 

detergents in the crystal structures o f  different membrane proteins (http://www.mpibp- 

frankfurt.mpg.de/michel/public/memprotstruct.html). However, the proteins under study, 

after low pH incubation, were unstable in C 12DAO. Nonetheless, the HA in the neutral pH 

conformation showed to be stable in this detergent. J3-0G is an alkyl nonionic detergent, 

like C 12E 10, having a glycosidic head group instead o f the polyoxyethylene o f C 12E 10, but a 

significantly higher concentration o f p-OG  compared to C 12E 10 was required to solubilise 

full-length HA (data not shown), and it was previously shown that influenza virus 

envelopes could not be functionally reconstituted after solubilisation with (5-OG 

(Stegmann et al., 1987). Also, the majority o f the available structures correspond to
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membrane integral proteins, which are primarily located in the membrane, and no crystal 

structure o f a full-length membrane-anchored protein similar to the proteins under study 

has been determined.

3.5 Future Experim ents

The crystallisation trials o f  HA, HA 2 and BHA: carried out did not give indications for the 

improvement o f crystallisation conditions. The general aim was to set up an initial 

crystallisation trial o f conditions, using the first protein samples showing reasonably purity 

and stability, to see if  any promising lead was obtained. Further developments to the 

purification procedures, sample preparation for crystallisation, and crystallisation screens 

are necessary to create the conditions for the successful crystallisation o f  these proteins.

3.5.1 Sample preparation for crystallisation

A detailed biochemical characterisation o f the protein samples used in crystallisation 

assays was not done. The ability o f  the detergent C 12E 10 to completely solubilise the 

proteins under study, without the formation o f non-specific soluble aggregates, and 

maintain them as trimers, was not tested. Also, the confirmation that HA 2 and BHA 2 were 

in the low pH-induced conformation was not done. Nonetheless, the EM analysis o f the 

HA2 dissolved from an obtained crystal in this study (see, above, 3.3.1) indicates that the 

molecule was in the trimeric form, even though degraded.

Different other detergents could be tested in their ability to be good solubilisation agents of 

HA, HA2 and BHA2. The detergent screening o f the protein samples to be used in 

crystallisation assays could lead to the selection o f  other detergents (besides C 12E 10) with 

different physical properties that could facilitate the crystallisation o f  the proteins under 

study. A first approach would be to use two homologues o f each detergent class as
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previously suggested (Reiss-Husson, 1992). The detergent C 12E 10 could be easily 

exchanged for other detergents in a single step o f IE chromatography.

For the biochemical characterisation o f the purified HA, HA 2 and BHA 2 samples, different 

methods could be implemented. Chemical cross-linking could be used to show that HA2 

and BHA2 remain trimeric after the purification procedures. The confirmation o f the 

trimeric state o f HA2 and BHA 2 and possible detection o f soluble aggregates, checking for 

size polydispersity, could be done by size-exclusion chromatography and sedimentation 

equilibrium analytical centrifugation. To ascertain whether HA 2 and BHA 2 were in the 

fusion pH conformation, mAbs specific for the low pH-induced form o f HA2 could be 

used, and the formation o f HA 2-mAB and BHA 2-IT1AB complexes checked by EM. The 

just described methodologies were used in a recent study, for the characterisation o f the 

E. co//-expressed full-length HA 2 construct M HA 2 , which has the maltose binding protein 

fused at its N-terminus (Swalley et al., 2004). Dynamic light scattering could also be used 

to check for size polydispersity o f the protein samples included in crystallisation trials 

(Bergfors, 1999).

The analyses o f HA2 dissolved from a crystal and the BHA 2 solution used in crystallisation 

assays have shown that after several months the two proteins had undergone degradation 

(see 3.3.1). The MALDI spectrometry analysis o f these two proteins before setting up 

crystallisation trials indicated that both proteins were full-length intact. This potential 

protease activity was not characterised. In future experiments, protease inhibitors could be 

added to the protein samples or used as additives in the crystallisation trials.

3.5.2 Crystallisation trials

Several different crystallisation methods or techniques could be used to screen for new
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conditions or improve existent ones. The following are examples o f  new approaches with 

more direct application to the crystallisation o f HA, HA 2 and BHA 2 .

As mentioned above (3.5.1), different detergents could be tested in their ability to 

solubilise HA, HA 2 and BHA 2 . In the crystallisation trials, the influence o f each detergent 

on crystallisation could be optimised using small amphiphiles or commercially available 

detergent screens to create mixed micelles. The characteristics o f the detergent micelles 

have a crucial role on the crystallisation process. Their size or interactions among 

themselves or with the protein are essential for the structure o f the crystal lattice. Small 

amphiphiles are usually used to reduce the size o f the detergent micelle so it can better fit 

in the protein lattice (Abramson and Iwata, 1999). Preliminary low-resolution crystals o f 

full-length H16 HA in the detergent C 12DAO were obtained in the laboratory. The 

optimisation o f the conditions in which these crystals were grown may give valuable 

indications for the crystallisation o f the X -31 HA o f this study.

Fab fragments derived from available anti-HA mAbs could be used to mediate the 

formation o f crystals o f HA-Fabs complexes, which may be more prone to crystallisation 

than the mixture o f protein and detergent micelles. The detergent molecules, by covering 

the hydrophobic regions o f the protein (the transmembrane anchor and fusion peptide o f  

HA, in this study), may also prevent the formation o f essential protein-protein contacts for 

the assembly o f the crystal lattice. Fab antibody fragments can be used to extend the 

hydrophilic surface o f the proteins and create space for detergent micelles, facilitating 

crystallisation (Hunte and Michel, 2002). For this purpose, Fab fragments o f available 

mAbs able to recognise different regions o f the virus native HA, or the HA 2 and BHA 2 in 

the low pH-induced conformation, could be used to induce the formation o f crystals o f  

protein-Fab complexes. Fab fragments directed against the fusion peptide or
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transmembrane anchor o f HA could also help circumventing the non-specific aggregation 

problems posed by those regions. Preliminary low-resolution crystals o f a NA-Fab 

complex obtained in the laboratory, promise the applicability o f this approach in the 

crystallisation o f HA, HA 2 or BHA 2 in complex with Fab fragments.

Lipidic cubic phases, an alternative crystallisation technique by which the proteins are put 

under crystallisation conditions after being transferred from the solubilising detergent into 

a lipid bilayer (Chiu et al., 2000), could also be used. By this method, the proteins to be 

crystallised would be under the conditions that better mimic those found on the viral 

envelope.

3.5.3 Other HA proteins

The MAY HA is a non-palmitoylated HA having the three HA 2 C-terminal cysteine 

residues replaced by methionine, alanine and tyrosine (available in the laboratory). The 

absence o f the palmitoylation modification should decrease the hydrophobicity o f both the 

neutral pH and low pH-induced conformations o f X -31 HA, which could make easier the 

crystallisation o f MAY HA and MAY HA 2 . These proteins could be prepared using a 

similar protocol to the one developed for the X -31 HA and X -3 1 HA 2 o f  this study. Their 

structure could also reveal possible implications o f the palmitate residues for the structure 

o f HA and HA2.
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4. X-ray Crystal Structure of L226Q HA in Complex with LSTa 

and LSTc

The structure o f L226Q HA in complex with 3 ’SL [N eu5A ca2-3G aipi-4G lc], was 

previously determined (Weis et al., 1988; 1990). Only the Sia moiety o f the bound 3 ’SL 

could be seen in the structure. Thus, the interactions of the L226Q RBS with the Sia-Gal 

linkage atoms, a determinant for the understanding o f receptor binding specificity, are not 

known. Here, the receptor analogues LSTa and LSTc (see Introduction, 1.6.7.1), whose 

structures in complex with HAs o f  different hosts and subtypes have been determined, 

were used for crystal structure determination in complex with L226Q HA. The L226Q 

BHA was released from the X-31/HS influenza virus envelope by bromelain digestion, 

purified and submitted to crystallisation conditions. The crystals obtained were then 

soaked with the receptor analogues LSTa and LSTc. The BHA form o f  the different HAs 

has been used in structural studies o f receptor binding (see 1.6.7 and 1.6.2.1.2) due to the 

non-specific aggregation problems posed by the full-length molecule (see 1.5.2, 1.7.5 and 

3.).

4.1 Purification of L226Q BHA

The L226Q BHA was isolated from influenza virus X-31/HS by bromelain cleavage and 

preliminarily purified by SDG ultracentrifugation, as described for the X-31 BHA in 3.1.2 

and 3.1.3, and then passed through an IE spin column (see 2.1.13). In this final IE 

chromatography step o f the purification procedure, the spin columns were pre-equilibrated 

and washed with 25 mM Tris pH 8.0 (loading and washing buffer) and the L226Q BHA 

was eluted with 25 mM Tris pH 8.0, 300 mM NaCl (elution buffer). The final protein
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samples used in crystallisation trials were set to 10 and 38 mg/ml in 10 mM HEPES pH 

7.5, 150 mM NaCl, 0.1% azide by centrifugation (see 2.1.10). In the latter procedure, 

several steps o f sample concentration were carried out, exchanging the IE elution buffer by 

the crystallisation sample buffer. This buffer exchange was done by diluting the protein 

with 10 mM HEPES pH 7.5, 150 mM NaCl, 0.1% azide before each centrifugation step. 

The SDS-PAGE gel analysis o f  the L226Q BHA sample used in the crystallisation trials 

indicated that the protein was highly pure (Figure 29).

4.2 Crystallisation o f L226Q  BHA and Soakings with LSTa and LSTc

Screening around the crystallisation conditions previously described for L226Q BHA 

(Weis et al., 1988) did not produce crystals. Several commercial screens and salt grid 

screens were then used (see 2.1.17.2). Diffraction quality crystals (Figure 30) o f  purified 

L226Q BHA (see, above, 4.1) were grown, from a 38 mg/ml protein solution, in 2.1 M tri­

ammonium citrate pH 7.5 (see 2.1.17.2). Crystals mounted from these conditions and 

soaked with 1.5 mM LSTa or LSTc (see 2.2.1) for 6  mins were used for data collection. 

The screening o f the conditions for the soaking o f the L226Q BHA crystals with LSTa and 

LSTc revealed that higher concentrations o f the ligands or longer incubation times would 

damage the crystals (an approximate estimate indicated the presence o f  an average ratio o f 

750 ligand molecules per L226Q HA RBS during the soaking experiments).

4.3 Data Collection and Processing

The crystals o f L226Q BHA soaked with LSTa or LSTc (see, above, 4.2) diffracted to the 

resolution o f 2 . 8  A and 2.9 A, respectively, at the Daresbury synchrotron.

The data collection (see 2.2.2) was carried out with as much redundancy as possible, 

consistent with crystal damage, to improve the data quality. L226Q BHA crystals used for
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Figure 29. SDS-PAGE of L226Q HA purified  by IE chrom atography

The figure shows the SDS-PAGE analysis on 12 % gels containing 4 M urea, 0.1 % SDS of the L226Q 

BHA used in the crystallisation trials after purification by IE chromatography. The protein had an 

apparent high purity.
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Figure 30. C rystals of L226Q HA used for soaking with the receptor analogues 

LSTa and LSTc

Crystals o f L226Q BHA were grown in 2.1 M triammonium citrate pH 7.5. For soakings, the crystals 

were harvested in the reservoir solution containing 10% glycerol (cryo buffer) and 1.5 mM LSTa or 

LSTc. The crystals shown had approximate dimensions of 240x200x40 pm.



soakings with either LSTa or LSTc crystallised near isomorphously in the space group P4/, 

with one HA trimer in the asymmetric unit and the unusually high solvent content o f 78%, 

typical o f P4i HA crystals (Weis et al., 1990).

Data collection details (see 2.2.2) and processing statistics (see 2.2.3) are shown in Tables 

2 and 3, for L226Q HA soaked with LSTa and LSTc, respectively.

