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Abstract

A variety of proteins with potential for medical applications contain disulfide-bridges. In this review, the author describes investigations of such proteins, particularly
those concerned with clarification of structure — function relationships and molecular engineering, focusing on three classes of targets, namely human lysozyme, plant
lectins composed of hevein-type domains and extracellular domains of human Fas ligand and Fas receptor. With each class of proteins, biological functions relevant
to therapeutic applications, structural features, development of sample preparation methods and the experimental results for the clarification of structure — function
relationships, including those of protein engineering studies on the basis of their three-dimensional structures, is summarized in the light of our current knowledge.
The studies were performed by elucidating details in structural and functional consequences after introducing ligand complex formations, site-directed mutagenesis
and site-specific chemical modifications, which employed various biochemical and biophysical analyses in combination with newly developed recombinant expression
and chemical synthesis methods. The main findings from the studies include basic principles concerning the structure — function relationships in the enzymatic
catalysis by endoglycosidases and carbohydrate recognition by lectins as well as biotechnological advances in the use of extracellular domains of death ligands and
death receptors. The experimental results reviewed here will contribute to the future development of novel disulfide-bridged proteins with therapeutic usefulness

targeting unmet medical needs.

Abbreviations: aa: Amino Acid; Ac-amp2: Antimicrobial
Peptides from Amaranthus caudatus seeds 2; ALPS: Autoimmune
Lymphoproliferative Syndrome; CD: Cluster of Differentiation; CRD:
Cysteine Rich Domain; hDcR3: Human Decoy Receptor 3; Ee-CBP:
Antimicrobial Peptide from Euonymus europaeus L. bark; ECD:
Extracellular Domain; ER: Endoplasmic Reticulum; Gal: galactose;
GalNAc: N-acetylgalactosamine; GlcNAc: N-acetylglucosamine;
GVHD: Graft-Versus-Host Disease; ITC: Isothermal Titration
Calorimetry; Man: Mannose; MHC: Major Histocompatibility
Complex; NMR: Nuclear Magnetic Resonance; NeuNAc:
N-acetylneuraminicacid; PDB ID: Protein Data Bank Identification
Code; PL-D2: Pokeweed Lectin-D isoform 2; NF-kB: Nuclear Factor-
kappa B; PWM: Pokeweed Mitogen from Phytolacca americana bark;
RA: Rheumatoid Arthritis; TNF: Tumor Necrosis Factor; WGA:
Wheat Germ Agglutinin; UDA: Urtica dioica Agglutinin; WAMP:

Antifungal Peptide from Triticum kiharae seeds

Introduction

A wide variety of medically important proteins including but not
limited to antibodies, enzymes, cell-surface binding proteins, cytokines
and their cognate receptors, anti-microbial proteins, hormones, toxins
and the proteins involved in either redox transformation or nutrition
transportation, contain disulfide-bridges. These proteins are generally
found at cell-surface or secreted into extracellular body fluids such
as blood. The surrounding biochemical environments outside the
cells are often not conducive to the survival of protein molecules
due to the presence of many inactivating factors including proteases.
Hence, the relevant proteins have to be stable enough to endure such
circumstances. Disulfide-bridges are covalent bonds for binding two
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different parts of main peptide chain(s) in a protein molecule; therefore
they give a protein molecule substantial structural stability [1]. The
stabilizing effect of disulfide-bridges is mostly of an entropic nature
and considered to be significantly larger than other non-covalent
interactions, such as hydrogen bonding interactions and van der Waals
interactions [2].

To date, many disulfide-bridged proteins including monoclonal
antibodies, lysosomal enzymes, blood coagulation and fibrinolysis
factors, serum proteins, insulin, growth hormones, interferons and
interleukins have been already approved as practical protein medicines.
However, there are still different classes of disulfide-proteins with a
potential therapeutic activity, which may be applicable for fulfilling
unmet medical needs. Among such proteins, the author focuses on
three classes of disulfide-bridged proteins, namely human lysozyme,
plant lectins composed of hevein-type domains and extracellular
domains of human Fas ligand and human Fas receptor, in this review.
First, therapeutic relevance is briefly summarized with each class of the
proteins. Then, structural features emphasizing the three-dimensional
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aspects are explained. After that, efficient sample preparation methods
for biochemical investigations achieved by either recombinant
expression systems, affinity-based isolation from natural resources
or chemical synthesis plus subsequent refolding, are described.
Finally, representative topics concerning both structural analysis and
functional characterization for elucidating the relationships between
them and the biotechnological advances related to medical applications
are presented.

Human lysozyme

A bacteriolytic enzyme with a potential for therapeutic
applications

Human lysozyme was discovered in 1922 as a component of
nasal fluid, which lysed a contaminated bacterium in the cultivation
plate [3]. The susceptible bacterium was named Micrococcus
lysodeikticus (presently Micrococcus luteus). The bacteriolytic
enzymatic activity is initially considered to be effective only for Gram-
positive bacteria lacking cell outer membrane such as Bacillus subtilis.
However, subsequently it was found that this enzyme also killed
Gram-negative bacteria [4,5]. In this case the synergetic action with
other factors such as lactoferrin, which causes damage to the outer
membrane for making the peptideglycan layer more accessible to
lysozyme molecule, may take place [4]. Human lysozyme is contained
in many human body fluids represented by airway surface liquid,
tears and milk, and therefore considered to be essential as a major
defense factor constituting the innate immunity of the human body
[4,6]. Recently, serious problems in public health are emerging due to
occurrence of drug-resistant bacterial pathogens. Human lysozyme is
thought to be a safe anti-microbial agent, which can possibly substitute
for low molecular weight drugs without showing unwanted allergic
adverse effects, since it originates from the human body. Methicillin
resistant Staphylococcus aureus, which is a major cause of worldwide
nosocomical infections, is basically susceptible to lytic activity of
lysozyme, though many strains showing different degree of resistance
have been isolated [7]. Human lysozyme was also reexamined as an
effective therapeutic drug for Pseudomonas aeruginosa lung infections
to reduce bacterial burden and inflammation, which may be serious
problems for patients suffering from opportunistic infection caused by
significantly declined immune responses [8].

In some countries including Japan, a structurally homologous
enzyme, chicken lysozyme has been used as an expectorant in medicine
for patients suffering from colds, chronic paranasal sinus inflammation
and so on. However, in this case, the effect of lysozyme would be mainly
from its non-enzymatic antiphlogistic activity, since most common
colds are caused not by bacteria but by viruses which are not susceptible
to the Iytic activity of lysozyme. It is questionable whether the reduction
of the viscosity of sputum by the medication can be attributed to the
enzymatic activity of lysozyme, since the chemical structure of the
major mucopolysaccharides in sputum are not always identical to that
of bacterial cell wall. Several reports on immune-potentiation in cancer
treatments including the anti-metastatic activity of orally administered
lysozyme have been published [9,10]. These non-enzymatic activities
may be related to its highly cationic character under physiological pH
condition [11]. However, the detailed mechanism at molecular level
is still yet to be clarified. In connection to the diseases caused by the
protein misfolding, eight kinds of mutant human lysozyme genes have
been reported to be a pathogenic cause for hereditary non-neuropathic
systemic amyloidosis to date [12].
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A small globular monomeric protein with abundant
secondary structures

Human lysozyme consists of 130 amino acid (aa) residues with
molecular weight of approximately 14.7 kDa.It has four disulfide-
bridges, which all connect its single main-chain to tightly fold up into
a spheroid in the dimensions of 30 x 30 x 45 A with well-extended a/B-
type secondary structures (Figure 1A) [13]. The secondary structures
comprise four a-helices, two 3'°-helices and one P-sheet region made
from three anti-parallel chains. These structural features provide
human lysozyme molecule a rather high thermodynamic stability
showing denaturation temperature of 80.3°C at pH 4.5 [14]. A large
excess number of basic amino acid residues (Arg, Lys, and His, 20
residues in total) over that of acidic amino acid residues (Glu and Asp,
11 residues in total) make the whole molecule very basic, which is
shown by the isoelectric point of approximately 11.This molecule itself
contains no carbohydrate chain, but recognizes either a carbohydrate
homopolymer made of B-1,4linked N-acetylglucosamine residues alone
(chitin type substrate) or a -1,4 linked alternating copolymer made
of N-acetylglucosamine residues and N-acetylmuramicacid residues
(bacterial cell-wall peptide glycan type substrate).On the surface of
human lysozyme molecule, a deep active-site cleft, composed of six
subsites designated A to F, exists for engulfing the above substrates, and
cleaves the carbohydrate chains between the subsites D and E (Figures
1B and 1C).

¢ I °

Figure 1. Three-dimensional structure of human lysozyme. The atomic coordinate data
were obtained from PDB (ID: 1lzs, X-ray model). Panel A, overall structure. Secondary
structures and disulfide-bonds are shown in ribbons and bales, respectively. Panel B, the
structures of bound N-acetylchitohexaose substrate split into N-acetylchitotetraose and
N-acetylchitobiose (in yellow) and aa residues of human lysozyme mentioned in the text
[catalytic aa residues of ball-and-stick models in atom colors (red, oxygen; gray, carbon;
blue, nitrogen) and other aa residues of stick only models in pink] are shown. Relevant
aa residues’ names in human lysozyme are labelled. The labels, A, B, C, D, E and F,
indicate the approximate positions of six subsites. Panels C and D, electrostatic potential
distribution in molecular surface. Blue and green, positively charged regions; white and
yellow, electrostatically neutral regions; red and orange, negatively charged regions. Blue,
white and red, hydrophilic regions; green, yellow and orange, hydrophobic regions. Panel
C, Front-side view exhibiting the catalytic cleft vertically in the same orientation as panels
A and B; Panel D, back-side view by 180° rotation around the vertical axis.
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Development of efficient recombinant production systems
using several types of expression hosts

Initial attempt of intracellular overexpression of human lysozyme
using an artificial human lysozyme gene designed with optimized
codons for yeast in Escherichia coli resulted in the formation of
insoluble and inactive inclusion bodies, though the enzymatic activity
was partially regenerated by solubilization and dilution process [15].
Hence, a secretory expression system in Saccharomyces cerevisiae
using chicken lysozyme secretion signal sequence was devised for
successful production of soluble and fully active enzyme [16,17]. After
the functional production in S. cerevisiae, other successful high-level
expression systems of recombinant human lysozyme using various
different hosts, including Aspergillus oryzae [18], Acremonium
chrysogenum [19], Pichia pastoris [20,21], rice [22], transgenic mice
[23,24] and transgenic cattle [25], followed. The highest level in
the milk of transgenic mice reached 1.76 g/l, which is three times
higher than human whey [24]. Recently, E. coli became an efficient
producer of functionally active recombinant human lysozyme by co-
expressing an enzyme inhibitor protein using an intracellular disulfide-
bridges formation enhancing strain [26]. Another species of yeast,
Kluyveromyces lactis was also used for an efficient secretory production
of human lysozyme using a biofilm reactor [27].