4.4 M olecular Replacem ent

The structure o f L226Q HA in complex with LSTa and LSTc was solved by molecular 

replacement (see 2.2.4.2.1) using the previously determined structure o f L226Q HA in 

complex with 3 ’SL (W eis et al., 1990) as the search model (see 2.2.4.2.1.1). The final 

solutions for molecular replacement, generated by the program AMoRe (Navaza, 2001), 

are shown in Table 4. The values for the Eulerian angles (a , p, y), determined by running 

the cross-Rotation Function, reflect the rotation o f the model, which had been rotated in 

the previous step into the minimal box (see 2.2.4.2.1), to fit the experimental data. These 

values are very similar for the complexes L226Q HA-LSTa and L226Q HA-LSTc, since 

the crystals o f both complexes are highly isomorphous. A value o f zero was attributed for 

the fractional translational shift along the z axis, since in the space group P4i, in which the 

L226Q HA has crystallised, there is no fixed origin along z. The correct solutions obtained 

for the complexes L226Q HA-LSTa and L226Q HA-LSTc showed very favourable 

indicators, with a high correlation value (CCf) and a relatively low R-factor. The values 

for both indicators were further improved in the last step o f rigid body refinement, in 

AMoRe (Navaza, 2001).
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Table 2

Data collection and processing statistics for L226Q HA in complex with LSTa

Data collection site Daresbury SRS

Beamline Station 14.2

Detector ADSC Q4 CCD

Detector format Ccd adsc unsupported-q4

Wavelength (A ) 0.977

Space group P 4,

Unit cell
a, b, c (A ) 

A  r  (°)

160.8 160.8 177.1 

90.0 90.0 90.0

Total cp (°), oscillation range (°) 205, 0.50

Mosaicity (°) 0.70

N° total reflections 886060

N° unique reflections 109684(13608)

Resolution (A ) 2.8 (2.93)

-^sym Or Emerge (%) 11.6 (58.7)

/ / a / 17.0 (2.9)

Completeness 99.9 (99.3)

Redundancy 8.1 (5.0)

[Values between brackets refer to the highest resolution shell o f data processing]
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Table 3

Data collection and processing statistics for L226Q HA in complex with LSTc

Data collection site Daresbury SRS

Beamline Station 10.1

Detector MAR 225 CCD

Detector format Ccd unsupported-m225

Wavelength (A ) 1.283

Space group P4,

Unit cell
a, b, c (A ) 

a, A  7 (°)

160.2 160.2 176.0 

90.0 90.0 90.0

Total (p (°), oscillation range (°) 180, 0.50

Mosaicity (°) 0.50

N° total reflections 375890

N° unique reflections 95342 (11988)

Resolution (A) 2.9 (3.03)

^sym Or Emerge (%) 10.6 (45.5)

I/gI 10.1 (2.4)

Completeness 97.4 (98.8)

Redundancy 3.9 (3.9)

[Values between brackets refer to the highest resolution shell o f data processing]
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Rotation Function Translation Function Unrefined Refined*

a P r x y  z CCF R -fa c to r CCp R f a c to r

L226Q HA-LSTa 53.10 91.53 279.96 0.2649 0.3058 0.0000 76.2 35.1 76.3 33.9

L226Q HA-LSTc 53.08 91.56 279.93 0.2648 0.3056 0.0000 6 8 . 1 38.8 73.2 34.7

Table 4: Molecular replacement solutions for L226Q HA in complex with LSTa 

and LSTc

The final solutions derived in AMoRe (Navaza, 2001) are shown for the complexes L226Q HA-LSTa 

and L226Q HA-LSTc. The rotational and translational solution parameters, Eulerian angles (a, (3, y) 

and fractional translational shifts (x, y, z), respectively, are indicated together with the statistics Rfact0r 

and CCF, the correlation coefficient between I Fobs | and | Fca|c | . * Rigid body refinement
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4.5 Structure R efinem ent

The refinement statistics for L226Q HA in complex with LSTa and LSTc are shown in 

Tables 5 and 6 , respectively.

Refinement at the resolution o f  2 . 8  or 2.9 A is very difficult, especially in this particular 

case o f  a complex o f  a protein with highly mobile ligands. The refinement procedures are 

described below, and a b rief discussion o f the factors that might have contributed to the 

poor definition o f  the electron density o f the receptor analogues is presented in the next 

section (see 4.6.2).

Refinement was carried out with the program REFMAC (Murshudov et al., 1997) (see 

2.2.4.4.1), which performed restrained refinement and generated the coefficients for the 

calculation o f 2F0-FC density maps using the program FFT (see 2.2.4.5). Several cycles o f 

refinement were carried out in alternation with model inspection and adjustment using the 

molecular graphics program O (Jones et al., 1991). The coordinates o f LSTa and LSTc 

were transferred to the model o f  L226Q HA generated by AMoRe (Navaza, 2001), and 

several cycles o f  refinem ent were run. Dictionary entries for the description o f the ligands 

LSTa and LSTc were generated by REFMAC. Rigid body refinement and manual 

modelling o f the ligands in the electron density was carried out in O (Jones et al., 1991) 

before each REFMAC refinem ent cycle. Ligand torsion angle libraries were generated for 

the manual adjustments (see 2.2.4.4.1). The saccharide residues o f each ligand that could 

fit into the electron density were selected and the convergence o f refinement was 

monitored by inspection, using the program O (Jones et al., 1991), o f the fit o f the model, 

particularly the receptor analogues, in the electron density maps and checking the values 

for R-factor and R-free factor. No water molecules were added to the model, due to the 

low resolution o f the data (see, below, 4.6.2).
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The non-crystallographic symmetry (NCS) o f  the L226Q HA trimer, in the refined 

structures o f the complexes L226Q HA-LSTa and L226Q HA-LSTc, can be defined by 

transformation matrices, which give approxim ate coordinates for one monomer when 

applied to each o f the other two monomers. These transformation matrices (Table 8 , 

Appendix II) were determined using the program LSQMAN (USF suite) (see 2.2.4.4.1). 

No NCS restrains were applied during refinement. The previously determined structure of 

L226Q HA was used as the search model in m olecular replacement to solve the structures 

o f the complexes L226Q HA-LSTA and L226Q HA-LSTc studied here (see, above, 4.4). 

The initial electron density maps generated for these complexes showed an overall very 

good fit to the model, and significant refinem ent was required only for the regions 

corresponding to the RBSs and receptor analogues (see, below, 4.5).

Ramachandran plots o f  the main chain torsion angles {(p,y/) for the final L226Q HA-LSTa 

and L226Q HA-LSTc refined models, generated using the program PROCHECK 

(Laskowski et al., 1993), are shown in Figure 31. Overall, both structures showed a good 

agreement o f the plot distribution o f angles with theoretical energy calculations and 

distributions observed in structures refined to high-resolution. The L226Q HA in the 

complexes L226Q H A-LSTa and L226Q HA-LSTc has 8 6 % and 87%, respectively, o f the 

residues in the most probable regions. During refinement, residues outside the most 

favoured regions were adjusted if  consistent with the electron density. The conformations 

o f LSTa and LSTc in complex with L226Q HA are analysed, below, in comparison with 

their conformations in the available structures o f both ligands in complex with other HAs 

(see 4.7) and discussed in relation to the conformations o f sialosides in solution (see

4.8.1.1 and 4.8.2.1).
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Table 5

Refinement statistics for L226Q HA in complex with LSTa

Resolution ( A ) 2 . 8

•^working ( % ) 2 0 . 6

Rfree (%) [5% of data] 23.6

Number o f atoms

Total 1 2 2 2 0

Protein 12158

Ligand 62

W ater 0

Average B factor ( A 2)

Total 38.3

Protein main chain 37.1

Protein side chain 37.6

LSTa (Sia-Gai) trans 111.4

LSTa (Sia-Gai) cis 75.7

R.m.s.d.

Bond lengths ( A ) 0.018

Bond angles (°) 1.839
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Table 6

Refinement statistics for L226Q HA in complex with LSTc

Resolution (A ) 2.9

^working ( % ) 2 2 . 1

R f r e e  (%) [5% of data] 24.5

N umber o f  atoms

Total 12198

Protein 12158

Ligand 40

W ater 0

Average B f actor (A 2)

Total 39.4

Protein main chain 38.7

Protein side chain 38.8

Sia 91.4

R.m.s.d.

Bond lengths (A) 0.008

Bond angles (°) 1.181
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Figure 31. Ramachandran plots for the final refined structures of L226Q HA in 

complex with LSTa and LSTc

The Ramachandran plots of the main-chain torsion angles ((p,i/J) for L226Q HA in the complexes L226Q HA- 

LSTa (A) and L226Q HA-LSTc (B) are shown. Triangles represent Gly residues and squares represent all 

other residues. The most favoured regions (A, B, L) are indicated in red, the additional allowed regions (a, b, 1, 

p) in dark yellow, and the generously allowed regions (~a, ~b, ~1, ~p) in light yellow. Plots were edited from 

PROCHECK (Laskowski et al., 1993).



4.6 Electron D ensity M aps fo r  L226Q  HA in Complex with LSTa and 

LSTc

4.6.1 F0-Fc and 2F0-FC m aps

During refinement o f  the structures o f  L226Q HA in complex with LSTa or LSTc, F0-Fc 

and 2F0-FC electron density m aps w ere  generated with the program FFT (see 2.2.4.5). 

Poorly defined electron density w as obtained for LSTa, up to the second sugar residue, in 

two monomers o f the L226Q B H A  trim er (Figure 32). The electron density map at the 

RBS o f L226Q HA soaked with L S T c  only allowed the fitting o f the Sia residue o f the 

receptor analogue (Figure 33). In b o th  structures, L226Q HA-LSTa and L226Q HA-LSTc, 

a crystal contact precludes the b in d in g  o f the receptor analogue to the third HA monomer 

(see, below, 4.6.3.1). The ca lcu la ted  om it maps, even though significantly noisy, showed 

the presence o f  LSTa and LSTc at th e  available L226Q HA RBSs (Figures 32A-B, E-F and 

Figure 33A-B). The refined 2F 0 -F C m aps generated for the complexes L226Q HA-LSTa 

and L226Q HA-LSTc, including th e  coordinates o f the receptor analogues in the 

calculation, are shown in Figure 3 2 C -D , G-H and Figure 33C-D. The configuration around 

the Sia-Gai glycosidic bond o f  L S T a  that could be fitted into the electron density o f the 

two occupied RBSs o f a L226Q IT A  trim er is different between sites. In one site, RBS1, it 

adopts the trans configuration a ro u n d  the Sia-Gai glycosidic bond (Figure 32A-D), and in 

the other site, RBS2, the cis con figu ra tion  (Figure 32E-H) (see, below, 4.6.3 and 4.7.1.1). 

All figures were generated using th e  program  Pymol (DeLano, 2006).

4.6.2 Quality o f the electron d en sity

As mentioned above (4.6.1), the e lec tro n  density maps obtained for both LSTa and LSTc 

in complex with L226Q HA show  p o o r definition, which has made the refinement o f the
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A.l

A.2

Neu5Ac Neu5Ac

B.l Neu5Ac

B.2

NeuSAc Neu5Ac

Figure 32. Electron density maps

(A and B). Electron density omit maps of the trans conformer of LSTa in complex 

with L226Q HA

The F0-Fc and 2F0-FC omit maps shown in (A) and (B), respectively, correspond to the trans conformer of 

LSTa bound to the L226Q HA RBS1 (stereo view). Only Neu5Ac and Gal-2 o f LSTa could be fitted into 

the electron density at the RBS. Maps were selected to cover just the receptor analogue, and in (A.2) and 

(B.2) the view is focused on the fitting o f  the 4-OH group of Gal-2 in the electron density. In both maps 

shown in (A) and (B), the electron density, coloured in blue, is contoured at 0.5 ct level above the mean. 

Atoms are coloured as: red for oxygen, blue for nitrogen, and green for carbon.

Neu5Ac

Neu5Ac
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Gal-2

Neu5Ac Neu5Ac

Gal-2

D

Figure 32 (C and D). Electron density 2F0-FC map of the trans conformer of LSTa 

in complex with L226Q HA

The map shown in (C) and (D) corresponds to the trans conformer o f LSTa bound to the L226Q HA 

RBS1 (stereo view). Only Neu5Ac and Gal-2 o f LSTa could be fitted into the electron density at the RBS. 

The map, in (C), was selected to cover just the receptor analogue and, in (D), the electron density 

corresponding to the residues o f the L226Q HA RBS1 is also shown. The electron density, coloured in 

blue, is contoured at 0.5 ct level above the mean in (C) and 1.0 a  level in (D). Atoms are coloured as: red 

for oxygen, blue for nitrogen, and green (C) or yellow (D) for carbon.
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Neu5Ac Neu5Ac

Gal-2 Gal-2

Figure 32 (E and F). E lectron density om it m aps of the LSTa cis confo rm er in 

complex with L226Q HA

The F0-Fc and 2FC-FC omit maps shown in (E) and (F), respectively, correspond to the cis conformer of 

LSTa bound to the L226Q HA RBS2 (stereo view). Only Neu5Ac and Gal-2 o f  LSTa could be fitted 

into the electron density at the RBS. Maps were selected to cover just the receptor analogue. The 

electron density, coloured in blue, is contoured at 0.5 a  level above the mean. Atoms are coloured as: 

red for oxygen, blue for nitrogen, and green for carbon.
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Gal-2

Neu5AcNeu5Ac

H

Figure 32 (G and H). E lectron density 2F 0-FC m ap of the LSTa cis confo rm er in 

complex w ith L226Q HA

The map shown in (G) and (H) corresponds to the cis conformer o f LSTa bound to the L226Q HA 

RBS2 (stereo view). Only Neu5Ac and Gal-2 o f LSTa could be fitted into the electron density at the 

RBS. The map, in (G), was selected to cover just the receptor analogue and, in (H), the electron density 

corresponding to the residues o f  the L226Q HA RBS2 is also shown. The electron density, coloured in 

blue, is contoured at 0.5 a  level above the mean. Atoms are coloured as: red for oxygen, blue for 

nitrogen, and green (G) or yellow (H) for carbon.

159



Neu5Ac

NeuSAc

Figure 33. Electron density m aps fo r L226Q HA in com plex w ith LSTc

(A and B). Electron density om it m aps o f LSTc in com plex w ith the  L226Q  HA

The F0-Fc and 2F0-FC omit maps shown in (A) and (B) correspond to LSTc bound to the RBS o f L226Q HA 

(stereo view). Only the Sia o f LSTc could be fitted into the electron density. Maps were selected to cover just the 

receptor analogue. The electron density, coloured in blue, is contoured at 0.7 a  level above the mean. Atoms are 

coloured as: red for oxygen, blue for nitrogen, and green for carbon.

Neu5Ac
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c

NeuSAc NeuSAc

Figure 33 (C and D). E lectron density  2F 0-FC m ap of LSTc in com plex w ith  the L226Q 

HA

The map shown in (C) and (D) corresponds LSTc bound to the RBS o f L226Q HA (stereo view). Only the Sia of 

LSTc could be fit in the electron density at the RBS. The map, in (C), was selected to cover just the receptor 

analogue and, in (D), the electron density corresponding to the residues of the L226Q HA RBS is also shown. The 

electron density, coloured in blue, is contoured at 0.5 ct level above the mean. Atoms are coloured as: red for 

oxygen, blue for nitrogen, and green (C) or yellow (D) for carbon.
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atomic positional parameters o f the receptor analogues very difficult. The overall shape o f 

the saccharide residues is observed in the density, and their general position can be 

reasonably determined, but the contour for exocyclic groups is poorly defined. Both the 

trans and cis configurations around the glycosidic bond o f the a2,3 linkage o f LSTa were 

observed in the structure o f L226Q HA in complex with this analogue. LSTa in the trans 

configuration shows an average B value o f 1 1.4 A 2, and in the cis configuration, 75.7 A 2. 

The Sia o f o f LSTc has an average B value o f 91.4 A 2. These values indicate a high degree 

o f disorder o f the analogues, contributing for the lack o f detail in the electron density. 

Also, the binding to each RBS o f different conformers o f the receptor analogues in 

solution may have contributed for the observed poorly defined density. Another factor 

influencing the density might be the poor occupancy o f the receptor analogues in the 

crystal.

In contrast with the ligands, the electron density for the protein is o f  good quality, except 

for the N-terminus o f HAi (see below) and a few residues at the surface o f  the molecule, 

having high B values. The side chains o f the RBS residues o f L226Q HA in complex with 

LSTa and LSTc have B values ranging from 30 to 60 A 2.

No water molecules were added to the structures o f L226Q BHA in complex with LSTa or 

LSTc, due to low-resolution restrictions that render refinement calculations very uncertain. 

At contour 0.5 a  there are small peaks in the density however whose position is consistent 

with water molecules. These are positioned in many cases to make favourable hydrogen 

bonds. Some o f these possible water molecules lie between the receptor analogue and 

nearby protein, indicating that they could be a factor in the stability o f the LSTa-HA or 

LSTc-HA complexes.
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4.6.3 Differences in lattice contacts between non-crystallographically  

related RBSs

In the isomorphous crystals o f  X -31 HA and L226Q HA, there is one HA trimer per 

asymmetric unit and the m olecular three-fold axis o f the HA trimer is a NCS axis. 

Therefore, in the asymmetric unit, each RBS o f the L226Q HA trimer is in a different 

environment. This accounts for differences in electron density observed in the three L226Q 

HA RBSs. Also, crystal contacts between symmetry-related molecules in the crystal may 

cause slight changes in structure and, in the experiments o f  soaking with soluble ligands o f 

this study, even block the access o f  the receptor analogues to a particular RBS. The lattice 

packing o f  L226Q HA in the crystals soaked with either LSTa or LSTc was inspected, 

using the program O (Jones et al., 1991), by generating the symmetry-related molecules. 

The atomic interactions between BHA trimers related by the crystallographic P4/ 

symmetry were previously described (Weis et al, 1990). These interactions are conserved 

in the P4/ lattices o f  X -31 HA and L226Q HA. There are two different contact regions, 

two copies o f  each per trimer (Figure 34). The most extensive contacts involve two HA 2 

strands o f  the five-stranded antiparallel /?-sheet near the base o f  the molecule. This region, 

in two monomers o f  the trimer, is in contact with two different symmetry-related 

molecules. In each o f  these two other molecules o f the lattice, a different HAi region o f the 

top o f  the trimer is involved in the contacts. One region (contact region B, in Figure 34) 

comprises residues in surface loops o f the HAi subunit o f a monomer, in the surface 

parallel to the trimer axis (the L226Q HA RBS1, where the LSTa trans conformer binds, is 

in this monomer); the other (contact region A, in Figure 34), residues o f  surface loops at 

the top o f the trimer, extending from a small loop (residues 144 and 145) adjacent to the 

130 loop o f the RBS (L226Q HA RBS2, to which the LSTa cis conformer binds) to 

residues near the left-hand side o f the RBS o f the neighbouring monomer (L226Q HA
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Gln226 130 loop

Figure 34. Lattice contacts o f the L226Q HA

P4t lattice contacts of one L226Q trimer (red) with the symmetry-related molecules (blue). The two different 

regions o f the trimeric molecule including residues forming atomic contacts are identified (A and B). Contact 

region A (magnified at the top of the figure) extends from the right side o f RBS2 (to which the LSTa cis 

conformer binds) to the left side of RBS3, which does not bind to either LSTa or LSTc in the crystals o f this 

study. The HAi N-terminal loop of the symmetry-related molecule hangs over the site, probably interfering with 

the binding of the receptor analogue. The side chain o f Gln226 in RBS3 is shown (green). The contact region B 

includes residues of the HAj globular head containing the RBS1 to which the trans conformer o f LSTa binds. 

The figure was generated using Pymol (DeLano, 2006).
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RBS3, showing no bound analogue in this study).

4.6.3.1 Im plications for receptor binding

In the RBS3 o f L226Q HA, in both the structures L226Q HA-LSTa and L226Q HA-LSTc, 

it was not possible to fit the receptor analogue in the electron density. As described above 

(4.6.3), in the lattice, there are residues from a symmetry-related molecule in contact with 

residues near the left-hand side o f  this site. Here, it was observed that this contact region 

extends to atoms o f  the L226Q HA RBS3 (see below) and also that the contacting 

molecule positions a loop over the site, presumably affecting the binding o f the receptor 

analogue. Residues 4 to 8  o f  the N-terminus o f HAi from a symmetry-related molecule 

form the potentially interfering loop positioned over the RBS3 o f L226Q HA (Figure 34). 

The first eight residues at the N-terminus o f HA] have high B values (> 65 A 2) and show 

very poor or no electron density. This indicates that the HAi loop o f residues 4 to 8  has a 

high level o f  freedom, which further suggests that it affects the binding o f the receptor 

analogues to the RBS3 o f L226Q HA. The corresponding crystal contact in X -31 HA- 

LSTa has also interfered with the binding o f the ligand to that RBS (Eisen et al., 1997).

As mentioned above (see 4.6.1), LSTa binds the RBS1 and RBS2 o f L226Q HA in the 

trans and cis configurations, respectively. The crystal contact involving the HAi subunit 

which includes the RBS2 o f L226Q HA (contact region A, in Figure 34) might have 

played a role in the recognition o f a different LSTa conformer by that site. The interface 

areas o f the crystal contact regions were determined using the Protein interfaces, surfaces 

and assemblies (PISA) service at the European Bioinformatics Institute (http://www.ebi. 

ac.uk/msd-srv/prot_int/pistart.html), authored by E. Krissinel and K. Henrick (Krissinel 

and Henrick, 2007). The interface area o f contact region A is significantly larger than that 

o f contact region B (1006 A 2 and 634 A 2, respectively). In contact region A, 87% (877 A 2)
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o f the total interface area involves the HAi subunit containing the L226Q HA RBS2, 

which binds the LSTa cis conformer. The contact region B only affects residues o f the HAi 

subunit harbouring the L226Q HA RBS1, which binds the LSTa trans conformer. 

Therefore, the interface areas o f  the crystal contacts which might affect the binding 

preference that the RBS1 and RBS2 o f  L226Q HA have for the configuration o f the Sia- 

Gai glycosidic bond o f  LSTa are significantly different, being the contact area for the HAi 

subunit which binds the LSTa cis conformer larger than that for the HAi subunit binding 

the LSTa trans conformer (877 A 2 and 634 A 2, respectively). The atomic interaction 

distances in the inter-trim er contact regions in the crystal o f  the complex L226Q HA-LSTa 

were determined using the program CONTACT (CCP4 suite) and checked manually using 

the graphics program O (Jones et al., 1991). The list o f these interactions (Table 9, 

Appendix III) shows that the L226Q HA monomer containing the RBS2, which binds the 

LSTa cis conformer, is involved in more crystal contacts than the monomer harbouring the 

RBS2, which binds the LSTa trans conformer. Furthermore, the contact interface in the 

RBS2-harbouring HAi subunit is contiguous to the RBS2, possibly leading to the 

formation o f  a putative small hydrogen bond network: the hydroxylic group o f  S e ri45 

from the L226Q HA forms a strong hydrogen bond (3.35 A ) with the carbonyl oxygen o f 

the A snl37  amide, which in turn hydrogen bonds, through its amino group, to the 4-OH o f 

Gal-2 o f  LSTa (see, below, 4.7.1). In contact region B, the OH group o f  S e r i45 forms a 

weak hydrogen bond (3.81 A ) with the side chain o f A snl37. Therefore, the interface o f 

crystal contact region A involving the L226Q HAj subunit containing the RBS2 might 

have affected the orientation and contributed to the positional stability o f  the A snl37  side 

chain in the RBS2, possibly facilitating the formation o f a hydrogen bond between the 

A snl37 side chain and the Gal residue o f LSTa that might have favoured the specific 

binding o f  the LSTa cis conformer by that site (see 4.7.1).
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4.7 Structure Analysis

The following description and discussion o f  the structures o f L226Q HA in complex with 

LSTa and LSTc determined in this study are focused on the conformations and atomic 

interactions that the analogues adopt in the RBSs o f L226Q HA. These aspects form a 

basis for the structural analysis o f  the receptor binding mechanism o f influenza HA.

4.7.1 Structure o f  L226Q  H A in complex with LSTa

4.7.1.1 Configurations o f LSTa bound to L226Q HA

The receptor analogue LSTa was fitted in the electron density on two RBS o f  the L226Q 

trimer (Figure 32), as described above (4.6.1). In the site where the ligand electron density 

was uninterpretable (RBS3), there was a crystal contact between HAi residues adjacent to 

the RBS and residues o f  the C-terminus o f HA2 and N-terminus o f  HAi in the membrane- 

proximal region o f  a symmetry-related HA molecule (see, above, 4.6.3.1). A small loop at 

the N-terminus o f  the HAj subunit o f the contacting HA is positioned above the RBS3 o f 

L226Q HA and presumably interferes with the access o f  LSTa to that particular RBS 

(Figure 34).

In the two sites where LSTa bound to the L226Q HA, only Sia and Gal could be modelled 

in the electron density, suggesting that the receptor analogue is disordered beyond Gal-2 

(Figure 32A and B). As mentioned in the previous section, the Sia-Gai portion o f LSTa 

adopted two different configurations in two different RBSs o f  L226Q HA. In each site, a 

differently located protrusion in the density globule covering the Gal ring was interpreted 

as corresponding to the C 6 ’H 2 0 H exocyclic group, with the consequence that in one o f the 

sites, RBS1, LSTa was assigned the trans configuration around the glycosidic bond, and in 

the other, RBS2, the cis configuration. Figures 35 and 36 show the trans and cis 

configurations, respectively, adopted by LSTa on two different monomers o f  each L226Q
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Figure 35. Binding of LSTa in the trans configuration to L226Q HA

The trans conformer of LSTa binds to the RBS1 of L226Q HA. Selected potential hydrogen bonds 

between analogue and L226Q HA are shown as dashed lines. Atoms are coloured as: green for carbon, 

blue for nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms o f LSTa and the HA 

RBS, namely those involved in the selected interatomic contacts, are specifically identified (see: Figure 

40A; 4.7.1.2 and 4.8\ Table 10, Appendix IV). The three main secondary structural elements o f the HA 

RBS - 130 loop, 190 helix and 220 loop - are also indicated. The arrow indicates the configuration 

around the glycosidic bond, as shown schematically at the top right of the figure.
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190-helix

Neu5Ac

220-loop

Figure 36. Binding of LSTa in the cis configuration to L226Q HA

The cis conformer o f LSTa binds to the RBS2 of L226Q HA. Selected potential hydrogen bonds between 

analogue and L226Q HA are shown as dashed lines. Atoms are coloured as: green for carbon, blue for 

nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of LSTa and the HA RBS, 

namely those involved in the selected interatomic contacts, are specifically identified (see: Figure 40B; 

4.7.1.2 and 4.8\ Table 10, Appendix IV). The three main secondary structural elements of the HA RBS - 

130 loop, 190 helix and 220 loop - are also indicated. The arrow indicates the configuration around the 

glycosidic bond, as shown schematically at the top right of the figure.
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Figure 37. C om parison of the s truc tu re  of LSTa in the trans and cis configurations in 

complex w ith L226Q HA

The complex of the LSTa trans conformer with the L226Q HA RBS1, shown in red, is overlaid on that of  

the LSTa cis conformer with the L226Q HA RBS2, shown in blue (stereo view). The new hydrogen bond 

formed by the side chain of Asnl37 with the 4-OH of Gal-2 of the LSTa cis conformer is shown as a dashed 

line. The three main secondary structural elements of the HA RBS - 130 loop, 190 helix and 220 loop - are 

also indicated.
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trimer, and some o f  the potential hydrogen bonds between the receptor analogue and the 

protein (analysed below). In Figure 37, the superposition o f both trans and cis conformers 

o f LSTa bound to the L226Q HA is shown. The structures o f the two bound conformers 

are very similar at the level o f  Sia, but differ in the Gal-2 part (Figure 37). The trans 

configuration o f LSTa points the a2-3 linkage atoms towards the polar side chain o f Gin 

226 (Figure 35), favouring the formation o f a stabilising hydrogen bond (see below). The 

cis conformer o f LSTa directs the glycosidic oxygen toward the solvent, away from the 

side chain o f  Gln226, not forming the favourable hydrogen bond seen in the trans 

configuration but allow ing for the Gal-2 to form hydrogen bonds with residues 137 and 

225 by being positioned close to the surface o f the HA (Figure 36). The conformations o f 

the two occupied RBSs o f L226Q HA in complex with LSTa are very similar (Figure 37), 

with a r.m.s.d  o f  0.34 A  for the Ca-chains. This value was calculated using the program 

LSQMAN (USF suite) (see 2.2.4.4.1). The side chain o f A snl37, which is involved in an 

interaction with LSTa (see below), shows a shift in position o f -  1 . 2  A between the sites. 