The secretion level of human lysozyme depends on the secretion
signal sequence in S. cerevisiae. Either chicken lysozyme signal
peptide sequence and its derivatives or human serum albumin signal
peptide sequence worked well, but the signal sequence derived from
Aspergillus awamori glucoamylase failed to secrete human lysozyme
[17]. A modified signal sequence containing ten times of Leu repeat
sequence showed 1.8 times more effectiveness as compared with wild-
type chicken lysozyme signal sequence [28]. Also, the deletion of a
disulfide-bond between Cys77 and Cys95 (Figure 1A) gave an eight-
fold efficient secretion in S. cerevisiae [29]. In P. pastoris, a-factor
prepro sequence was proved to be much more efficient as compared to
chicken lysozyme signal peptide sequence [20]. For research purposes
of protein engineering studies of human lysozyme, S. cerevisiae systems
have been used exclusively so far.

Extensive protein engineering studies concerning catalytic
mechanism and enzymatic activity

After the determination of its detailed three-dimensional
structure of chicken lysozyme as a first enzyme protein molecule by
X-ray crystallography [30], chicken-type lysozymes including human
lysozyme have always played the role of a model protein for engineering
studies of many glycosidases, such as cellulases, amylases and so on,
based on the available information in atomic details [31]. The enzymatic
hydrolysis of substrates has primary significance as the fundamental
medical applications on the basis of anti-bacterial activity of human
lysozyme. In this review, the author focuses on protein engineering
studies on the roles of aa residues of human lysozyme concerning
its catalytic mechanism and the enzymatic activity. Other important
aspects relevant to possible therapeutic applications at molecular level
(e.g. amyloid formation) can be referred to elsewhere [32].

Precise positions of two catalytic carboxylate group containing
residues (Glu35 and Asp53) are critical for the hydrolysis of
substrates: Human lysozyme is an endo-type [-glycosidase.
B-glycosidases can be classified into two categories according to the
stereo-chemistry of resulting terminal B-anomeric hydroxyl group
derived from the scissile glycosidic bond in the cleaved product [33].
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One is retaining enzymes and the other is inverting enzymes. Human
lysozyme belongs to the former and its catalytic reaction is suggested
to proceed via an oxocarbonium-ion type intermediate. In human
lysozyme, the optimum pH of a chitin-type substrate hydrolysis was
about 5.1, where Glu35 (pKa: 6.8) acts as a general acid, which is
considered to first protonate the oxygen atom in the scissile bond. The
bond cleavage is assisted by the electrostatic stabilization between the
positive charge of resulting oxocarbonium-ion and the negative charge
from the side-chain of Asp53 (pKa: 3.4) [34]. By analogy to the case
of chicken lysozyme [35], the abnormal high pKa of Glu35 in human
lysozyme can be considered partly due to the hydrophobic environment
provided by a spatially adjacent residue, Trp109 (Figure 1B).

For the purpose of examining the importance of the precise
side-chain positions of these carboxylate group containing residues
in the hydrolysis of polysaccharide substrates, Glu35 and Asp53
residues were replaced with Asp and Glu, respectively [36-38]. Either
replacement greatly reduced the hydrolytic activity against both M.
Iuteus cell substrate and a soluble chitin-type substrate, ethylene glycol
chitin. The extent of catalytic activity reduction was more significant
in the replacement of Glu35 to Asp as compared to that of Asp53 to
Glu.Human lysozyme with Glu53 mutation still showed 3.4% activity
relative to wild-type enzyme against a chitin oligosaccharide substrate,
p-nitrophenyl N-acetylchitopentaoside at 37°C, pH 5.0 in the reaction
time of 30 min at initial concentration of 1.3 uM and 0.22 mM with
regard to the enzyme and the substrate concentrations, respectively
[39]. The extent of this enzymatic activity reduction was comparable
to the case of a mutant chicken lysozyme, where the corresponding
residue (Asp 52) was replaced to Asn, against M. [uteus substrate (5.5 +
2.5%) [40]. Interestingly, the relative activity of Glu53 mutant human
lysozyme significantly decreased as the reaction time was prolonged (1.0
h, 1.0%; 2.0 h. 0.7%). Significant denaturation of the mutant enzyme was
unlikely to occur within the reaction time, judging from the expected
high thermostability under this pH condition [14]. Also, dissociation
constants for either N-acetylchitotriose or N-acetylchitohexaose in
solution were essentially kept between wild-type and Glu53 mutant
enzymes [39]. Therefore, the above results might suggest that a half-
covalent type intermediate was produced during the reaction in the
case of Glu53 mutant, which would take much longer time to be
cleaved as compared to the detachment of the intermediate simply
stabilized by electrostatic interaction between the negative charge of
Asp53 side chain and oxocarbonium ion intermediate of the substrate.
The optimal pH of Glu53 mutant against M. luteus cell substrate was
similar to the wild-type case, but the more reduced relative activity at
alkaline side was observed as compared with wild-type enzyme [39].
On the other hand, Asp35 mutant exhibited approximately 0.003%
relative V /K value to that of wild-type enzyme against M. luteus
cell substrate at 30°C, pH 6.4.The optimal pH for this substrate was not
significantly changed from that of wild-type enzyme, but the reduction
of relative activity at both acidic and alkaline sides was more prominent
in this case [38]. The specific activity of GIn35 mutant of a homologous
enzyme, chicken lysozyme, was reported to be 0.1 + 0.1 % relative to
that of wild-type (Glu35) enzyme with the same substrate under the
similar reaction conditions [40]. The detailed structures of both Asp35
[38] and Glu53 [41] mutants were determined by X-ray crystallography
and no significant changes in the overall structures judging from the
positional changes in equivalent a-carbon atoms were observed as
compared to wild-type human lysozyme. Taken together, the above
results evidently demonstrated that the precise positioning of two
side-chain carboxylate groups of Glu35 and Asp53 was pivotal to the
efficient catalysis by human lysozyme.
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The van der Waals contact with the side-chain of Trp109 was found
to be an important factor to determine the precise positioning of the
side-chain of Glu35. Distinct movements ranging from 0.67 A to 1.0 A
of equivalent a-carbon atoms in the region of the residues 110 to 118,
110 to 120, 104 to 115 and 100 to 111 were observed for Asp35 mutant,
Ala35 mutant, Phe109 mutant and Ala109 mutant, respectively [38]. In
all cases, root-mean square differences in equivalent a-carbon atoms of
the entire molecules were less than the estimated coordinate errors (0.2
A). The local movements introduced by the mutations of 109™ residue
resulted in a large decrease (13% and 16% of wild-type enzyme with
regard to Phel09 and Alal09 mutants, respectively) in the V__ value
against M. [uteus cell substrate, while maintaining the affinity for it [38].
This suggested that the van der Waals contact effectively contributed to
fix the side-chain carboxylate group of Glu35 in wild-type enzyme to
a maximally efficient position for protonation of the glycosidic oxygen
atom. A similar reduction in the catalytic activity against both M. luteus
cell and glycol chitin substrates without significant alteration of the
affinity to N-acetylchitotriose ligand was reported for human lysozyme
with Vall110 to Pro mutation [42]. This residue is next to Trp109 and
also locates at around subsite D (Figure 1B). It is reasonable to assume
that the perturbation of the position of Glu35 carboxylate group
introduced by the mutation is the cause of catalytic activity reduction
in this case again, since no significant change in overall conformation
was detected using circular dichroism spectra.

Aromatic side-chain group of Tyr63 is essential for the
recognition of carbohydrate substrates at subsite B: Human
lysozyme has a deep cleft with six subsites designated A to F, each of
which can accommodate either an N-acetylglucosamine residue or
an N-acetylmuramicacid residue (subsites B, D and F only) (Figures
1B, 1C).To date, X-ray structures of the complexes with chitin-type
oligosaccharides are available for human lysozyme.An X-ray structure
of human lysozyme co-crystallized with N-acetylchitohexaose at pH
4.0 revealed that the hexasaccharide was cleaved into tertrasaccharide
and disaccharide, which occupied subsites A to D and a position
close to subsites E and F proposed on the basis of model building for
chicken lysozyme, respectively [43]. The N-acetylchitotriose is thought
to bind human lysozyme in two alternative modes, subsites A to C
and subsites B to D by an NMR analysis. In either recognition modes,
Tyr63 at subsite B is considered to play a central role for the substrate
recognition [44].