This distance is significant since the coordinate error in the residue is about 0.4 A (r.m.s.d. 

o f 0.8 A, derived from the B value o f  the amide nitrogen). Thus the side chain o f A snl37 

may specifically adopt an optimal positioning in the RBS2 to hydrogen bond to the 4- 

hydroxyl group o f  Gal-2 o f the cis configuration o f  LSTa (Figure 36).

In the crystal structures o f HA-LSTa complexes determined so far (Ha et al., 2001, 2003; 

Gamblin et al., 2004; Russell et al., 2006), LSTa binds all the avian HAs and the 

HI human HA in an extended conformation, and in the trans configuration around the Sia- 

Gai glycosidic bond (Figures 8 A, 9A, 10, and 12A). The superposition o f the structure o f 

LSTa in the trans configuration when bound to the L226Q HA with those when in 

complex with H3 avian HA, H5 avian HA, H7 avian HA and HI human HA is shown in 

Figure 38. The overlaid structures show that LSTa binds the RBS1 o f L226Q HA, the
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Figure 38. C om parison of the binding of the LSTa trans conform er to L226Q HA 

w ith tha t to H3 avian HA, H5 avian HA, H7 avian HA, and  H I hum an HA

Superposition of the L226Q HA RBS1 and those o f the H3 avian HA (A), H5 avian HA (B), H7 avian 

HA (C), and HI human HA (D) in complex with LSTa in the trans configuration. The HAs are 

identified by colour. For the H3 avian HA, the RBS where LSTa was ordered only for Sia and Gal was 

chosen. The other two monomers are bound to the first three saccharide residues of Lsta, as shown in 

Figure 8A (see Introduction). The three main secondary structural elements of the HA RBS - 130 loop, 

190 helix and 220 loop - are also indicated.
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avian HAs and HI human HA in a similar manner. Since this comparison was limited to 

the trans a2-3 glycosidic linkage, as Sia and Gal are the only residues o f LSTa present in 

the crystal structure o f the L226Q HA-LSTa complex, a high level o f structural similarity 

would be expected. However, the overlaid structures show a positional shift o f the LSTa 

trans conformer in the complex with L226Q HA, in comparison with its complex with the 

other HAs. Particularly, the superposition o f L226Q HA with the highly homologous H3 

avian HA (Figure 38A) shows that the Sia is shifted vertically, positioning the carboxylic 

group higher and towards the front o f  the RBS1 and inducing an upward displacement of 

the linkage glycosidic oxygen, away from a potential hydrogen bond with the side chain o f 

Gln226 (see below).

As seen for X-31 HA and H9 swine HA, when LSTa binds to the L226Q HA in the cis 

configuration (RBS2), the Gal ring adopts a perpendicular orientation relatively to the Sia 

pyranose ring (Figures 7B and 11B). The overlaid structures o f LSTa in the cis 

configuration bound to the RBS2 o f L226Q HA, and to X -31 HA and H9 swine HA are 

presented in Figure 39. This comparison shows that LSTa binds to the RBS2 o f L226Q 

HA, and to X -31 HA and H9 swine HA in a very similar manner. However, since only the 

Sia and Gal residues are seen in the structures o f the L226Q HA-LSTa and H9 swine HA- 

LSTa complexes, the comparison was limited to the cis a2-3 linkage, and hence a high 

Structural similarity was expected. [Figures 35-39, 41 were generated using Pymol (DeLano, 2006)]

4.7.1.2 Atomic interactions between LSTa and L226Q HA

A schematic representation o f the atomic interactions o f LSTa in the trans configuration 

with RBS1 o f L226Q HA, and LSTa in the cis configuration with RBS2 o f L226Q HA is 

shown in Figure 40. For comparison, a list o f atomic interaction distances o f LSTa with
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Figure 39. Com parison of the binding of the LSTa cis conform er to L226Q HA 

with tha t to X-31 HA and H9 swine HA

Superposition of the RBS2 of L226Q HA and the RBSs of X-31 HA (A) and H9 swine HA (B) in 

complex with LSTa in the cis configuration. The HAs and corresponding receptor analogue are 

identified by colour.
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Figure 40. In teractions of LSTa w ith the L226Q HA

A. Schem atic d iagram  of the in teractions o f LSTa in the trans configuration w ith the 

residues of the RBS1 of L226Q HA

Potential hydrogen bonds (shown as dashed lines) between the LSTa trans conformer and the residues o f the 

RBS1 of L226Q HA are shown. Only Sia and Gal-2 o f LSTa are shown, since these were the only residues of 

the ligand that could be fitted into the electron density (see 4.6). The interatomic interaction distances 

corresponding to the represented hydrogen bonds are indicated (see, also, Table 10, Appendix IV). Atoms 

(shown as balls) are coloured as: black for carbon, blue for nitrogen, and red for oxygen. Covalent bonds 

(shown as sticks) in LSTa and the L226Q HA residues are coloured in purple and brown, respectively. The 

identity of main-chain and side chain atoms is indicated.

The figure was generated using the program LIGPLOT (Wallace et al., 1995).
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Figure 40B. Schem atic d iagram  of the interactions of LSTa in the cis configuration 

w ith the residues of the RBS1 of L226Q HA

Potential hydrogen bonds (shown as dashed lines) between the LSTa cis conformer and the residues of the 

RBS2 o f L226Q HA are shown. Only Sia and Gal-2 o f LSTa are shown, since these were the only residues of 

the ligand that could be fitted into the electron density (see 4.6). The interatomic interaction distances 

corresponding to the represented hydrogen bonds are also indicated (see, also, Table 10, Appendix IV). Atoms 

(shown as balls) are coloured as: black for carbon, blue for nitrogen, and red for oxygen. Covalent bonds 

(shown as sticks) in LSTa and the L226Q HA residues are coloured in purple and brown, respectively. The 

identity o f main-chain and side chain atoms is indicated.

The figure was generated using the program LIGPLOT (Wallace et al., 1995).
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L226Q HA, X-31 HA (H3 human), H3 avian HA, H5 avian HA, H7 avian HA, HI swine 

HA, H9 swine HA and HI human HA are shown in Table 10, Appendix IV. The 

interaction distances shown are for potential hydrogen bonds between receptor analogue 

and HA and they were assigned manually using the program O (Jones et al., 1991).

Hydrogen bonds result from electrostatic interactions between a hydrogen bond donor and 

a hydrogen bond acceptor. The hydrogen atom is shared between electronegative oxygen 

atoms, nitrogen atoms, or a combination o f  the two. A proper hydrogen donor-acceptor 

pair o f  atoms is considered to form a hydrogen bond if  those atoms are within the correct 

distance. This distance is generally considered to be from 2.7 to 3.3 A (McRee, 1999), for 

a strong hydrogen bond. Directionality also plays a major role in the strength o f hydrogen 

bonds. The closer a hydrogen bond is to the correct geometry, the stronger the bond 

(M cDonald and Thornton, 1994). Although individually weak, the formation o f multiple 

hydrogen bonds promotes stability. Therefore, they offer a major contribution to the 

stability o f the complex receptor-analogue/HA. Hydrophobic and van der Waals 

interactions are weaker than hydrogen bonds and non-directional. A van der Waals contact 

is attributed to two atoms if  the distance between them is less than 4.0 A (Weis et al., 

1990).

The interaction pattern between the Sia residue o f LSTa and the RBS1 and RBS2 o f 

L226Q HA (Figure 40) is very similar to that seen in the structures o f HAs o f different 

hosts and subtypes in complex with either LSTa or LSTc (Tables 10 and 11, Appendix 

IV). This is consistent with the general conservation o f the HA -  Sia binding pattern, 

irrespective o f the analogue, even in the structures o f HA in complex with receptor 

analogues other than LSTa and LSTc (reviewed in Skehel and Wiley, 2000; see
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Introduction, 1.6.7). The structure o f  the HAi globular domain o f different HAs is very 

similar and subsequently the ligand-free RBS region is conserved in large extent between 

different HAs.

In both configurations o f  LSTa bound to L226Q HA, the conserved interaction o f the 9- 

hydroxyl group o f the glycerol moiety o f Sia with the imidazole group o f H 183 is very 

weak (close to 4 A, see Figure 40). The L226Q HA shares with the X -31 HA the ability to 

form a direct hydrogen bond o f  the side chain o f Ser228 with the 9-hydroxyl group o f the 

glycerol side chain o f Sia, and this interaction was observed for both trans and cis 

conformers o f LSTa in complex with L226Q HA (Figures 7A, 7B, 35, 36; Table 10, 

Appendix IV). Avian HAs, H9 swine HA and HI HAs whose structure in complex with 

LSTa was determined (Ha et al., 2001; Ha et al., 2003; Russell et al., 2006; Gamblin et al., 

2004) have Gly at position 228. Thus, these HAs do not directly hydrogen bond to Sia at 

that position. Nonetheless, in the structures o f LSTa bound to H5 avian HA and H9 swine 

HA, a water molecule mediates the hydrogen bonding between HA residue 228 and Sia 

(Ha et al., 2001) (Table 10, Appendix IV). The presence o f either Ser or Gly at position 

228 affects the affinity o f receptor binding o f H2 and H3 HAs, influencing their specificity 

for either a2-3 or a2-6  linkages (Naeve et al., 1984; Vines et al., 1998; Connor et al., 

1994, Matrosovich et al., 2000). This might be related, in part, with the ability o f the HA to 

form or not a direct hydrogen bond with the Sia o f the receptor through the side chain o f 

residue 228.

In the structures o f H3 avian HA, H5 avian HA, and H7 avian HA in complex with LSTa 

(Ha et al., 2001; Ha et al., 2003; Russell et al., 2006) the amino (nitrogen NE2) and 

carbonyl (oxygen OE1) groups o f the amide o f the Gln226 side chain form potential 

hydrogen bonds with the Sia-Gal glycosidic oxygen and the 4-hydroxyl group o f Gal-2 of 

LSTa, respectively (Figures 8 A, 9A, and 10; Table 10, Appendix IV). These interactions
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are made possible by the trans configuration o f the a2,3 linkage o f LSTa, which positions 

the glycosidic oxygen directly over the amide group o f the Gln226 side chain and projects 

the Gal-2 ring up and out o f  the RBS, in such a way that the axial 4-OH group can 

hydrogen bond to the carbonyl group o f  the Gln226 side chain (Figures 8 A, 9A, and 10). 

The just described structural complementarity o f both the glycosidic oxygen o f the Sia-Gal 

a2,3 linkage and the 4-OH group o f Gal-2 o f LSTa in the trans configuration to the 

hydrogen bond potential o f the side chain o f Gln226 defines a recognition m otif specific 

for the trans configuration o f  a2 ,3  linkages, as fist identified in the crystal structure o f the 

H5 avian HA in complex with LSTa (Ha et al., 2001).

In the complex o f  the RBS1 o f L226Q HA with LSTa in the trans configuration (Figure 

35), the side chain o f Gln226 forms a potential hydrogen bond, via the amide carbonyl 

group, with the 4-hydroxyl group o f Gal-2 (Figure 40A), as seen in other HAs that 

specifically recognise only the trans configuration o f the a2,3 linkage (see just above). 

However, the amino group (NE2) o f the side chain o f Gln226 is out o f hydrogen bond 

range with the Sia-Gal glycosidic oxygen (5.5 A). This shows that the L226Q HA, in 

contrast with the other HAs which form a recognition m otif specific for the trans 

configuration o f the a2-3 linkage (see just above), is not able to form a hydrogen bond 

with the glycosidic oxygen o f the linkage. As described in 4.6.1.1 a displacement o f the 

LSTa trans conformer (Figure 38) has caused a shift in the position o f  the glycosidic 

oxygen, which is positioned too far away from the side chain o f  Gln226 to form a 

hydrogen bond.

The main-chain carbonyl o f  residue 225 o f L226Q HA forms a potential hydrogen bond 

with the exocyclic 6 -hydroxyl group o f Gal-2 o f the cis conformer o f LSTa (Figures 36 

and 40B). The same interaction is observed in the complexes o f X -31 HA and H9 swine
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HA with LSTa (Figures 7A and 11A; Table 11, Appendix IV), which binds these HAs in 

the cis configuration, and it is the only interaction that those two HAs form with the asialo 

portion o f LSTa. Therefore, this potential hydrogen bond is conserved in the interaction of 

the cis conformer o f  LSTa with HA.