In order to dissect the functional role of structural elements of Tyr
63 side-chain in the catalytic action of human lysozyme, Tyr63 was
replaced with Phe, Trp, Leu or Ala [45]. X-ray crystallographic analysis
showed that no appreciable change except for the difference in side
chain structure of 63" residue was introduced by the above mutations.
While the lytic activity against M. luteus cell substrate was maintained
in either mutation, relative activity toward non-charged chitin-
type substrates greatly depended on whether the 63 residue was an
aromatic amino acid or not. This was also confirmed in the inhibition
experiments of the lytic activity by N-acetylchitotriose. The effect of
electrostatic interaction on the catalytic activity was further shown by
the comparison of the relative activity to wild-type enzyme against non-
charged soluble chitin-type substrate, ethyleneglycol chitin, and that
against negatively charged soluble chitin-type substrate, carboxymethyl
chitin [37]. Leu63 mutant showed 7 + 4% relative activity against
ethyleneglycol chitin, which was significantly less than the relative
activity of 36 + 5% against carboxymethyl chitin. The importance of
the presence of an aromatic residue at 63 position for chitin-type
substrate was definitely demonstrated by the comparison of catalytic
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activity against p-nitrophenyl N-acetylchitopentaoside substrate [45].
The quantitative catalytic efficiency parameter, k_/K_, under pH 5.0,
37°C of wild-type human lysozyme (Tyr63) was slightly altered from
250 + 80 M's? to 130 + 30 M's™ and 70 + 16 M's” with Phe63 mutant
and Trp63 mutant, respectively, which corresponded to AG values in
catalysis of 0.4 + 0.4 kcalmol ' and 0.8 + 0.3 kcalmol . In contrast, Leu63
mutant and Ala63 mutant exhibited the k /K _ values of 4.3 £2.0 M''s™!
and 6.4 £ 4.9 M''s’!, respectively, which corresponded to the AG values
of 2.6 + 0.6 kcalmol™ and 2.5 + 0.8 kcalmol™. Further, the preference
in cleavage pattern of p-nitrophenyl N-acetylchitopentaoside also
significantly shifted from 4:1 to 3:2 by the loss of aromatic side-chain
of 63 residue, which indicated that a large decrease in relative total
affinity of subsites A, B, C and D to that of subsites E and F against this
substrate.

X-ray structural analysis of site-specifically conjugated
derivatives of disaccharides: In order to further examine the functional
role of the interactions between the carbohydrate residue bound at
subsite B and Tyr63 residue in the ligand recognition event in human
lysozyme, human lysozyme derivatives site-specifically conjugated
with 2°, 3’-epoxypropyl B-glycoside derivatives of three kinds of
disaccharides, namely N-acetylchitobiose (GIcNAc-B1, 4-GlcNAc),
N-acetyl lactosamine (Gal-p1, 4-GIcNAc) and B-1, 4 linked mannosyl
N-acetylglucosamine (Man- 1, 4-GlcNAc), were synthesized. The
detailed structures of these three kinds of site-specifically labeled
human lysozymes were analyzed by X-ray crystallography [46,47].
All conjugations were conducted by the ester linkage formation
with the side-chain carboxylate group of Asp53. The geometry of the
glycosidic linkage in the N-acetylchitobiose moiety of the conjugated
complex were essentially the same as observed for the unconjugated
complex with -1, 4 linked N-acetylglucosamine oligomers [46].
The binding mode of N-acetylglucosamine residue at subsite C was
totally maintained, therefore the site-specific labeling reactions were
considered to proceed via the recognition of N-acetylglucosamine
residue at subsite C. The inactivation of lytic activity against M. Iuteus
cells substrate occurred by the conjugation. The half lifetime of residual
lytic activity of human lysozyme in the presence of 2’, 3’-epoxypropyl
B-glycosides of Gal-fl, 4-GIcNAc and Man- (1,4-GIcNAc was
prolonged by approximately twice as much compared with the
corresponding derivative of GIcNAc-B1, 4-GlcNAc [47]. This clearly
presented the weaker affinity of the former two derivatives than the
latter one, which should be ascribed to the difference in the affinity at
subsite B.

The comparison of three-dimensional structures revealed the
origin of substrate recognition specificity at subsite B. The apolar face
of N-acetylglucosamine residue at subsite B in N-acetylchitobiose
conjugated human lysozyme showed a stacking geometry almost
parallel to the phenolic side-chain group of Tyr63 (Figure 2A)
making 5 possible CH-1 interactions at subsite B [48]. In contrast,
the parallelism between the galactose residue at subsite B and the
phenolic side-chain group of Tyr63 in the N-acetyllactosamine
conjugated human lysozyme was significantly worse (Figure 2B) and
the number of possible CH-mt interactions at subsite B decreased to 4
[48]. Cooperatively, the counterpart of possible direct hydrogen bond
concerning Aspl102 side-chain was altered from 6-OH group to axial
4-OH group of galactose residue [46]. Further, the three-dimensional
structures of Leu63 mutant human lysozyme in conjugation with 2’,
3’-epoxypropyl B-glycoside of N-acetylchitobiose was also determined
[49]. By the abolishment of CH-m interactions between the saccharide
residue at subsite B and the side-chain group of 63 residue due to
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Figure 2. Stacking geometry between aromatic amino-acid residue and carbohydrate
residue. The atomic coordinate data were obtained from PDB. Only relevant residues of
space-filling models are shown in atom colors (red, oxygen; gray, carbon; blue, nitrogen)
and labeled. Panel A, human lysozyme conjugated with 2, 3’-epoxypropyl B-glycoside
of GlcNAc-B1, 4-GlcNAc (PDB ID: lrey); Panel B, human lysozyme conjugated with
2, 3’-epoxypropyl B-glycoside of Gal- 1, 4-GlcNAc (PDB ID: lrez); Panel C, human
lysozyme conjugated with 2, 3’-epoxypropyl B-glycoside of Man- 1, 4-GlcNAc (PDB ID:
Irem); Panel D, glutaraldehyde-crosslinked WGA-3 complexed with GIcNAc-B 1, 6-Gal
(PDB ID: 1k7t).

the replacement of Tyr63 with Leu, the N-acetylglucosamine residue
at subsite B in the Leu63 mutant conjugate significantly moved away
from the side-chain of Leu63 as compared to the relative positions
of the corresponding N-acetylglucosamine residue in the wild-type
human lysozyme. The above results suggested that the cooperativity
of CH-m interactions and conventional hydrogen bonding interactions
are an origin of the substrate recognition specificity at subsite B in
human lysozyme, and clearly demonstrated the direct contribution of
aromatic side-chain group to the recognition process.

In spite of the reduced affinity suggested by the lower reaction
rate in the conjugation with Man-f1, 4-GlcNAc as compared to that
with GIcNAc-B1, 4-GlcNAc, the parallelism of the mannose residue
with Tyr63 side-chain was maintained [47] (Figure 2C), and the total
number of possible CH-mt interactions at subsite B was not changed
[48]. The original possible direct hydrogen bond between GIn104 side-
chain and carbonyl oxygen atom of the N-acetylglucosamine residue at
subsite B was lost, but GIn104 found axial 2-OH group of the mannose
residue as the new counterpart of hydrogen bond. Therefore, the weaker
affinity of Man-p1, 4-GIcNAc as compared with N-acetylchitobiose
should be ascribed to factors other than the total number of possible
CH-n interactions and direct hydrogen bonding interactions, which
still remain to be clarified.

Importance of positively charged side-chain of Argll5 for the
affinity around subsites E and F: It has been suggested that the binding
of substrate at subsites E and F of the catalytic cleft in chicken-type
lysozyme had two distinct possibilities of recognition by conformational
energy calculations [50]. One is the productive binding mode involving
“right side” region of the cleft and the other is the non-productive
binding mode involving “left side” region of the cleft. The latter binding
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modes are reported as the mode in charge of the initial binding of
substrate in chicken lysozyme using site-directed mutagenesis studies
[51]. In human lysozyme, the corresponding regions responsible
for the former and the latter binding modes includes Argll5 and
Trp34 residues, and Tyr45, Asn46 and Ala47 residues, respectively
(Figure 1B). In the initial model building study of chicken lysozyme
in complex with N-acetylchitohexaose, Argl14 in chicken lysozyme,
which corresponds to Argl15 in human lysozyme, was considered to
form double hydrogen bonds with the N-acetylglucosamine residue at
subsite F [30].

For the purpose of surveying the role of Arg115 in human lysozyme,
this residue was replaced with Lys, His, Gln or Glu, and the effect on
their enzymatic functions was assessed by examining the catalytic
activity against M. luteus cell and ethyleneglycol chitin substrates [52].
Neither the apparent K_ value nor V__ value against M. luteus cells
were significantly affected by the replacement of Argll5 with Lys,
which revealed the specific hydrogen bonding interactions between
Argll5 and N-acetylglucosamine residue at subsite F were actually
not valid in the hydrolysis of this substrate. The activities of the above
mentioned mutant human lysozymes against ethyleneglycol chitin were
mostly dependent on the charge state of 115% residue. In contrast to the
full retention of activity (90 + 2% ~ 105 + 4%) under the condition
that the side-chain of 115" residue remains positively charged state, the
relative activity to wild-type enzyme became significantly lower (58 +
5% ~ 78 + 2%) under the condition that the net charge of 115" residue
changed to neutral, and further decreased (49 £ 3% ~ 58 + 3%) under
the condition that the side-chain was negatively charged. These results
clearly suggest that Argl15 of human lysozyme was important not for
providing the hydrogen bonding interactions with the carbohydrate
residue at subsite F, but for possessing a positive charge to maintain
the local structure essential for the recognition of substrates at around
subsite F.

The direct structural evidence about this hypothesis was obtained
from X-ray structural analysis of Hisl15 and the Glull5 mutants
crystallized at pH 4.5 [53]. Under this pH condition, the His115 residue
should be protonated to have a positive charge and the side-chain
carboxylate group of Glul15 would be dissociated to have a negative
charge. The main-chain structure of His115 mutant was identical to
that of wild-type human lysozyme, whereas the main-chain position
of Glul15 mutant presented a large difference from that of wild-type
in the region of 100" to 130™ residues constituting the “right side” of
catalytic cleft at subsites E and F in human lysozyme. This structural
deformation introduced by the Glul15 mutation was considered to be
derived from the difference in the interaction mode of the side group
of 115" residue and the spatially adjacent side-chain group of Trp34.
The positively charged imidazolyl group of His115 mutant shared the
same plane as the guanidinium group of Argl15 in wild-type human
lysozyme so that they maintain a possible cation-m interaction. On the
other hand, the carboxylate group of Glul15 moved away from the face
of indole ring of Trp34 as if they avoid proximity of the negative charge
to the m-electrons.