The Sia moiety o f  both trans and cis conformers o f LSTa forms, via its carboxylic 0 1 A 

oxygen, a potential hydrogen bond with the amino (nitrogen ND2) group o f the amide of 

A snl37 side chain o f  L226Q HA (Figures 35 and 36; Figure 40). The 4-hydroxylic group 

o f Gal-2 o f  the cis conformer o f  LSTa also forms a potential hydrogen bond with the same 

amide amino (ND2) group o f A snl37. This residue is conserved between L226Q HA and 

X-31 HA, but this interaction is not observed in the complex o f X -31 HA with LSTa (cis 

configuration). Figure 39A shows the superposition o f the L226Q HA -cis LSTa complex 

with the X-31 HA-LSTa complex. The side chain o f A snl37 in the X-31 HA -LSTa 

complex is positioned away from Gal-2, precluding the formation o f  the potential 

hydrogen bond o f the amide nitrogen (ND2) with the 4-OH group o f  Gal-2 seen in the 

L226Q H A -c/s LSTa complex. In H9 swine HA, which recognises the cis configuration o f 

the LSTa a2-3 linkage, the short side chain o f Seri 37 and the axial positioning o f the 4- 

OH group o f Gal-2 in LSTa do not favour the formation o f a hydrogen bond (Figures 11A 

and 39B). Therefore, the potential interactions o f the side chain o f A snl37  with the 4-OH 

o f Gal-2 and the carboxylic group o f Sia, and the presence o f the polar side chain o f 

Gln226, with the potential to hydrogen bond with the carboxylic and 8 -OH groups o f Sia 

(Figure 40), may be important for the flexibility o f the L226Q HA in recognising two 

different conformers o f LSTa.
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4.7.2 Structure o f L226Q  HA in complex with LSTc

The electron density on the RBS o f L226Q HA mainly represents the Sia moiety o f LSTc 

(Figures 33 and 41). It was not possible to model the Sia in one o f RBS o f L226Q HA. A 

similar crystal contact to the one observed in the complex o f LSTa with L226Q HA seems 

to affect the binding o f LSTc to that particular site (see 4.6.3). The modelling o f only the 

Sia moiety o f LSTc on the HA RBS was also observed in the structure o f H5 avian HA in 

complex with LSTc (Figure 9B) (Ha et al., 2001).

4.7.2.1 Atom ic interactions between LSTc and L226Q HA

A schematic representation o f  the atomic interactions between the Sia residue o f LSTc and 

L226Q HA is shown in Figure 42. For comparison, a list o f the interatomic distances o f the 

Sia moiety o f  LSTc with L226Q HA and the other HAs whose structure in complex with 

LSTc has been already determined is shown in Table 11, Appendix IV. These atomic 

interactions correspond to potential hydrogen bonds between receptor analogue and 

protein.

The pattern o f putative hydrogen bonds o f the Sia moiety o f LSTc with the RBS o f L226Q 

HA (Figure 41) is very similar to that observed in the so-far determined structures o f LSTc 

and LSTa in complex with HAs o f different hosts and subtypes (Figures 7-13; Table 11, 

Appendix IV). As previously mentioned (see 1.6.7, and 4.7.1.2), the pattern o f interactions 

o f  the Sia o f different analogues with the RBS o f HA is generally conserved. In contrast 

with HAs having Leu226, which is only involved in van der Waals interactions (Figures 

7A, 7B, 11 A, 11B), in L226Q HA the side chain o f Gln226 forms a pair o f hydrogen 

bonds with the Sia o f either LSTc or LSTa also observed in other HAs that have a Gin at 

position 226, namely H3 avian HA, H5 avian HA, H7 avian HA, HI human HA and HI 

swine HA (Figures 40 and 42; Tables 10 and 11, Appendix IV). These conserved hydrogen
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Figure 41. Binding of LSTc to L226Q HA

Only the Sia o f LSTc is observed in two of the RBSs of L226Q HA. Selected potential hydrogen bonds 

between analogue and L226Q HA are shown as dashed lines. Atoms are coloured as: green for carbon, 

blue for nitrogen, and red for oxygen. Relevant residues of the HA RBS and atoms of Sia and the HA 

RBS, namely those involved in the selected interatomic contacts, are specifically identified (see: Figure 

42; 4.7.2.1 and 4.8\ Table 11, Appendix IV). The three main secondary structural elements o f the HA 

RBS - 130 loop, 190 helix and 220 loop - are also indicated.
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Figure 42. Schem atic d iagram  of the interactions o f LSTc with the residues of the RBS 

o f L226Q HA

Potential hydrogen bonds (shown as dashed lines) between LSTc and the residues o f the RBS o f L226Q HA 

are shown. Only the Sia of LSTc is shown, since this was the only residue of the ligand that could be fitted 

into the electron density (see 4.6). The interatomic interaction distances corresponding to the represented 

hydrogen bonds are also indicated (see, also, Table 11, Appendix IV). Atoms (shown as balls) are coloured as: 

black for carbon, blue for nitrogen, and red for oxygen. Covalent bonds (shown as sticks) in LSTa and the 

L226Q HA residues are coloured in purple and brown, respectively. The identity of main-chain and side chain 

atoms is indicated.

The figure was generated using the program LIGPLOT (Wallace et al., 1995).



bonds o f the side chain o f Gln226 are formed between the amide nitrogen and the 

carboxylic (O IB ) group o f the Sia o f LSTc, and between the amide carbonyl and the 8 - 

hydroxyl group o f  the Sia o f LSTc. The L226Q HA, as the X-31 HA, forms a direct 

hydrogen bond, via the side chain hydroxyl o f Ser228, with the 9-hydroxylic group o f the 

glycerol side chain o f the Sia residue o f LSTc. This interaction is conserved in the 

complexes o f L226Q HA with LSTc and with both the cis and trans conformers of LSTa 

(see, above, 4.7.1.2; Figures 40 and 42). Also, in L226Q HA-LSTc, as in the complex of 

X-31 HA with LSTa, the amide nitrogen (ND2) o f A snl37 forms a hydrogen bond with 

the carboxylic (01 A) group o f the Sia o f LSTc (Figure 42; Tables 10 and 11, Appendix 

IV).
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4.8 Discussion

4.8.1 Structure o f L226Q  HA in complex with LSTa

In this study, the X-ray crystal structure o f the LSTa-L226Q HA complex revealed that the 

L226Q HA binds both the trans and cis configurations o f the a2-3 linkage o f LSTa, each 

on a different RBS (Figures 35 and 36). This is the first description o f two different 

conformers o f LSTa being able to simultaneously bind to HA, and also the first description 

o f the binding o f  the LSTa cis conformer to an HA having Gin at position 226 o f the RBS.

4.8.1.1 Configurations o f LSTa in complex with different HAs

The crystal structures o f  HA-LSTa complexes determined so far have shown that the HAs 

o f different hosts and subtypes bind only one configuration o f LSTa. H3 avian HA, H5 

avian HA and H7 avian HA, which show binding preference for a2-3-linked sialosides 

(M atrosovich et al., 1993; 1997; 1999; Gambaryan et al., 1997), and HI human HA, 

which shows dual binding specificity for a2-3-linked and a2-6-linked sialosides (Rogers 

and Paulson, 1983; Rogers and D ’Souza, 1989), revealed in their crystal structures in 

complex with LSTa (Ha et al., 2003; Ha et al., 2001; Russell et al., 2006; Gamblin et al., 

2004) that they only recognised the trans conformer o f the avian receptor analogue 

(Figures 8 A, 9A, 10, and 12A). Therefore, it seems that the LSTa conformer adopting the 

trans configuration around the glycosidic oxygen o f the a2-3 linkage has the energetically 

most favourable conformation to bind the RBS o f H3 avian HA, H5 avian HA, H7 avian 

HA, and HI human HA. On the other hand, X-31 HA and H9 swine HA prefer binding to 

a2-6-linked sialosides (Nobusawa et al., 1991; reviewed in Skehel et al., 2000) and in the 

crystal structures o f the complexes LSTa-X-31 HA and LSTa-H9 swine HA (Eisen et al., 

1997; Ha et al., 2001), only the cis conformer o f LSTa binds the RBS o f both these HAs 

(Figures 7A and 11A). This suggests that the LSTa conformer having the cis configuration
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o f the a2-3  linkage has the energetically most favourable conformation to fit in the RBSs 

o f X -31 HA and H9 swine HA. Therefore, HAs showing a strong binding preference for 

a2-3-linked sialosides, which correlates with the general receptor preference o f avian 

viruses, or a dual binding specificity for a2-3 and a2-6  linkages (like the HI human HA), 

seem to prefer the trans configuration o f a2-3 linkages, and HAs with a strong binding 

preference for a 2 -6 -linked sialosides, which correlates with the general receptor 

preference o f human viruses, presumably bind better to the cis configuration o f a2-3 

linkages.

Here, in contrast with the specific binding o f just one configuration o f the a2-3 linkage by 

all the available HA RBSs, as seen in all structures o f other HAs in complex with LSTa, 

each o f the two available RBSs o f a L226Q HA trimer specifically binds to a different 

configuration o f  the a2-3  linkage o f LSTa. The L226Q HA RBS1 binds the trans 

configuration o f  LSTa and RBS2 binds the cis configuration (Figures 35 and 36). This 

seems to be mainly due to the positional plasticity o f the side chain o f  A snl37  o f the 

L226Q HA RBS (see 4.7.1.1 and Figure 37). The trans and cis configurations o f the a2-3 

glycosidic linkage o f the extended conformation o f LSTa correspond to the low-energy 

conformers anti and syn, respectively, o f a2-3-linked sialosides identified in modelling 

studies, and both conformers were considered to form significant populations in solution 

(Breg et al., 1989; Poppe et al., 1989; Sabesan et al., 1991; Eisen et al., 1997; Ha et al., 

2001). Therefore, the trans and cis LSTa conformers in solution may be equally available 

for binding to a HA RBS. The fact that Sia and Gal are the two visible saccharide residues 

o f LSTa on both available sites o f L226Q HA and the comparable quality o f the electron 

density for the two LSTa conformers (see 4.6.2; Figure 32), suggest that the binding 

affinity o f RBS 1 for the trans configuration o f LSTa is similar to that o f RBS2 for the cis 

configuration o f LSTa. Both the trans and cis configurations o f  a2-3 linkages have been
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observed in other protein-sialoside complexes (reviewed in Imberty and Perez, 2000).

4.8.1.2 Com parison with H3 avian HA and X-31 HA in complex with 

LSTa

The L226Q HA is a single amino acid mutant o f the X-31 HA, which corresponds to the 

HA o f the 1968 HK pandemic virus. The H3 avian HA o f the duck/Ukraine/1/63 virus, 

which is a potential precursor o f the 1968 HK pandemic virus, shows only twenty amino 

acids differences to the X-31 HA and is structurally highly homologous to the L226Q HA 

(Ha et al., 2001). These three HAs o f the H3 subtype have different pairs o f amino acids at 

positions 226 and 228, which have shown to be determinants o f receptor binding 

specificity in HAs o f  different subtypes (Connor et al., 1994): the X-31 HA has 

Leu226/Ser228 and binds preferably to a2-6  linkages, the L226Q HA has Gln226/Ser228 

and prefers a2-3  linkages, and the H3 avian HA has Gln226/Gly228 and a binding 

preference for a2-3  linkages. The comparison o f the crystal structures o f  L226Q HA in 

complex with LSTa and LSTc with those o f the receptor analogues in complex with X-31 

HA and H3 avian HA is relevant for the understanding o f the molecular mechanisms 

underlying the conversion o f a human virus HA into an avian virus HA (see below).

The high structural similarity o f the RBS o f L226Q HA to that o f  the H3 avian HA (Ha et 

al., 2003) might imply a binding preference o f the L226Q HA for the trans configuration 

o f LSTa. The intermediate mode o f  binding o f L226Q HA to the LSTa conformers in the 

crystal may have been caused by particular experimental circumstances. The specific 

crystal contacts between symmetry-related molecules in L226Q HA might have caused 

slight adjustments in the L226Q HA that favoured the stable binding o f two different 

configurations o f LSTa (see 4.6.3). The crystal contact affecting the L226Q HAi subunit 

containing the RBS2 (Figure 34), which binds the cis conformer o f LSTa, may induce
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slight changes in the positioning o f specific residues that might have created the conditions 

to stabilise the binding o f  the cis configuration o f the a2-3 linkage (see 4.6.3.1).

In comparison with the structure adopted when bound to the H3 avian HA 

(Dk/Ukraine/1/63) the Sia and Gal residues o f LSTa are shifted to the front o f the site and 

upwards in the RBS1 o f L226Q HA (Figure 38A). This positional shift o f the receptor 

analogue has had the major consequence o f positioning the glycosidic oxygen away from 

the side chain o f Gln226 (~ 2 A upward shift in comparison with H3 avian HA), 

precluding the formation o f a stabilising hydrogen bond with the amide nitrogen. 