Chicken-type lysozymes including human lysozyme catalyze not
only the hydrolysis of substrates but also transglycosylation reaction
involving the reaction products of hydrolysis.The transglycosylation
reaction was also used for the enzymatic synthesis of p-nitrophenyl
3°-O-B-N-acetyl  glucosaminyl-a-maltopentaoside by  chicken
lysozyme [54]. The transglycosylation reaction with human lysozyme
was originally evidenced by the observation that the net amounts of
N-acetylchitotriose and N-acetylchitobiose in the case of 3:2 split as
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well as those of N-acetylchitotetraose and N-acetylglucosamine in the
case of 4:1 split were substantially different from each other during the
experimental time-course measurements of the amounts of reaction
products using a starting substrate, N-acetylchitopentaose [55]. This
observation was further supported by virtual computer simulations
supposing the occurrence of transglycosylation reaction. Subsites E and
Fin the catalytic cleft are responsible for the transglycosylation, since the
transglycosylation reaction occurs when the oligosaccharide product
binds to these subsites and reacts with the oxocarbonium intermediate
as a substitute for a water molecule in the hydrolysis reaction. The effect
of mutations at 115" residue on the transglycosylation reaction was
demonstrated by the comparison of the reaction time courses of wild-
type and 115" mutant human lysozymes for N-acetylchitopentaose and
N-acetylchitohexaose substrates [52]. In either case, the profile of time
courses concerning the amounts of oligosaccharide reaction products
at pH 5.0 entirely depended on the charge state of 115® residue’s side-
chain, which reflected the structural change mentioned above.

High structural flexibility around “right side” lobe of subsites
A and B and “left side” lobe of subsite A in expressing the catalytic
activity: Among the potentially flexible regions consisting of coiled-
loop structures in chicken lysozyme, the largest positional fluctuation
of main-chain atoms was observed for the region consisting of the
residues from 102 to 104 in the molecular dynamics simulations [56].
This was supported by the comparison of two independent molecules
contained in the unit cells of monoclinic crystal of chicken lysozyme, in
which 100" to 104" residues exhibited significant structural variations
between them [57]. Prol03 residue in human lysozyme has been
reported to be unimportant for the thermodynamic stability by the
replacement with Gly [14].

The region from 100" to 104™ residues forms the “right side” lobe
of subsites A and B in the catalytic cleft (Figure 1B), and Asp102 residue
in human lysozyme is thought to contribute to the specific recognition
of the N-acetylglucosamine residues occupied at subsites A and B by
making the hydrogen bonding interactions with the carbohydrate
moieties via its side-chain carboxylate group [43]. In order to examine
the functional importance of structural integrity in this region, Asp102
in human lysozyme was replaced with Asn or GluIn addition, a
deletion mutant AProl03 was created. All these mutants showed a
considerable residual activity compared with wild-type enzyme against
M. luteus substrate. The catalytic efficiency parameter, V__ /K _values,
for Asn 102, Glu102 and APro103 mutants were 76%, 40% and 55% of
that of wild-type human lysozyme (M. Muraki, unpublished result).
The variableness of the corresponding residue in chicken lysozyme
(Aspl01) was also implicated by the replacement of Aspl01 with
Gly in turkey lysozyme. In both enzymes, N-acetylchitotriose bound
at subsites A, B and C in essentially the same manner, in spite of the
difference in the side-chain group of 101* residue [58]. The structural
flexibility around subsite A in human lysozyme was also suggested
by the insertion of several sequences ranging from 4 to 12 residues
in length containing Arg-Gly-Ser sequence into the position between
Val74 and Asn75 residues [59]. These residues are nearly located at the
“left side” lobe of subsite A in the substrate binding cleft (Figure 1B)
and were involved in a coiled-loop region (Figure 1A). All mutants
containing the insertion sequences retained nearly identical relative
lytic activity (85 ~ 109 %) against M. luteus cell substrate as compared
to wild-type enzyme.

Increase and decrease of net molecular surface charge alters pH
and ionic strength dependencies of lytic activity against M. luteus
cell substrate: As mentioned above, the electrostatic interactions
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play an essential role for the recognition of M. luteus cell substrate
by human lysozyme. The importance of basic amino acid residues on
the surface of lysozyme in the lytic activity against this substrate was
originally pointed out by the acetylation of chicken lysozyme [60]. A
computer-program assisted calculation of electrostatic potentials in
whole human lysozyme molecule revealed the molecular surface of this
protein was mostly positively charged except in the vicinity of catalytic
residues (Figures 1C,1D).

Among various chicken-type lysozymes of different species origin,
a number of discrepancies in amino-acid residues have been identified
in spite of the well-conserved molecular size. For example, there are
14, 41 and 52 aa residues replacement including deletions from 130 aa
residues of human lysozyme with regard to baboon, cow and chicken
lysozymes, respectively. Using the information on these differences
in amino-acid residues and that on the three-dimensional structure,
several mutant human lysozymes, which had either one or two units
of increased and decrease in positive charge on the molecular surface,
were created by site-directed mutagenesis to examine their effects
on the lytic activity against M. luteus cell substrate [61]. Overall, the
increase and decrease in the positive charge shifted the optimal ionic-
strength under the optimal pH condition for wild-type enzyme to
higher and lower directions, respectively. Two mutant enzymes with
double amino-acid residues replacements were also created. One had
an increased positive charge by two units due to the replacements of
Val74 to Arg and GIn126 to Arg, and the other a decreased positive
charge by two units due to the replacements of Arg 41 to Gln and
Argl01 to Ser. Even with only two units change in positive charge,
these mutants presented totally different pH- lytic activity profiles
examined under several ionic-strength conditions from those of wild-
type human lysozyme. The results indicated that the (Arg74+Argl26)
mutant showed significantly higher lytic activity than wild-type
enzyme under the conditions of higher pH and higher ionic-strength.
In contrast, the (Gln41+Ser101) mutant became a better catalyst under
the conditions of lower pH and lower ionic-strength as compared with
wild-type human lysozyme. A similar observation was subsequently
reported for the mutant possessing an N-terminal additional lysine
residue [62]. These observations can be explained by the presence of
optimal electrostatic interactions between the enzyme and M. luteus
cell substrate for expressing maximal lytic activity.

Further, the co-existence of poly L-lysine hydrochloride
considerably affect the lytic activity in a dose-responded manner
depending on the net surface positive charge of wild-type and the
mutant human lysozymes described above, for which no effect on
the lytic activity was observed by addition of the same amount of
monomeric L-lysine hydrochloride [61]. This suggested that the lytic
activity can be controlled by the presence of polyelectrolytes, which
also means that it would be possible to enhance the lytic activity in
the presence of a polyelectrolyte by engineering the surface charge of
human lysozyme. In fact, this possibility proved to be true in the case
that a less positively charged mutant containing double mutations
of Argl01 to Asp and Argl15 to His exhibited 3-fold, 7-fold and 43-
fold increased half maximal inhibitory concentration values in the
bacteriolytic activity against M. luteus cell substrate for three kinds of
poly-anionic electrolytes, alginate, mucin and DNA, respectively [5].
From a medical point of view, it is noteworthy that this mutant retained
98.5% of relative activity against a clinically important gram-negative
bacterium, P. aeruginosa. Alginate is a major mucopolysaccharide
component consisting of biofilms, which is closely relevant to
nosocomical infection caused by this pathogenic bacterium. A detailed
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three-dimensional structure of the above surface electrostatic-potential
reshaped double mutant was determined by X-ray crystallography
[63]. Electrostatic potential analysis based on the resolved structure
showed a significantly expanded negative potential field restricted to in
and around the substrate binding cleft.

Alteration of catalytic and ligand binding properties using
site-specific chemical modifications: Chemical modification can
be a powerful method to alter functional properties of enzyme
molecules.Site-specific intermolecular cross-linking was achieved by
the introduction of a free sulthydryl group on the surface of human
lysozyme and the subsequent reaction with a compound containing
two maleimide groups [64]. One of the two alternative residues, either
Arg4l or Ala73, was replaced with Cys, then reacted with N, N’-bis
(3-maleimide propionyl)-2-hydroxy-1, 3-propandiamine. Three kinds
of site-specifically crosslinked human lysozyme dimers between two
Cys41 mutants, one Cys41 mutant and one Cys73 mutant, and two
Cys73 mutants were created. Among them, only Cys41-Cys41 dimer
exhibited the altered enzymatic property from monomeric wild-type
enzyme and other dimers. The Cys41-Cys41 dimer showed substantially
reduced (38 + 3% of wild-type) activity against a chitin-type oligomer
substrate, p-nitrophenyl N-acetylchitopentaoside, while maintaining
(87 £ 5% of wild type) the activity against a chitin-type high-polymer
substrate, ethyleneglycol chitin. Consequently, the ratio of the relative
activity of the Cys41-Cys41 dimer against the latter substrate over
that against the former substrate became 2.3 + 0.3. In contrast, the
ratio remained at 1.0 + 0.1 and 1.1 + 0.1 with regard to the Cys41-
Cys73 dimer and the Cys73-Cys73 dimer, respectively.Interestingly,
the activity of the Cys41-Cys41 dimer against the oligomer substrate
was enhanced as the ionic-strength of the reaction medium increased
in spite of non-charged property of the substrate, whereas those of
the other dimers were essentially constant [64]. The above results
may be explained by the spatial proximity of two catalytic clefts of
the monomer parts in the Cys41-Cys41 dimer. In the hydrolysis of
p-nitrophenyl N-acetylchitopentaoside, the resulting products, such as
N-acetylchitotriose and N-acetylchitotetraose, were no longer a good
substrate, but were effective inhibitors, since these products still retain
the similar affinity for the catalytic cleft to that of the original substrate.
The difference in ionic-strength of reaction medium can alter the
degree of spatial proximity of the two catalytic clefts in the dimer, which
would affect the efficiency of the inhibition. In spite of the presence of
two carbohydrate binding sites in the human lysozyme dimers, none
of them showed hemagglutination activity toward blood red cells (M.
Muraki, unpublished result). This observation was consistent with the
result that only the oligomers bigger than the trimer of non-specifically
cross-linked chicken lysozyme behaved as lectin-like molecules [65].