Nonetheless, the 4-OH o f  Gal-2 is still able to hydrogen bond to the amide carbonyl o f the 

side chain o f Gln226 (see 4.7.1.2). Therefore, in contrast with the H3 avian HA (Ha et al., 

2003), the L226Q HA is not able to form the linkage recognition m otif specific for the 

trans configuration o f the a2-3  linkage, as first described for the H5 avian HA in complex 

with LSTa (Ha et al., 2001) (see 4.7.1.2). This indicates a lower affinity o f  the L226Q HA, 

relatively to the H3 avian HA, for the trans conformer o f LSTa, since the potential for 

stabilisation o f the asialo part o f  LSTa in the trans configuration in the L226Q HA is 

weak, which might be reflected in the high B values and poor definition o f the electron 

density. The binding o f L226Q HA to LSTa also includes the interaction with the cis 

conformer, but the just described possible less stable binding o f  L226Q HA to the trans 

conformer in comparison with the H3 avian HA, might correlate with the significantly 

higher binding affinity for 3 ’SL showed by the H3 avian HA, in competitive binding 

assays o f solid phase immobilised virus (Matrosovich et al., 1993). This may also be 

connected with the fact that only the first two residues o f LSTa are seen in the structure of 

the L226Q HA-LSTa complex, while the GlcNAc-3 residue is also seen in all the available 

structures o f avian HAs in complex with LSTa (Figures 8 A, 9A and 10). O f the nineteen 

amino acid differences between the L226Q HA and H3 avian HA only four (N137S,
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S193N, S227P, and S228G) are at the RBS, and o f these only the amino acids at positions 

137 and 228 form interactions with the receptor analogue (Table 10, Appendix IV; Figures 

40 and 8A). The L226Q HA forms, through the side chain o f Ser228, a direct hydrogen 

bond with the glycerol 9-OH group o f the Sia o f LSTa, while in the H3 avian HA that 

hydrogen bond is water-mediated. In both HAs, the main-chain amide nitrogen o f amino 

acid 137 hydrogen binds to the carboxylic group o f Sia, but the L226Q HA is also able to 

form a hydrogen bond with the same carboxylic group through the side chain o f A snl37. 

The different residues at positions 227 and 228 contribute for slight conformational 

differences between the RBSs o f H3 avian HA and L226Q HA (see Introduction, 1.6.6) 

(Ha et al., 2003). These minor conformational differences between sites and the two just 

described extra hydrogen bonds that L226Q HA forms with the Sia o f the LSTa trans 

conformer might contribute for the observed differences in conformation that the trans 

LSTa conformer adopts in the complexes with the L226Q HA RBS1 and H3 avian HA 

(Figure 38A).

The superposition o f the RBS2 o f L226Q HA and X-31 HA in complex with the cis 

conformer o f LSTa shows that the positioning o f the Sia moiety o f the receptor analogue is 

very similar in both structures and that the Gal-2 is shifted upwards on L226Q HA in 

comparison with X-31 (Figure 39A). However, in spite o f a higher positioning on the site, 

the 4-OH and 6-OH groups o f Gal-2 can still form hydrogen bonds with the L226Q HA 

(Figure 40B). Nonetheless, the unique ability o f A snl37 o f the RBS2 o f L226Q HA to 

form a potential hydrogen bond with the 4-hydroxylic group o f Gal-2 o f the LSTa cis 

conformer may be essential to stabilise the binding o f the cis configuration o f the a2-3 

linkage. This way the LSTa cis conformer may adopt a bound energy state low enough to 

stably bind the RBS2 o f  L226Q HA, as discussed in 4.6.1.2. The unique pair o f residues

189



Gln226 and A snl37  with hydrogen bond potential in the L226Q HA (the X-31 HA has 

Leu226) may be an important factor in the flexibility o f receptor configuration recognition.

4.8.1.3 Com parison with H5 avian HA, H7 avian HA, HI human HA, and 

H9 swine HA in com plex with LSTa

The LSTa trans conformer is also shifted in its binding to the RBS1 o f L226Q when in 

comparison with that seen in the complexes with H5 avian HA, H7 avian HA and HI 

human HA (Figure 38B-D). The positional shift o f the glycosidic oxygen o f LSTa in the 

trans LSTa-L226Q HA complex overlaid on the trans LSTa-H3 avian HA complex is 

comparable to that seen in the superposition with the trans LSTa-H5 avian HA and trans 

LSTa-H7 avian HA, but it is less apparent in the comparison with the HI human HA -trans 

LSTa complex. This correlates with the longer distance between the glycoside oxygen o f 

LSTa and the amide nitrogen o f the Gln226 side chain seen in the HI human HA in 

comparison with that o f  the avian HAs (Tables 10, Appendix IV). The conformations o f 

the RBSs o f L226Q HA, H5 avian HA and H7 avian HA are very similar (Russell et al.,

2006). Both avian HAs have a Ser at position 137, and the H7 avian HA forms a hydrogen 

bond with the Sia carboxylic group through the hydroxyl group o f the side chain o f Seri 37 

(Table 10, Appendix IV). The HI human HA has a different RBS geometry (Gamblin et 

al., 2004). The different conformation o f the L226Q HA RBS1 and the hydrogen bonds to 

LSTa from Ser228 and A snl37, whose side chain is differently positioned in comparison 

with that o f S e ri37 in H7 avian HA, may be contributing factors for the different 

orientation o f the trans conformer o f LSTa on the RBS1 o f L226Q HA.

The unfavourable positioning o f the glycosidic oxygen in the cis conformation o f the a2-3 

linkage over the polar side chain o f Gln226, in the complex o f the LSTa conformer with



the L226Q HA, seems to be compensated for by the formation o f the hydrogen bond 

between the side chain o f  A snl37  and the 4-OH group o f Gal-2. This interaction is not 

formed in the complex o f  cis LSTa with the H9 swine HA (see 4.7.7.2, and Figure 39B), 

which like X-31 has Leu226 with a nonpolar side chain, but an avian-like Gly228. The 

L226Q HA has an avian-like Gln226, but a human-like Ser228. These amino acid 

differences at positions 226 and 228 may be an important factor for the differences in 

positioning o f the LSTa cis conformer between L226Q HA, X-31 HA and H9 swine HA.

4.8.2 Structure o f L226Q  HA in complex with LSTc

In the crystal structure o f  the L226Q HA-LSTc complex, only the Sia moiety was ordered 

on the RBS o f L226Q HA (Figure 41). The Sia portion o f LSTc established conserved 

interactions with the RBS, while the asialo part o f the analogue may have a high degree o f 

freedom. This ligand disorder could have been due to a low binding affinity o f LSTc to 

L226Q HA or the similar binding o f the Sia moiety o f different conformations o f the 

analogue to the same RBS o f L226Q HA, as suggested for the binding o f only the Sia o f 

LSTc to the H5 avian HA (Ha et al., 2001). H5 influenza viruses show negligible binding 

to a2-6-linked Sia-Gal linkages (Matrosovich, 1999), and in NM R studies o f BHA binding 

to soluble sialosides (Sauter et al., 1989) the L226Q HA showed a very low binding 

affinity for 6 ’SL (Ko ~ 6 mM). The binding o f only Sia to the RBS o f H5 avian HA and 

L226Q HA in both the structures o f the complexes H5 avian HA-LSTc and L226Q HA- 

LSTc is consistent with the low binding affinity o f these two HAs for a2 -6  linkages.

4.8.2.1 Configuration o f LSTc in complex with different HAs

In the crystal structures o f LSTc in complex with H3 human HA (X-31), H3 avian HA, H9 

swine HA, HI human HA and HI swine HA (Eisen et al., 1997; Ha et al., 2003; HA et al.,
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2001; Gamblin, 2004), the receptor analogue is bound in the cis configuration (Figures 7B, 

8B, 1 IB, 12B, and 13B). This is in agreement with the determined predominance o f a2-6  

linkages in the cis configuration in solution, with a cis-to-trans ratio o f 9:1 (Poppe et al., 

1992). In the cis configuration, LSTc points the C6 linkage atom o f Gal-2 down toward 

favourable nonpolar contacts with the side chain o f Leu226 o f X -31 HA and H9 swine HA 

(Figures 7B and 11B). HI human HA and HI swine HA have a different site geometry, 

which allows them to bind the LSTc conformer with high affinity, in spite o f having Gin at 

position 226, and forming several interactions with the asialo part o f the analogue (Figures 

12B and 13B).

When in complex with the H3 avian HA (Figure 8B), in order to cope with the 

energetically unfavourable positioning o f the nonpolar C6 linkage atom toward the polar 

side chain o f Gln226, the Sia ring was shifted slightly upwards, had its orientation twisted 

and rotated in a way that the C6 methylene group o f Gal-2 was slightly removed from the 

side chain o f Gln226. As mentioned just above, in solution, a2 -6  linkages are 

predominantly in the cis (or syn) configuration. Therefore the cis conformer is the 

energetically more stable conformer o f LSTc in solution and is thus more available for 

binding to L226Q HA. The binding o f the LSTc cis conformer to the L226Q HA would 

unfavourably position the C6 linkage atom toward the polar side chain o f Gln226, and this 

would probably account for the observed lack o f electronic density for the asialo part of 

LSTc bound to the L226Q HA RBS (Figure 33). In spite o f the close structural similarities 

between the L226Q HA and the H3 avian HA, the latter can bind the Sia-Gal linkage of 

LSTc, but the L226Q HA can only bind the Sia moiety. The small differences in geometry 

o f the unbound RBS o f L226Q HA from that o f the H3 avian HA (Ha et al., 2003) and 

possible further slight changes resulting from crystal contacts (see 4.6.3), might have
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contributed for an unstable binding o f the cis conformer o f LSTc to the L226Q HA under 

study.

If the L226Q HA bound LSTc in the tram  configuration, the glycosidic oxygen o f the a2 - 

6 linkage would be favourably positioned to form a stabilising hydrogen bond with the 

amide nitrogen o f the side chain o f Gln226, but the 4-OH group o f Gal-2 would be too far 

away from hydrogen bonding to the amide carbonyl o f Gln226, to complete the formation 

o f a m otif mimicking the a2-3  linkage-recognition m otif (see 4.7.1.2). The binding o f the 

trans conformer o f LSTc to the L226Q HA would be very unlikely, since it is much less 

stable than the cis conformer and its potential for hydrogen bonding with the L226Q HA is 

weak.

4.8.3 Com parison o f the binding o f LSTa and LSTc to the L226Q HA

The above-described crystal structural data are consistent with a higher binding affinity o f 

the L226Q HA to LSTa in comparison with LSTc. Only the Sia moiety o f LSTc is seen 

bound on the RBS o f L226Q HA, while both the terminal linkage residues, Sia and Gal, o f 

LSTa could be modelled on the L226Q HA RBS and potential interactions o f Gal-2 o f the 

LSTa cis conformer with protein residues could be assigned. This correlates with binding 

data for both the X-31/HS virus and L226Q HA. Assays o f influenza virus-induced 

haemagglutination o f modified erythrocytes (Rogers et al., 1983; Anders et al., 1986; 

Daniels et al., 1987), competitive assays o f virus binding to soluble receptor analogues 

(Matrosovich et al., 1993; 1997), and NM R studies o f BHA binding to soluble sialosides 

(Sauter et al., 1989) showed that the L226Q mutation induces a shift in receptor-linkage 

preference o f the parent X-31 virus from a2-6-term inated to a2-3-term inated receptors. 

The latter studies revealed very small differences in the binding affinities o f X-31 HA and 

L226Q HA to 3 ’SL and 6 ’SL: L226Q HA binds 3 ’SL 2 fold stronger than 6 ’SL, and X-31
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HA binds 6 ’SL 1.5 fold stronger than 3 ’SL; the affinity o f LSTa for X-31 HA is slightly 

lower than that o f 3 ’SL. However no other measurements were done using either LSTa or 

LSTc. The comparative binding affinities o f X-31 HA and L226Q HA for LSTa and LSTc 

would determine if  they are stronger than those o f 3 ’SL and 6 ’SL.

4.8.4 Role o f L226Q m utation o f HA in the interspecies transmission of  

H3 influenza viruses

The induced shift in virus receptor binding preference by the L226Q mutation o f the HA 

RBS corresponds to a shift in viral receptor recognition from a human-like receptor to an 

avian-like receptor. The X-31/HS virus is an egg-adapted virus, and in this study it has 

grown to high titters in embryonated hen’s eggs upon inoculation o f the allantoic cavity, 

which is rich in a2-3-linked sialosides and does not have a2-6-linked ones (Ito et al., 

1997). Different binding studies o f human reassortant viruses containing single-site mutant 

H3 HAs suggest that the single L226Q mutation is necessary but not sufficient to allow the 

virus to replicate in the duck intestine. The additional S228G mutation seems to be 

required to make the virus able to efficiently attach to the target cells in the duck intestinal 

mucosa (Hinshaw et al., 1983; Naeve et al., 1984; Vines et al., 1998). The substitution 

L226Q in the human H3 HA confers binding to the Sia(a2-3)Gal-containing receptor, and 

the second mutation S228G enhances the binding affinity enough to allow virus replication 

(Vines et al., 1998). More recently, the replication in duck intestine o f the double mutant 

L226Q/S228G o f the H3 human reassortant virus was associated with the recognition o f 

Neu5Gc(a2-3)Gal-term inated receptors, abundant in the lower intestine, namely crypt 

cells (Ito et al., 2000).

Presently, there is no information from structural studies that could suggest a role for the 

second S228G mutation in the transformation o f the human X-31 HA into an “avian-like”
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HA. Nor there is structural information for a L226Q/S228G double mutant o f a H3 human 

HA. Residue 226 is always Gin in avian HAs, and never Gin in H3 human HAs, but 

always a nonpolar residue, usually Leu and occasionally Val or lie (Ha et al., 2003). 