Another interesting result was obtained in the site-specific
conjugation of wild-type and Glul02 mutant human lysozymes with
2’, 3’-epoxypropyl B-glycoside of N-acetyllactosamine [66,67]. Dual
labeling of the active site cleft of human lysozyme occurred via the first
ligand assisted recognition of the second ligand. In both cases, the first
ligand part and the second part were covalently attached to the side-
chain carboxylate group of Asp53 residue and that of Glu35 residue,
respectively. The second ligand part locates in parallel to the first ligand
part and many close atomic contacts mediated by hydrogen bonding
network and van der Waals interactions were observed between the
two parts, which were firmly supported by a number of possible
hydrogen bonding and CH-m interactions between the first ligand part
and the protein part.
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Plant lectins composed of hevein domains

Carbohydrate binding proteins with therapeutic potentials
via recognition of various types of pathogenic cells and
immunological cells

Lectin molecules composed of hevein domains were isolated from
a variety of plant organs including germ (e.g. WGA from Triticum
aestivum) [68], root (e.g. PWM from Phytolacca americana) [69],
rhizome (e.g. UDA from Uritica dioica) [70], bark (e.g. Ee-CBP from
Euonymus europaeus L.) [71], latex (e.g. Hevein from Hevea brasiliensis)
[72] and seed (e.g. Ac-amp2 from Amaranthus caudatus) [73]. These
protein molecules specifically recognize N-acetylglucosamine oligomer
structures found in the surfaces of immunological cells and pathogenic
microbes in common. In this review, the author focuses on studies
concerning three kinds of representative molecules among them,
namely WGA, UDA and Ac-amp?2.

WGA was found as a component in wheat-germ lipase preparations,
which selectively agglutinated malignant cells, in 1963 [74]. The cancer
cell specificity displayed by WGA was further characterized to be derived
from the cell-surface changes during the transformation of normal
cells to malignant cells [75]. Then, the resistance of cancer cells against
WGA was found to be closely related to the metastatic character of the
tumor cell lines derived from melanoma [76] and sarcoma [77]. Due
to this cell-discriminating feature based on the carbohydrate binding
specificity, WGA has been subjected to the experiments aimed at many
biomedical applications using nanoparticles. This type of application
includes drug-targeting either to brain via intranasal administration
[78] and photoluminescence imaging analysis of cancer cells [79].
WGA shows not only specific binding but also cytotoxic activity
against various cancer cells including pancreatic cancer [80], colon
cancer [81] and leukemia cells [82]. The cytotoxity was suggested to be
caused by the induction of apoptosis associated with G2/M phase cell
cycle arrest via a mitochondrial pathway independent of Fas receptor
and caspase 3 [83,84]. Another WGA function related to therapeutic
applications includes inhibitory effect to the binding of pathogenic IgG
auto-antibodies against desmoglein 1 in Pemphigus Foliaceus patients
[85].

WGA is a dietary molecule contained in wheat flour as a component
of wheat germ and can significantly affect human health via influence
on the immunological response of gastrointestinal epithelium. A
biophysical study suggested that this highly stable protein molecule
was partially unfolded at low pH in stomach but attained its fully active
conformation again once it reaches the intestine [86]. This property
makes WGA attractive as a carrier of peroral drug delivery, since it
binds specifically to sugars expressed by gastrointestinal epithelial
cells [87]. In this connection, stimulation of the synthesis of pro-
inflammatory cytokines in human peripheral mononuclear cells by
WGA at nanomolar concentration is also intriguing [88].

UDA was found as a plant lectin showing interferon y -inducing
activity toward human lymphocytes in 1984 [70]. UDA exists as a
mixture of six isolectins, which all share the identical molecular size,
carbohydrate-binding specificity and agglutination properties. All
isolectins showed identical human interferon y -inducingactivity, which
should lead to enhancement of the antiviral function of lymphocytes
[89]. In fact, it was shown that this lectin molecule possesses strong
antiviral activity against many serious pathogenic viruses including
human immunodeficiency virus [90], severe acute respiratory
syndrome associated corona virus [91] and dengue virus [92]. One of
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the most striking differences of UDA from other plant lectins is that this
T-lymphocyte mitogenic lectin behaves as a superantigen specific to V3
8.3+ T-cell population by using MHC class I antigen and MHC class II
antigen as its receptors [93]. It was demonstrated that the deletion of
VB 8.3+ T-cells using UDA prevented the development of the systemic
lupus erythematosus-like disease in an autoimmune model MRL Ipr/
Ipr mice, which has a homozygous mutation concerning Fas receptor
gene [94]. Interestingly, the binding of UDA toward MHC class II was
shown to be completely inhibited by its specific carbohydrate ligand,
N-acetylchitotriose, in a dose-dependent manner [95]. UDA has also
been examined for a safe anti-prostatic hypertrophy agent contained in
stinging nettle extracts as a main therapeutic component [96].

Ac-amp2 was first isolated in 1992 as an anti-microbial protein,
which exhibited strong growth inhibition activity against plant
pathogenic fungi such as Botrytis cinerea and Fusarium culmorum
[73]. This chitin binding protein shares the structural homogeneity to
hevein in the alignment of primary sequences assisted by the invariant
positioning of its 6 Cys residues, and therefore considered to be a
truncated hevein domain. This molecule also showed the inhibitory
activity against some Gram-positive bacteria including Bacillus
megaterium, but not against Gram-negative bacteria including E. coli.
Because of its small molecular size, Ac-amp2 is often classified as an anti-
microbial peptide [97]. This class of proteins is a promising candidate
for novel potential therapeutics for treatment of immune-suppressed
patients with systemic fungal infections, since anti-microbial peptides
are produced by a wide range of organisms including human and play
a significant role in protecting the host against pathogens [98]. Of
note, Ac-amp2 did not show the cytotoxic effect against either human
umbilical endothelial cells or human skin-muscle fibroblast cells at
concentrations up to 500 pug/ml [73].

A tiny globular domain devoid of extended secondary
structures: tandem repeat and truncation

A fundamental structure of hevein domain is a small globule
composed of 43 aa residues containing four disulfide-bridges as is
the case for human lysozyme. However, the folded structure of this
domain cannot afford to contain extended secondary structures due
to its globular shape and tiny size. The chitin binding lectins belonging
to this group consist of single or multiple tandem repeat of hevein-
type domains in their primary structures. So far, the three-dimensional
structures of WGA, UDA and Ac-amp2 have been revealed using
X-ray crystallography and NMR analysis. The crystal structures of all
WGA isolectins (WGA-1, 2 and 3) have been determined by X-ray
crystallography [99, 100].It revealed that WGA is a dimeric protein
with dimensions of 40 x 40 x 70 A consisting of two identical protomers
of 171 aa residues polypeptide, each of which are composed of four
hevein-type domains called domain A, B, C and D from its N-terminal
end (Figure 3A). On the other hand, UDA is a monomeric protein
consisting of two tandem repeat of hevein domains with a total number
of 89 aa residues including a hinge region composed of 4 aa residues
between the two domains (Figure 3B). The detailed crystal structures
of two isolectins (UDA-I and VI as identified by mass spectrometry
analysis) have been elucidated to date [101,102]. Although the main-
chain structure and the four disulfide bridges of the two hevein-type
domains in UDA can be well superimposed to each other, the overall
spatial orientations of the two domains were shown to be totally
different from those of the first and second domains of WGA [101].
Ac-amp2 is a C-terminal truncated version of hevein-type domain
containing three disulfide bridges within the compact structure of 30
aa residues (Figure 3C) [73]. The three-dimensional solution structure
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Figure 3. Three-dimensional structures of plant lectins composed of hevein-type
domains. The atomic coordinate data were obtained from PDB. Secondary structures
and disulfide-bonds are shown in ribbons and bales, respectively. Panel A, WGA-3 (PDB
ID: 1wgt, X-ray model); Panel B, UDA-VI (PDB ID: 1ehh, X-ray model); Panel C, Ac-
amp2 (PDB ID; 1mmc, 26 NMR models overlapped). Panel D, the structures of bound
N-acetylchitotriose (in yellow) and aa residues mentioned in the text (in pink) are shown.
Relevant aa residues’ names in UDA-VI are labelled. The labels, A, B and C, indicate the
three N-acetylglucosamine residues starting from the non-reducing end.

delineated by NMR analysis displayed strong homology to the domain
B of WGA concerning the main-chain structure [103].

Isolation from natural resources, recombinant production
and chemical synthesis

To date, the samples for biochemical analysis of lectins composed
of hevein-type domains have been most conveniently isolated from the
plant tissues that contain the objective lectins. This is probably because
the raw materials contained in plant origin are often readily available
in large quantities unlike human proteins. A frequently used method
to isolate the lectins from the crude aqueous extract of plant materials
is affinity chromatography as exemplified by the use of ovomucoid
sepharose for WGA [104] or chitin powder for UDA [70]. It was
necessary to conduct further fractionation using either ion-exchange
chromatography or reversed-phase chromatography for obtaining
pure isolectins of WGA and UDA, since the affinity purified materials
were a mixture of the isolectins.In the case of Ac-amp2, it was possible
to obtain a pure sample directly using two steps of anion-exchange
and cation-exchange chromatography without the necessity of affinity
purification step by virtue of its highly basic character (pI >10) [73].

A preparation method for recombinant WGA-2 was developed
using a secretory expression in S. cerevisiae [105]. In this system, it was
necessary to use a special strain KS58-2Ddel holding the ss/I mutation,
which causes a supersecretion phenotype of human lysozyme, for
efficient (150~200 pg/1) secretion of functional WGA-2.This secretion
amount was further increased 3 to 4 fold by the co-expression of protein
disulfide isomerase gene derived from S. cerevisiae. In contrast, the use
of the parent wild-type strain KK4 reduced the secretion amount to 1/20
value, even though the same chicken lysozyme-derived signal sequence
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was used. Another yeast secretion system consisted of a combination
of S. cerevisiae a-factor prepro signal sequence and P. pastoris GS115
host strain, which was successful in the secretion of human lysozyme,
failed to secrete functional WGA (M. Muraki, unpublished result).
A highly homologous protein, barley lectin, showing 95% sequence
identity to WGA was over-expressed in E. coli [106]. The intracellularly
accumulated protein as an inclusion body was successfully renatured
using a redox buffer system consisting of oxidized and reduced
glutathione to give a final yield of 400~500 pg of the purified functional
protein from 1g of E. coli cells. The obtained recombinant barley lectin
was crystallized. The refolding strategy of inactive protein using the
glutathione redox buffer system was also applicable for single hevein-
type domain proteins, WIN2 [107] and Ac-amp2 [108]. In this case,
the peptide possessing each corresponding primary sequence was
chemically prepared using 9-fluorenylmethyloxycarbonyl-based
peptide synthesis and then refolded to the native three-dimensional
structure. The use of acetoamidomethyl protection group for Cys
combined with the deprotection by mercury (II) acetate and the
purification by reversed-phase column chromatography were essential
for the preparation of the functional product. Another possible
method for the preparation of a single hevein-type domain lectin
was reported for WAMP-1a, which used the expression of fusion
protein with thioredoxin in E. coli [109]. The hevein-type domain
containing five disulfide-bridges was successfully purified by cyanogen
bromide cleavage and subsequent fractionation using a reversed-phase
chromatography to give the functional product in a final yield of ~8 mg
per liter of the bacterial culture.

Crystallography and solution studies concerning the
carbohydrate ligand recognition mechanism

After the pioneering study on the X-ray crystallographic
structural analysis of WGA in complex with N-acetylchitobiose,
N-acetylchitotetraose and N-acetylneuraminicacid [110], structural
elucidations of the carbohydrate ligand recognition mechanism about
the lectin molecules composed of hevein-type domains have been
conducted mainly using X-ray crystallography and NMR analysis.

Among this type of lectins, the most extensive studies have been
performed with regard to WGA isolectins.The complex structures
of N-acetylneuraminyl lactose (NeuNAc-a2, 3-Gal-p1, 4-Glc) with
WGA-1 and WGA-2 (at 2.2 A resolution) [111], that of glycopeptides
containing T5-sialotetrasaccharide (NeuNAc-a2, 3-Gal-f1,
3-GalNAc-a2, 6-NeuNAc) from glycophorin A of erythrocytes
transmembrane with WGA-1 (at 2.0 A resolution) [112] and that of
GlcNAc-B1, 6-Gal, GIcNAc-p1, 4-GlcNAc and GlcNAc-B1, 6-Gal-p1,
4-Glc with glutaraldehyde-crosslinked WGA-3 (at 2.4, 2.2 and 2.2
A resolution, respectively) [113] have been determined by X-ray
crystallography. All the bound carbohydrate moieties were almost
exclusively found in the contact region between domain B and domain
C belonging to each different protomer composed of four hevein-
type domains. Recently, all theoretically predicted eight carbohydrate
binding sites in WGA were revealed to be simultaneously functional
by the crystallographic analysis of WGA-3 complexed with a synthetic
divalent GIcNAc ligand [114].

It is noteworthy that the non-reducing end of GIcNAc in
N-acetylchito-oligosaccharides occupied essentially the same location
with N-acetylneuraminicacid residues in an orientation where the
carbohydrate moiety always made three specific polar hydrogen
bonding interactions. Those were the hydrogen bond between the
carbonyl-oxygen atom of its N-acetoamide group and the OH-group
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of Ser62 in WGA domain B, that between its 3-OH group and the
OH-group of Tyr73 in WGA domain B and that between the amido-
nitrogen atom of its N-acetoamide group and the carboxylate-group
of Glul15 in WGA domain C [115]. By adapting this orientation, the
counterpart of hydrogen bond involving the OH-group of Ser114
was altered from the 4-OH group of N-acetylglucosamine residue to
the carboxylate-group of N-acetylneuraminicacid residue. Another
important aspect in the recognition of the carbohydrate ligands by
WGA was the presence of three aromatic aa residues (Tyr64, Tyr66 and
Tyr73 for WGA-1, Tyr64, His66 and Tyr73 for WGA-1 and WGA-3) in
the binding site. As exemplified by the recognition of saccharide moiety
in the subsite B of human lysozyme (Figures 2A-2C), an aromatic
side-chain group can make a face-to- face stacking contact via many
CH-n interactions, which substantially contributes to determine the
orientation of the carbohydrate-ligand conformation by adjusting the
glycosidic dihedral angles to make the best fit between the protein part
and the ligand part. This strategy was found in essentially all structures
of the complexes, and evidently presented by comparison of the
recognition mode in glutaraldehyde-crosslinked WGA-3 complexed
with GlcNAc-B1, 4-GlcNAc to that in the same protein complexed with
GIcNAc-B1, 6-Gal [113]. As compared to the GIcNAc-p1, 4-GIcNAc,
which represents a dissacharide part structure of chitin, GIcNAc-p1,
6-Gal has an extra methylene group adjacent to the glycosidic oxygen
between two six atoms-membered rings. Nevertheless, the latter ligand
exhibited no less strong affinity than the former ligand in solution.
The crystallographic analysis revealed that this was accomplished by
adjusting the conformation of the bonds between the two six atoms-
membered carbohydrate rings for best fitting to the side-chains of
Tyr64 and His66, which were involved in the recognition process of
the carbohydrate ligand via face to face stacking contacts (Figure 2D).

With respect to UDA, a monomeric lectin composed of two hevein-
type domains, the complex structures with two kinds of carbohydrate
ligands, N-acetylchitotriose [101,116] and N-acetylchitotetraose
[116], have been studied by X-ray crystallography at 1.9 A and
1.4 A, respectively. In the tetraose complex, the position of the first
to the third N-acetylglucosamine residues from the non-reducing
end overlapped with those in the triose complex, leaving the fourth
N-acetylglucosamine residue protruding outside of the molecule
without significant close contacts with the protein part. In the crystal
structures of the UDA isolectin VI - N-acetylchitotriose complex, the
ligands were found between a couple of UDA monomers as a state
sandwiched by the two hevein-type domains at the N-terminal and the
C-terminal sides. The same situation was observed in the more recently
determined crystal structure of PL-D2 from pokeweed, another
monomeric lectin composed of two hevein-type domains, in complex
with N-acetylchitotriose [117]. Also in UDA, a similar strategy to that
of WGA was observed for the recognition of the N-acetylchitotriose
part of the ligands (Figure 3D). In this case, the specific polar hydrogen
bonding interactions concerning the first N-acetylglucosamine
residue from the non-reducing end were made through the main-
chain carbonyl oxygen of Cys24 and the side-chain of N-terminal
pyroglutamicacid group. Other hydrogen bonding interactions were
also observed between the second N-acetylglucosamine residue of the
ligand and the side-chain OH-groups of Ser19 and Tyr30. The face-
to-face stacking contacts via CH- interactions with the second and
the third N-acetylglucosamine residues were accomplished by the side-
chains of Trp23 and Trp21, respectively.

On the other hand, structural information on the molecular
recognition mechanism of single hevein-type domain lectins has been
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mostly investigated using NMR analyses, which include the nuclear
Overhauser effect spectroscopy experiments on hevein, pseudohevein
and Ac-amp2 in complex with N-acetylchitotriose [118,119]. The
results obtained from these experiments confirmed the important
roles of three conserved aromatic aa residues and one serine residue
in the ligand-binding site, which were revealed by the crystallographic
experiments with WGA and UDA. The structurally corresponding
residues to Tyr64, His66/Tyr66, Tyr73 and Ser62 in WGA were
Trp21 (UDA)/Phel8 (Ac-amp2), Trp23 (UDA)/Tyr20 (Ac-amp2),
Tyr30 (UDA)/Tyr27 (Ac-amp2) and Ser19 (UDA)/Serl6 (Ac-amp2),
respectively. Therefore, the conclusions for the carbohydrate ligand
recognition mechanism obtained in the X-ray structural determinations
of the complexes were proved to be also applicable to the interactions
in solution.

Isothermal titration calorimetry (ITC) experiments as well as
NMR titration experiments are valuable methodologies for evaluating
the strength and quantitative thermodynamic parameters of lectins
- carbohydrate ligands interactions. The association constants for
N-acetylchito-oligosaccharides determined using ITC experiments
commonly increased as the length of the ligands became longer
with regard to WGA [120], UDA [121] and hevein [122], which was
also confirmed by NMR titration experiments [122]. However, ITC
experiments under similar solvent conditions showed that the binding
enthalpy of N-acetylchitobiose toward UDA was substantially smaller
than WGA, and much closer to that of hevein.Further, the binding
enthalpy values of N-acetylchito-oligosaccharides toward WGA were
always more than twice those of toward UDA, whereas the binding
free energy values were essentially identical to each other [121]. These
results suggested that UDA behaves as a monomeric binder to the
carbohydrate ligands in solution, despite the sandwiched structure
observed in the crystal structures of UDA - N-acetylchitotriose/N-
acetylchitotetraose complexes.N-acetyllactosamino-oligosaccharides
containing the sequence of either GIcNAc-f1, 6-Gal or GlcNAc-f1,
6-GalNAc are known to exhibit no less weaker binding strength toward
a WGA-immobilized column than N-acetylchito-oligosaccharides
[123]. In fact, ITC experiments demonstrated the greater association
constants for GIcNAc-pl, 6-Gal as compared with GIcNAc-f1,
4-GIcNAc [113]. Concerning the oligosaccharide ligands with a
terminal sialic acid residue,NMR titration experiments showed that
a-2,6-linked N-acetylneuraminyl lactose and the corresponding
lactosamine binds several times more strongly to WGA than a-2,3-
linked N-acetylneuraminyl lactose in solution, though detailed
mechanism has not yet been clarified [124]. Apart from ITC and NMR
titration experiments, two mutants of WGA-2 concerning the Tyr73
and Phel16, which both locate at the contact region between domain B
and domain C of two protomers, have been characterized with respect
to the roles of these residues in the binding of N-acetylchitotriose using
equilibrium dialysis experiments cooperated by X-ray analyses of the
three-dimensional structures without ligands [125]. This study showed
the possibility of enhancing the affinity toward the saccharide ligand
by introducing a new hydrogen bond into the protomers’” contact site
using site-directed mutagenesis.