Residue 228 is Gly or Ser in avian HAs but always Ser in H3 human HAs (Bean et al., 

1992; Connor et al., 1994). The residual structural differences between the RBS o f L226Q 

HA and that o f H3 avian HA include other RBS residues (N137S, S193N, and S227P), 

which contribute to the geometry o f the site (see Introduction, 1.6.6) and probably to make 

it an “avian RBS”, with the side chain o f Gln226 being able to form a a2,3 linkage- 

recognition m otif for the trans configuration o f LSTa (Ha et al., 2001) (see 4.7.1.2). The 

structure o f LSTa, and a Neu5Gc(a2-3)Gal-term inated sialoside (see just above), in 

complex with a H3 human HA double-site L226Q/S228G mutant would probably bring 

new information for the molecular transformation o f a human HA into an avian-like HA at 

the level o f  receptor binding. The second mutation S228G added to the L226Q HA might 

be sufficient for the formation o f the linkage-recognition m otif specific for the trans 

configuration o f a2-3 linkages, as seen in the complexes o f avian HAs with LSTa whose 

crystal structures have been determined (Ha et al., 2001, 2003; Russell et al., 2006) (see 

1.6.7.1 and 4.7.1.2).

On the other hand, the crystal structure o f the L226Q/S228G double mutant o f the X -31 

HA in complex with LSTa and LSTc would allow insights into the molecular mechanism 

o f the conversion o f an avian virus into a human virus, with pandemic characteristics, at 

the level o f receptor recognition. In support o f this possibility, a recombinant virus 

harbouring the L226Q/S228G double mutant o f the X-31 HA has recently shown to be 

able to replicate and spread in human airway epithelial cultures, even though less 

efficiently than the virus harbouring the X-31 HA human counterpart (Matrosovich et al.,

2007).

195



The L226Q HA may correspond to an intermediate HA in the binding to a2-3-linked 

receptors between a human-like recognition, specific for the cis configuration o f LSTa - 

like that seen in H3 human HA and H9 swine HA, which have a Leu at position 226 o f the 

RBS (Eisen et al., 1997; Ha et al., 2001) -  and an avian-like recognition, specific for the 

trans configuration o f  LSTa -  like that seen in the avian HAs H3 avian HA, H5 avian HA 

and H7 avian HA, and the HI human HA, all having a Gin at position 226 o f the RBS (Ha 

et al., 2001, 2003; Russell et al., 2006; Gamblin et al., 2004).
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4.9 Conclusions

The crystal structure o f L226Q HA in complex with LSTa, determined in this study, 

indicates that the L226Q HA trimer has two RBSs with enough structural differences to 

give them different binding specificities for the configuration o f the a2,3 linkage. It is 

possible that, due to lattice contacts and conformational plasticity associated with the side 

chain o f A snl37, very small changes in the structure o f one RBS in the L226Q HA trimer 

might have been translated into changes in specificity for the configuration o f  the a2,3 

linkage. The preference o f  RBS1 for the trans configuration o f  the Sia-Gal linkage of 

LSTa and RBS2 for the cis configuration represents a new kind o f behaviour in receptor 

linkage recognition by HA, since in all the so-far determined structures o f a2 ,3 - or a2,6- 

linked sialosides in complex with HAs o f different hosts and subtypes only one 

configuration is seen.

The LSTa trans and cis conformers may be equally populated in solution, thus their 

binding specifically and separately to the L226Q HA RBS 1 and RBS2 would suggest that 

the two L226Q HA RBSs have a similar binding affinity for the different LSTa conformer 

bound. The finding that in both RBS1 and RBS2 o f L226Q HA only the Sia and Gal-2 

residues o f LSTa are ordered is consistent with them having similar binding affinities for 

the trans and cis LSTa conformer, respectively.

The L226Q HA in its binding to the trans conformer o f LSTa does not form the a2,3 

linkage specific m otif seen in avian HAs, due to a positional shift o f the bound ligand. In 

the RBS1 o f the L226Q HA, the side chain o f Gln226 forms a hydrogen bond with the 4- 

hydroxyl group o f Gal-2, but not with the glycosidic oxygen o f the a2,3 linkage o f LSTa. 

This indicates a lower affinity, in comparison with avian HAs, o f L226Q HA for the trans
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LSTa. However, the side chain o f A snl37  forms a hydrogen bond with the carboxylic 

group o f Sia that might add to the stability o f the LSTa in the new position. Also, the side 

chain o f Ser228 forms a direct hydrogen bond with the 9-hydroxyl group o f the glycerol 

moiety o f Sia. Therefore, this new pattern o f  interactions in the RBS1 o f L226Q HA might 

enhance the affinity o f  the site for the new positioning o f the trans LSTa con former.

The binding o f the LSTa cis conformer to the L226Q HA RSB2 corresponds to an 

interaction not previously seen in the structures o f other HA-c/s LSTa complexes. The cis 

configuration o f the a2-3  linkage positions the glycosidic oxygen away from a favourable 

interaction with the side chain o f Gln226. Here, besides the usual hydrogen bond between 

main chain carbonyl o f residue 225 and the extracyclic 6-OH o f Gal-2, the side chain of 

A snl37  forms a hydrogen bond with the 4-OH group o f Gal-2. This additional hydrogen 

bond may compensate for the energetically unfavourable positioning imposed by the cis 

configuration on the a2 ,3  linkage glycosidic oxygen.

The L226Q HA only binds the Sia moiety o f LSTc, suggesting a low affinity for the 

human receptor analogue. This is consistent with data from binding assays indicating a 

preference o f L226Q HA for a2-3-linked receptor analogues.

Therefore, despite its high homology with the H3 avian HA and an avian-like receptor 

binding preference, the L226Q HA recognises both the trans configuration, preferred by 

avian viruses, and the cis configuration, preferred by human viruses. This suggests that the 

L226Q HA represents an intermediate HA for avian receptor binding between a human 

HA and an avian HA. The additional mutation S228G may be necessary for the conversion
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o f the human X -3 1 HA into an avian-like HA, with a specific high affinity for the trans 

conformer o f LSTa, as seen in avian HAs.

The binding affinities o f HA for a2,3-linked or a2,6-linked soluble sialosides are very 

weak (Xds in the range o f 1-6 mM) and this has implications for the structural 

characteristics and definition o f  the complexes. Nonetheless it has been possible to 

characterise crystallographically the protein and ligand structures sufficiently to identify 

their interactions and to define their ligand conformations. However small structural 

changes will not always have been detected in the x-ray analysis owing to the limited 

resolution o f the data (2.8-2.9 A) and the ill defined electron density.

4.10 Future Experim ents

4.10.1 Im provem ent o f the crystal structure o f L226Q HA in complex 

with LSTa and LSTc

The limited resolution o f the crystal structures o f the L226Q HA-LSTa and L226Q HA- 

LSTc complexes determined in this study has imposed significant limitations to the 

determination o f the interactions o f  the receptor analogues with the L226Q HA. The errors 

o f the refined atomic coordinates are high, affecting the accuracy o f the assigned hydrogen 

bonds between protein and ligand. Also, due to the fact that no water molecules were 

added to the model, potential hydrogen bonds between the receptor analogues and the 

L226Q HA might have been left unassigned.

As future work, the quality improvement o f  the L226Q HA crystals would contribute for a 

more detailed picture o f the interaction o f the receptor analogues with the RBS o f L226Q 

HA.
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4.10.2 Determ ination o f the crystal structure of the L226Q /S228G  HA  

double m utant

The L226Q/S228G HA double mutant variants o f  H3 human influenza isolates have shown 

an increased affinity for a2-3-linked receptors in comparison with the mutant viruses 

having the L226Q HA mutation. This enhancement in receptor binding affinity showed to 

be essential for the replication o f  the variant human viruses on the duck intestine. Similarly 

to these H3 viruses, the L226Q/S228G HA double mutant o f the X -3 1 virus may, not only 

have a higher affinity for the receptor in comparison with the L226Q HA, but also different 

receptor binding characteristics.

As future work, the crystal structure determination o f the L226Q/S228G X -31 mutant HA 

in complex with receptor analogues promises new insights into the relationship between 

the RBS sequence and ligand binding. Also, the structure determination o f mutant HAs (in 

complex with receptor analogues) from avian or human H3/H2 virus isolates, like L226Q 

HA, L226Q/S228G HA, Q226L HA and Q226L/G228S HA would most probably reveal 

details o f the molecular mechanism o f the shift in viral receptor specificity o f those 

mutants, which has implications for the interspecies transmission o f influenza viruses.

4.10.3 Binding assays o f L226Q HA and L226Q /S228G  HA to receptor  

analogues

Generally, the receptor binding assays o f influenza viruses have been carried out using 

derivatised erythrocytes, soluble sialosides and immobilised glycopolymers (reviewed in 

Matrosovich et al., 2006). The two latter assays have also been used to test the receptor 

binding activity o f BHA molecules. The new assays using carbohydrate microarrays offer 

the advantage o f testing a high number o f different saccharides in one single experiment 

(Stevens et al., 2006a; 2006b). As future work, receptor binding assays o f the X-31 HA,
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L226Q HA and L226Q/S228G HA and the viruses containing these HAs would reveal new 

aspects o f the binding mechanism o f H3 influenza viruses to target cell receptors, not only 

at the level o f  single trimeric HA molecules but also in the context o f virus particles, 

testing for cooperativity upon polyvalent binding (reviewed in Stevens et al., 2006b) (see 

Introduction, 1.6.3).
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Appendix I

Comparison of the crystal structures of HAs of different 

subtypes and hosts of origin
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R.m.s.d. (A)

H3 avian HA H3 human HA H5 avian HA H7 avian HA H9 swine HA HI 1918 HA H1 human HA HI swine HA

H3 avian HA 0.50 2.02 (410) 1.47 1.98(433) 2.08 (397) 2.11 (408) 2.02 (396)

H3 human HA 2.08(401) 1.46 2.14(430) 2.15(408) 2.11 (399) 2.08 (399)

H5 avian HA 2.14(340) 1.38 1.03 1.08 0.90

H7 avian HA 2.34 (407) 2.20 (353) 2.13(337) 2.24 (354)

H9 swine HA 1.46 1.59 1.54

HI 1918 HA 0.64 0.56

HI human HA 0.57

H1 swine HA

Table 7. S tructural com parison of the HAs from different subtypes and hosts of origin

Overall r.m.s.d. values for the pairwise comparison of the Ca positions of monomers of the HAs from different subtypes and hosts of origin. The 

different virus strains are: Duck/Ukraine/1/63 (H3 avian), A/Aichi/2/68 (H3 human), Duck/Singapore/3/97 (H5 avian), Turkey/Italy/02 (H7 avian), 

Swine/Hong Kong/9/98 (H9 swine), Puerto Rico/8/34 (HI human) and Swine/Iowa/15/30 (HI swine). See text for details about the different HAs, 

namely 1.5.2,1.6.6,1.6.7  and 1.6.9. The gene for the 1918 HA was made synthetically (Gamblin et al., 2004).

The more recently determined crystal structures of avian HAs from H5N1 viruses, the A/Vietnam/1203/04 HA and A/Vietnam/1194/04 HA, are very 

similar to the indicated H5 avian HA, A/duck/Singapore/3/97, with a r.m.s.d. o f 0.46 A and 1.70 A, respectively (Stevens et al., 2006a; Yamada et al., 

2006). Numbers in parentheses refer to the number of amino acids that could be included in the comparisons.

[Adapted from: Russell et al., 2004]
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NSC definition for the L226Q HA in the complexes with

LSTa and LSTc
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L226Q HA - LSTa L226Q HA - LSTc

Matrix 1 Matrix 2 Matrix 1 Matrix 2

Rotation 0.424434 -0.553326 -0.716719 0.424410 -0.846569 0.321243 0.424705 -0.554606 -0.715568 0.424325 -0.846018 0.322804

-0.849656 0.030199 -0.526472 -0.547494 0.042651 0.835722 -0.849200 0.029938 -0.527222 -0.547908 0.043941 0.835384

0.312954 0.832418 -0.457319 -0.721198 -0.530568 -0.445390 0.313824 0.831574 -0.458257 -0.720934 -0.531341 -0.444895

Translation 51.662 83.749 -54.331 66.326 70.557 56.884 51.569 83.391 -54.116 66.031 70.178 56.702

Table 8. Transformation matrices for the generation of the L226Q HA monomers 2 and 3 from monomer 1 by application of the 

three-fold NCS operators

The NCS definition o f the L226Q HA trimer, in complex with LSTa and LSTc, is given by transformation matrices. Matrix 1 transforms monomer 1 into monomer 2, 

and Matrix 2 monomer 1 into monomer 3, in the context o f a L226Q HA trimer having a NCS axis. Monomer 1 corresponds to the L226Q HA monomer containing the 

RBS1 (to which the LSTa trans conformer binds), monomer 2 harbours the ligand-free L226Q HA RBS3, and monomer 3 corresponds to the L226Q HA monomer 

containing the RBS2 (to which the LSTa cis conformer binds) (see 4.6). These transformation matrices were determined using the program LSQMAN (USF suite) (see 

2.2.4.4.1). The transformation operators were derived from the alignment o f the Ca-chain atoms (503 atoms) o f each monomer.
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Interatomic interactions between crystallographic symmetry

related L226Q HA trimers
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Table 9: Lattice contact interactions in the crystal of L226Q HA in complex 

with LSTa

A list o f the interatomic distances between residues of crystallographic symmetry related 

L226Q HA trimers forming hydrogen bonds is shown.