In order to assess the functional importance of two aromatic aa
residues in Ac-amp2 responsible for stacking with apolar faces of
carbohydrate residues in the recognition process of the ligands, several
kinds of mutants including the alteration to non-natural aa residues
were created and their affinity toward chitin column was evaluated
[108]. Among them, some mutations of Phe18 to the residues possessing
larger aromatic ring side-chains, such as Trp, B-(1-naphthyl)alanine
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and B-(2-naphthyl)alanine brought about the affinity enhancement
toward chitin. In contrast, a great loss of the affinity occurred by the
mutations to p-cyclohexylalanine and alanine residues, which resulted
in the dearomatization and the loss of benzene ring in Phel8 side-
chain, respectively. The enhanced binding strength presented by
Trpl8 and B-(2-naphthyl)alanine mutants as compared with wild-
type Ac-amp2 were further quantitatively confirmed by NMR titration
experiments using N-acetylchitotriose as the ligand [126]. The above
results demonstrated that the ligand affinity in plant lectins composed
of hevein-type domains could be artificially controlled by tuning the
CH-n interactions between the stacking aromatic side-chains and the
carbohydrate ligands.

Carbohydrate residues are generally considered to be hydrophilic
as a whole molecule due to the presence of many hydroxyl groups.
However, carbohydrate residues possess an apolar face comprised of
axial CH-groups [127]. Recently, the attractive forces governed by CH-nt
interactions hasbeen well recognized as playing an important role for the
formation of functional structure and molecular recognition processes
in a variety of biological macromolecules including recognition of
carbohydrate molecules by proteins [128]. The net energy per single
CH-n interaction is considered to be much less than an electrostatic
interaction or a conventional hydrogen bonding interaction. However,
it is effective even in a polar environment such as in water and may
cooperate with each other by themselves and also with conventional
polar hydrogen bonding interactions [129]. Carbohydrate ligands
including N-acetylchito-oligosaccharides for plant lectins composed of
hevein-type domains as well as chitin-type polysaccharide substrates
for human lysozyme have no net electrostatic charges, which made the
relative contribution of CH-m interactions within total binding energy
become significant and therefore highlighted in the recognition event.

Extracellular domains of human Fas ligand and Fas
receptor

Close relation to many serious diseases in the human body

The encoding genes for human Fas receptor and human Fas ligand
was identified in 1991 [130] and 1994 [131], respectively. Several cell-
death inducing signaling systems conducted by the proteins called
death ligands and death receptors cause apoptosis in the human
body. Among them, human Fas ligand - human Fas receptor system
represents one of the most important systems, which has a serious
relation to the maintenance of human health by eliminating harmful
cells to the body [132]. The apoptotic signaling process using this
system is triggered by the specific binding of the extracellular domain
of Fas ligand (hFasLECD) to that of Fas receptor (hFasRECD) existing
on the surface of target cells. Physiologically, this apoptotic process is
considered to be directly involved in the implementation of the removal
of emerging cancerous cells, virus-infected cells and auto-reactive
immune cells by natural killer cells and activated T-cells. Therefore, the
uncontrolled state of this system can shortly lead to the onset of many
serious diseases caused from the abnormal immune systems, which
includes various types of cancers and autoimmune diseases such as
rheumatoid arthritis (RA) in the cases of dysfunction, and graft-versus-
host diseases (GVHD), fulminant hepatitis and spinal cord injury in
the cases of excessive function. The defect of normal lymphocyte
apoptosis caused by the mutations in human Fas ligand and Fas
receptor genes is known to result in the disorders called autoimmune
lymphoproliferative syndrome (ALPS) [133]. It is also noteworthy that
hFasLECD exhibited the inhibitory effects on the angiogenesis both to
the synovial tissue cells from the joints of RA patients in vitro and to
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the in vivo exposed Matrigels embedded in mice by inducing apoptosis
of synoviocytes [134].

The binding of Fas ligand to Fas receptor also brings about non-
apoptotic processes under the conditions that the normal apoptosis
is inhibited for some reasons. For example, either in the caspase 8
deficient cells or in the case that the function of caspase 8 is inhibited
in the cells, the NF-kB mediated cell activation via receptor interacting
protein 1 was thought to take place by the Fas ligand binding to Fas
receptor [135]. Fas ligand - Fas receptor signaling was also reported to
induce the NF-kB activation mediated production of an inflammatory
cytokine, interleukin 8 [136]. Continuous inflammation of tissues via
constitutive NF-kB activation can lead to the onset of cancers, which
is exemplified by the occurrence of hepatoma originated from chronic
hepatitis [137]. From a clinical point of view, another important aspect
of the Fas ligand - Fas receptor system is the possibility of usage as
diagnostic biomarkers of diseases.Soluble Fas ligand (sFasL) and
soluble Fas receptor (sFasR) in human serum have been extensively
investigated as potentially useful biomarkers for a number of diseases
including malignant tumors [138-140], cardiovascular diseases [141],
viral infections [142-144], autoimmune diseases [145], central nervous
system diseases [146], inflammatory diseases [147] and diabetic
complications [148]. The ratio of sFasL to sFasR was also proposed
to be a promising prognostic and predictive factor in response to
chemotherapy [149,150]. It is important to note that sFasL levels of
sera were significantly increased in patients suffering from early phase
Stevens-Johnson syndrome and toxic epidermal necrosis, which will
proceed to severe cutaneous adverse reactions by drugs such as skin
detachment without treatment [151].

A trimeric protein with extended B-sheet structure and single
disulfide-bridge (hFasLECD) and a monomeric protein with
multiple short B-sheet structures and extensive disulfide-
bridges (hFasRECD)

Human Fasligand is a Type-II membrane protein, which belongs to
tumor necrosis factor (TNF) ligand superfamily [152]. Its extracellular
domain (ECD) locating at C-terminal side of hFasL protein consisted
of 179 aa residues (aa 103 - 281) and contains a single disulfide-bridge
between Cys202 and Cys233 (Figure 4). This ECD exists as a homo-
trimeric state without the help of the N-terminal side intracellular
and transmembrane domains.Recently determined three-dimensional
structure of hFasLECD - human decoy receptor 3 (hDcR3) complex
revealed that the protomer in the assembled trimer of hFasLECD has
an extended {-sheet structure composed of two PB-strands, each made
of five antiparallel $-strands (Figure 4). More than 40 % of residues are
involved in the formation of the B-sheet structure. The overall structure
of trimeric hFasLECD resembles a bell-shaped truncated pyramid with
a height of approximately 60 A. An hFasLECD monomer contains
three possible N-glycosylation sites at Asn184, Asn250 and Asn260.

Human Fas receptor is a Type-I membrane protein, which belongs
to TNF receptor superfamily [152]. In contrast to hFasLECD, the
hFasRECD composed of 157 aa residues locates at the N-terminal side
of hFasR (aa 1 - 157) and contains three compact Cys-rich domains
(CRD) called CRD1, CRD2 and CRD3, each of which consists of about
40 aa residues.These CRDs connected in tandem are considered to
form the overall three-dimensional structure of an elongated-shape
as observed in DcR3 (Figure 4). The total number of disulfide-bridges
in hFasRECD is nine. The three-dimensional structure of hFasRECD
in complex with a Fab domain of an anti-hFasRECD antibody has
been clarified by X-ray crystallography [153], though information on
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hFasLECD

Figure 4. Three-dimensional structure of hFasLECD — hDcR3 complex. The atomic
coordinate data were obtained from PDB (ID: 4msv, X-ray model).Only single protomer
part of hFasLECD and one bound DcR3 monomer within the complex composed of
one trimeric hFasLECD molecule and three monomeric DcR3 molecules are presented.
Secondary structures and disulfide-bonds are shown in ribbons and bales, respectively.

a number of residues at N- and C-terminal sides is still missing in the
structure. Due to compact size of the CRDs, the multiple B-sheet regions
assigned within hFasRECD structure are rather small and composed
of 2 to 4 aa residues. An hFasRECD monomer contains two possible
N-glycosylation sites at Asn102 and Asn120. The requirement of the
N-terminal part and the CRD1 region as a pre-association domain for
the implementation of apoptosis, which relates to the onset of ALPS,
has been reported [154].

The three-dimensional structure of hFasLECD - hFasRECD
complex has not been experimentally delineated yet. However, by
analogy to the already determined three-dimensional structures of
other homologous complexes, such as human lymphotoxin a(LTa) -
human TNF receptor 1 complex [155], human tumor necrosis factor
(TNFa) - human TNF receptor 2 complex [156], human TNF related
apoptosis inducing ligand (TRAIL) ECD - human death receptor
5 (DR5) complex [157] and hFasLECD - hDcR3 complex (PDB ID:
4msv), it is reasonable to assume that three monomeric hFasRECDs
bind to the three inter-protomer interfaces formed between adjacent
monomers in a trimeric hFasLECD to result in 3 to 3 receptor - ligand
assembly.

Efficient recombinant production using yeast cell systems
and insect cell systems

hFasLECD and hFasRECD are not available abundantly from
natural human resources such as blood, therefore it is important
to develop efficient recombinant production systems for obtaining
these proteins in large amounts to perform biochemical studies. So
far, the recombinant production systems for these proteins have been
developed using bacterial cells, yeast cells, insect cells and mammalian
cells. Among them, the systems using mammalian cells including
human embryo kidney and monkey COS-1 cells were employed in
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the analysis which requires relatively small amount of biologically
functional proteins [158,159]. For the purpose of biochemical analysis
requiring larger amount of samples, several other heterologous systems
using the cell systems of lower animals and single cellular organisms
have been devised for the recombinant production of hFasLECD and
hFasRECD.