Contact region A

L226Q HA trimer 1 
at(*,.y, z) Distance (A) L226Q HA trimer 2 

at (->>, z+1/4)

HA i monomer 3 HA 2 monomer 3

Trp 127 (m/c CO) 3.19 Arg 25 (NH2)

Thr 128 (OG1) 3.94 His 26 (m/c NH)

Thr 128 (OG1) 3.43 His 26 (m/c CO)

Gin 132 (OE1) 3.94 Arg 25 (m/c NH 1)

Ser 157 (OG) 3.91 Asn 135 (ND2)

Ser 157 (m/c CO) 2.65 Asn 135 (ND2)

Gly 158 (m/c NH) 3.39 Glu 11 (OE1)

Thr 160 (OG1) 3.07 Asn 135 (ND2)

Val 163 (m/c CO) 2.86 Gin 27 (NE2)

Asn 165 (m/c NH) 3.32 Gin 27 (OE1)

Asn 165 (m/c NH) 3.55 Gin 27 (NE2)

Asn 165 (m/c CO) 3.75 Gin 27 (OE1)

GlcNAc 339 (06) [at Asn 165] 3.92 Gly 31 (m/c NH)

GlcNAc 340 (05) [at Asn 165] 3.95 SER 29 (m/c CO)
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Table 9 (cont.)

Contact region A

L226Q HA trimer 1 
at (x, y , z) Distance (A) L226Q HA trimer 1 

at (-.y, x, z+1/4)

HA i monomer 3 HA i monomer 3

Gin 132 (m/c NH) 3.65 Glu 325 (OE2)

Gin 132 (OE1) 3.89 Glu 325 (OE1)

Gin 132 (m/c CO) 3.77 Glu 325 (m/c CO)

SER 145 (OG) 3.78 Thr 328* (m/c CO)

HA / monomer 2 HA i monomer 3

Gin 189 (OE1) 3.88 Asn 8* (OD1)

Gin 189 (NE2) 3.33 Asn 8* (ND2)

HA i monomer 2 HA 2 monomer 3

Ser 193 (OG) 3.95 Lys 174* (NZ)

Contact region B

L226Q HA trimer 1 
at (*, y , z)

Distance (A) L226Q HA trimer 2
at (y, -x, z+3/4)

HA i monomer 1 HA2 monomer 2

Asn 53 (ND2) 3.19 Asn 146 (ND2)

Arg 57 (NH1) 2.24 Ser 29 (m/c CO)

Arg 57 (NH1) 3.89 Glu 30 (m/c NH)
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Arg 57 (NH1) 3.58 Glu 30 (m/c CO)

Arg 57 (NH1) 3.61 Gly 31 (m/c NH)

Asp 60 (m/c NH) 3.84 Thr 32 (m/c CO)

Asp 60 (m/c NH) 3.42 Thr 32 (OG1)

Asp 60 (m/c CO) 2.70 Thr 32 (OG1)

Asp 63 (OD2) 3.29 Arg 25 (NH1)

Asp 63 (OD2) 3.08 Arg 25 (NH2)

Asp 63 (OD2) 3.29 Arg 25 (NH 1 )s

Asp 63 (OD2) 3.08 Arg 25 (N H 2)s

Val 78 (m/c CO) 3.57 Gin 27 (OE1)

Val 78 (m/c CO) 3.52 Gin 27 (NE2)

Glu 82 (OE2) 3.09 Gin 27 (NE2)

Lys 92 (NZ) 2.99 Gly 16 (m/c CO)

HA j monomer 1 HA i monomer 2

Asn 96 (OD1) 3.89 Glu 325 (m/c CO)

The interaction distances were determined using the program CONTACT (CCP4 suite) and checked manually in 

O (Jones et al., 1991). These interactions were also identified by the PISA server (Krissinel and Henrick, 2007), 

which has additionally assigned salt bridges. Contact regions A and B are described in 4.6.3 and shown 

graphically in Figure 34. Monomers 1 and 3 correspond, respectively, to the L226Q HA monomers harbouring 

the RBS1, which binds the LSTa tram  conformer, and RBS2, which binds the LSTa cis conformer. Monomer 2 

corresponds to the L226Q HA monomer containing the RBS3, which does not bind either LSTa or LSTc (see 

4.6.3). The atoms in the left column correspond to the reference L226Q HA trimer and those in the right column 

correspond to the symmetry related trimer. In the latter column the symmetry operator is also shown.

The superscript s indicates a potential salt bridge.

* These residues show high B values (> 65 A2) and therefore the assigned interactions have a high level o f error.
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Appendix IV

Comparison of the interatomic interactions of LSTa and LSTc 
with L226Q HA and HAs of different subtypes and hosts of origin
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Table 10. Interatomic interaction distances between the receptor analogue LSTa and the HAs of different subtypes and hosts of 

origin

The interatomic distances listed correspond to potential hydrogen bonds o f the Sia and Gal-2 residues o f LSTa with L226Q HA, X -31 HA, H3 avian HA, H5 avian HA, 

H7 avian HA, H9 swine HA, HI human HA and HI swine HA (see: Figures 7-13; 1.6.7.1). H3 numbering was applied in all cases.

Bond distance (A)

LSTa RBS L226Q HA X-31 HA H3 avian 
HA

H5 avian 
HA

H7 avian 
HA

H9 swine 
HA

HI
human

HA

HI
swine
HA

Residue Atom Atom Residue Trans RBSi Cis RBS2 Cis Trans Trans Trans Cis Trans -

O lA m/c NH 137 2.7 2.8 2.9 2.7 2.7 3.2 2.9 2.7 2.6

O IB m/c NH 137 - - - - - - - - -

O lA OG S137 X X X - - 3.2 - X X

Sia O lA OG S136 - 3.7 3.5 3.1 3.4 3.5 - X X

O IB OG S136 3.0 2.7 2.8 2.6 2.5 2.7 3.3 X X

O lA OG1 T136 X X X X X X X - -

O IB OG1 T136 X X X X X X X 2.5 2.7



Table 10 (cont.)
Bond distance (A)

LSTa RBS L226Q HA X-31 HA H3 avian 
HA

H5 avian 
HA

H7 avian 
HA

H9 swine 
HA

HI
human

HA

HI
swine
HA

Residue Atom Atom Residue Trans RBSi Cis RBS2 Cis Trans Trans Trans Cis Trans -

Sia

N5 m/c CO 135 2.9 3.0 3.0 2.8 3.1 3.3 2.9 3.0 2.9

0 8 0E1 Q226 2.7 3.2 X 2.9 3.3 2.8 X 3.0 3.1

0 8 OH Y98 3.3 2.8 2.9 3.1 3.0 2.7 2.9 2.7 3.2

0 8 W atl 2.9

0 9 OH Y98 2.6 3.2 2.7 3.1 2.8 2.7 3.3 3.0 -

0 9 0E1 E190 2.2 2.2 3.0 2.7 2.8 2.8 X - X

0 9 0E 2 E190 - 3.6 2.9 3.5* - - X 2.5 X

0 9 NE2 H183 3.8 3.9 3.0 3.1 2.8 3.3 X 3.1 3.4

0 9 OG S228 3.2 3.2 2.8 X X X - X X

0 9 W atl 3.1 2.9



Table 10 (cont.)
Bond distance (A)

LSTa RBS L226Q HA X-31 HA H3 avian 
HA

HS avian 
HA

H7 avian 
HA

H9 swine 
HA

HI
human

HA

HI
swine
HA

Residue Atom Atom Residue Trans rbsi Cis RBS2 Cis Trans Trans Trans Cis Trans -

Sia

W atl m/c NH 228 2.8 2.7

O lA NE2 Q226 - - X 3.2 3.4 3.4 X - -

O IB NE2 Q226 3.4 3.5 X 3.0 3.6 3.3 X 3.5 3.7

O lA ND2 N137 2.8 3.2 3.0 X X X X X X

Gal-2

0 3 NE2 Q226 (5.5) (5.3) X 3.5 3.7 3.5 X 3.9 -

0 4 0E1 Q226 3.7 - X 3.5 3.0 3.0 X 3.3 -

0 4 NE2 Q226 - 3.6 X 3.3 - - X - -

0 4 ND2 N137 - 3.0 - X X X X X X

0 4 W atl 2.8
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Table 10 (cont.)
Bond distance (A)

LSTa RBS L226Q HA X-31 HA H3 avian 
HA

H5 avian 
HA

H7 avian 
HA

H9 swine 
HA

HI
human

HA

HI
swine
HA

Residue Atom Atom Residue Trans rbsi Cis rbs2 Cis Trans Trans Trans Cis Trans -

Gal-2

0 4 Wat2 2.9

W atl NZ K222 X X X X - X X 3.3 -

W atl m/c CO 225 2.9

Wat2 m/c NH 227 - - - X - - - 3.4

0 6 m/c CO 225 - 3.0 2.8 - - - 2.6 - -

The average distances are given except in the cases where LSTa binds in only one o f the NCS-related RBSs of the HA trimer. Distances were assigned using the 

molecular graphics program O (Jones et al., 1991). The coordinates for X-31 HA-LSTa and H7 avian HA-LSTa were provided by M. B. Eisen and R. J. Russell, 

respectively. The coordinates for LSTa in complex with H3 avian HA, H5 avian HA, H9 swine HA, HI human HA and HI swine HA were obtained from RCSB/PDB, 

accession codes lmqm, ljsn, ljsh, lrvx and IrvO, respectively. - : the interaction is not observed in the designated HA. X : the position o f the designated HA does not

contain the specified amino acid residue. * : only assigned for two monomers. The configuration o f the a2,3 Sia-Gal glycosidic linkage is also indicated (See Figures 7- 

13).
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Table 11. Interatomic interaction distances between the receptor analogue LSTc and the HAs of different subtypes and hosts of origin

The interatomic distances listed correspond to potential hydrogen bonds of the Sia of LSTc with L226Q HA, X-31 HA, H3 avian HA, H5 avian HA, H9 swine HA, HI 
human HA and HI swine HA (see Figures 7-13,1. 6. 7. 1) . H3 numbering was applied in all cases.

Bond distance (A)

LSTc RBS L226Q
HA

X-31
HA

H3
avian
HA

H5
avian
HA

H9
swine

HA

H I
human

HA

H I
swine
HA

Residue Atom Atom Residue - Cis Cis - Cis Cis Cis

O lA m/c NH 137 2.8 2.9 3.0 2.9 2.8 3.0 2.8

O IB m/c NH 137 - - - - - 3.3 3.2

O lA OG S137 X X - - - X X

Sia O lA OG S136 3.5 3.1 3.5 2.6 - X X

O IB OG SI 36 2.7 2.8 3.0 2.9 3.1 X X

O lA OG1 T136 X X X X X - -

O IB OG1 T136 X X X X X 2.6 2.6



T able 11 (cont.)
Bond d istance (A)

LSTc RBS
L226Q

HA
X-31
HA

H3
avian
HA

H5
avian
HA

H9
swine
HA

H I
hum an

HA

H I
swine
HA

Residue Atom Atom Residue - Cis Cis - Cis Cis Cis

N5 m/c CO 135 2.8 3.0 3.3 2.9 2.8 3.0 3.4

0 8 0E1 Q226 2.8 X 3.2 3.3 X 3.1 2.8

0 8 OH Y98 3.1 2.7 3.2 2.9 2.8 2.6 2.7

Sia 0 9 OH Y98 2.7 2.8 2.9 2.7 3.5 3.0 3.1

0 9 OE1 E190 2.1 2.8* 3.1 2.7 X 3.2 X

0 9 0E 2 E190 - 3.0 - 3.2 X 2.6 X

0 9 NE2 HI 83 3.2 3.1 3.5 3.0 X 3.3 3.3
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Table 11 (cont.)
Bond d istance (A)

LSTc RBS
L226Q

HA
X-31
HA

H3
avian
HA

H5
avian
HA

H9
swine

HA

H I
hum an

HA

H I
swine

HA

Residue Atom Atom Residue - Cis Cis - Cis Cis Cis

Sia

0 9 OG S228 3.1 2.9 X X - X X

0 9 W atl 2.9

W atl m /cN H 228 3.2

O lA NE2 Q226 - X - - X - -

01B NE2 Q226 3.2 X 2.9 3.3 X 3.7 3.5

O lA ND2 N137 3.3 - X X X X X

The average distances are given except in the cases where LSTc binds in only one of the NCS-related RBSs of the HA trimer. Distances were assigned using the 
molecular graphics program O (Jones et al., 1991). The coordinates for X-31 HA-LSTc were provided by M. B. Eisen. The coordinates for LSTc in complex with 
H3 avian HA, H5 avian HA, H9 swine HA, HI human HA and HI swine HA were obtained from RCSB/PDB, accession codes lmqn, ljso, ljsi, lrvz and lrvt, 

respectively. - : the interaction is not observed. X : the position does not contain the specified amino acid residue. * : only assigned for two monomers. The configuration 

of the a.2,6 Sia-Gal glycosidic linkage is also indicated (see Figures 7-13).



Appendix V

Standard three and one letter amino acid codes are used throughout the text. The table 

below describes the two alternative codes for the designation o f amino acids.

Amino acid T hree le tter code Single le tter code

Alanine Ala A

Arginine Arg R

Asparagine Asn N

Aspartic acid Asp D

Cysteine Cys C

Glutamic acid Glu E

Glutamine Gin Q
Glycine Gly G

Histidine His H

Isoleucine Iso I

Leucine Leu L

Lysine Lys K

Methionine Met M

Phenylalanine Phe F

Proline Pro P

Serine Ser S

Threonine Thr T

Tryptophan Trp W

Tyrosine Tyr Y

Valine Val V

S tan d a rd  th ree  and  one le tte r am ino acid codes
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