With respect to hFasLECD, the most efficient heterologous
system developed so far for the functional production of mg level
amount protein available was the secretory expression system using a
methylotrophic yeast, P. pastoris [160].The secretion level was found
to be significantly increased by the truncation of N-terminal region
(aa 103-138) [161] and also the addition of DYKDDDDK-(Gly), tag
sequence at the N-terminus [162]. The hFasRECD binding activity of
these recombinant products was confirmed by receptor-mediated co-
immunoprecipitation and size-exclusion chromatography analysis.
Recently, an improved production method using a disposable culture-
bag has been devised for this system [163]. As compared with other
human death-ligand ECD such as TNFa, LTa or TRAIL ECD,
hFasLECD is hard to efficiently produce in E. coli [160]. This situation
may be related to the critical role of N-glycosylation, especially at
Asn260 site, for the secretion in yeast. Asn-linked glycans are known
to be involved in the folding process of glycoproteins in endoplasmic
reticulum (ER) of eukaryotic cells including yeasts via calnexin/
calreticulin cycle [164]. In P. pastoris, the secretion of triple mutant of
hFasLECD lacking all possible N-glycosylation sites (Asn184, Asn250
and Asn260) was completely repressed, in spite of the efficient secretion
of double N-glycosylation site deletion mutant concerning Asn184 and
Asn250 [162]. This suggested that the presence of nascent N-glycan
holding a terminal glucose residue at Asn260 site was critical for the
normal folding of hFasLECD, which avoided translocation into the
channel for ER-associated degradation pathway [165]. This hypothesis
is supported by the experimental result that the secretion of the double
N-glycosylation site deletion mutant concerning Asn184 and Asn250
was totally blocked using a glycoengineered P. pastoris strain called
SuperMan5, which can only attach an impaired Man5 oligosaccharide
at the N-glycosylation site (M. Muraki. unpublished result). In this
connection, the strong direct binding of hFasLECD to calreticulin, a
chaperon lectin molecule in ER, in human system was also reported
[166]. Another unique production method of hFasLECD was reported
with the system using an amoeba host, Dictyostelium discoideum,
which secretes biologically active soluble protein at a less efficient
level as compared with P. pastoris [167]. Importantly, a recombinant
hFasLECD produced in an E. coli system was used as the source for the
crystallization experiments in the recently published X-ray structure of
hFasLECD - hDcR3 complex (PDB ID: 4msv), which suggested that
the non-glycosylated hFasLECD protein was efficiently refolded to a
biologically functional form.

On the other hand, the most efficient heterologous production
system for the recombinant hFasRECD reported to date employs
silkworm larvae as the expression host [160]. Inspired by the successful
secretory production of recombinant mouse FasRECD either with
a hexahistidine tag or with a human IgGl-Fc domain tag at the
C-terminus in Trichoplusia ni cell line [168], a secretion system for the
fusion protein of hFasRECD to human IgG1-Fc domain was developed
using the larvae of Bombyx mori [169]. As compared with the system
for the same fusion protein in another insect cell line, Spodoptera
frugiperda, the B. morilarvae system presented much higher expression
level per unit volume of the secretion product. This production system
was further improved so that an efficient isolation of hFasRECD
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fragment became possible by incorporating a protease cleavage site
sequence, which was specific for thrombin digestion [170]. Although
the production yield was found to be lower than the case with wild-
type hFasRECD, the double alteration mutant to Gln concerning two
N-glycosylation sites at Asn102 and Asnl20 was also secreted into
the body fluid at a significant level in the B. mori larvae system [163].
This suggested that N-glycosylation had an increasing effect on the
level of production, but not always a prerequisite for the secretion of
hFasRECD in insect cell systems in this case. In contrast, secretory
production of wild-type hFasRECD in P. pastoris employing exactly
the same expression unit construct used for the successful secretory
production of hFasLECD [162], which had only a substitution of
hFasLECD gene with hFasRECD gene, failed to work even in the
presence of the two N-glycosylation sites (M. Muraki, unpublished
results). This is probably because the much higher density of disulfide-
bridges within smaller divided domains containing less extended
secondary structures prevented hFasRECD molecule from efficient
folding in the ER compartment of P. pastoris, which constitutes a
critical process for the correct disulfide-bridges formation.

Great potential in medical applications as protein therapeutics

The basic integrity in biological functions concerning cell-death
inducing activity of wild-type recombinant hFasLECD produced
in P. pastoris was originally shown using the mice sensitized with
Propionibacterium acnes [171]. The recombinant hFasLECD
derivatives secreted from P. pastoris were examined by a receptor-
mediated co-immunoprecipitation method using the purified
recombinant hFasRECD-Fc fusion protein produced in the body fluid
of recombinant B. mori larvae, and proved to be functionally active
[161-163]. The functional activity of hFasRECD-Fc fusion protein and
isolated hFasRECD fragment from the fusion protein produced in B.
mori larvae was examined by size-exclusion chromatography analysis
of the mixtures with the N-terminal truncated tag-free derivative of
hFasLECD produced in P. pastoris [170]. This revealed that the isolated
hFasRECD interacted less strongly with the hFasLECD as compared
to the divalent hFasRECD-Fc derivative, showing the contribution of
antibody-like avidity in the latter case.

At present, no direct experimental information on the recognition
mechanism between hFasLECD and hFasRECD at three-dimensional
level has been obtained by X-ray crystallographic analysis yet.Site-
directed mutagenesis studies aiming at the identification of critical aa
residues for hFasLECD - hFasRECD interaction have been conducted
based on the artificial molecular models generated from homologous
death ligand ECD’s and death receptor ECD’s structures as a template
using knowledge-based computer algorisms [158]. Hence, the available
information is still rather limited, and the effect of mutagenesis
has been mainly assessed using cell-death inducing activity assay
and enzyme-linked immunosorbent assay (ELISA). Concerning
hFasLECD, two aa residues, Pro206 and Tyr218, located at the binding
interface with hFasRECD were replaced to three kinds of different aa
residues (Arg, Asp or Phe) independently [158]. The Arg206, Asp206,
Phe206 and Arg218 mutants greatly reduced the activities in both
assays mentioned above, whereas the Asp218 and Phe218 mutants
showed a rather moderate reduction of the activities. The role of each
structurally separated domain part in hFasLECD responsible for the
self-association into trimeric structure and that of N-glycosylation
in the receptor binding was investigated using a series of deletion
mutants from its C-terminal [159]. With regard to hFasRECD, fifteen
kinds of aa residues (two in CRD1, ten in CRD2 and three in CRD3)
were replaced with Ser independently [172,173]. Among them, two
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mutations concerning Arg86 and Arg87 completely abolished the
binding activity to hFasLECD. Four mutations concerning Phe42,
Lys73, Lys78 and Glu98 showed little or marginal effect and the others
had intermediate reduction of binding activity except for the Ser118
mutant, which was not expressed at the level of detection by ELISA.
Also, the roles of each CRD in hFasRECD for the ligand binding were
examined using a CRDI deletion mutant and a series of swapping
mutants with the corresponding CRDs in human TNF receptor 1
(TNFR 1) ECD [174].This revealed that no single CRD or pair of CRDs
is sufficient for hFasLECD binding as well as that the specificity toward
hFasLECD was mainly determined by the CRD2 and the CRD3.

In spite of the limited information on the intra-domain structure -
function relationships, hFasLECD and hFasRECD have been thought
to possess great potential for the treatment of diseases as protein
therapeutics, since the apoptosis induction via the FasR-mediated
extrinsic pathway has strong clinical relevance to serious diseases in the
human body. Consequently, many engineered derivatives of hFasLECD
and hFasRECD have been developed to improve their potential
therapeutic functions searching for novel effective biopharmaceuticals
targeted to the diseases, which are considered to originate from
immunological disorders related to hFasL - hFasR signaling system.

A soluble trimeric hFasLECD molecule, as well as membrane
bound full-length form of hFasL, shows specific binding to the
membrane bound form of hFasR existing on the surface of targeted
cells, however the binding of single trimeric hFasLECD molecule alone
is not usually able to trigger efficient apoptosis on malignant cells.
This was considered to be derived from the lack of multiple hFasRs’
assembly on the surface of targeted cells, which made the clustering of
hFasR in the lipid rafts of cell membrane a promising target for cancer
therapy [175]. It was revealed that the association of two adjacent
trimeric hFasLECD molecules was the minimum requirement for
the efficient formation of death-inducing signaling complex [176].
For the purpose of making this association possible, many artificial
methods to combine more than two trimeric hFasLECD molecules
have been devised. Among the developed engineered molecules, the
most promising agent judging from the experimental results against
malignant cells was a hexameric cluster agonist called MegaFasL,
which consisted of two hFasLECD trimers combined by the collagen
domain of human adiponectin [176]. This agonist molecule presently
referred to as APOO010 by the manufacturer has been successfully
examined for its cell-death inducing activity against many malignant
cells including several types of leukemia [177,178], ovarian carcinoma
[179], gastrointestinal stromal tumors [180] and glioma [181], and
also glioblastoma stem-like cells [182] as potential therapeutic agents
aimed at in vivo and ex vivo usage.According to Clinical Trial.gov (ID:
NCTO00437736), a phase I dose finding study of APO010 in patients
with solid tumors has been already completed.Other reported methods
to combine more than two hFasLECD trimers include the exploitation
of human IgG1-Fc domain [176], self-association module of human
leukemia inhibitory factor receptor gp190 [183], fibritin trimerization
domain from bacteriophage T4 [184] and an isoleucine zipper motif
for self-oligomerization [185].

Another important means for the engineering of hFasLECD
molecule was the addition of targeting specificity by the fusion of
binding fragments specific to the cell-surface antigens. The cell-surface
antigens targeted by scFv antibodies included a fibroblast activation
protein [186,187], CD20 on B-cell derived malignant cell lines [188],
CD7 on leukemic T-cells [189] and auto-reactive T-cells in RA and
juvenile idiopathic arthritis [190] and human tumor-associated
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antigens, TAG-72 and TAL6, which were expressed on the surface
of Jurkat-Ras cells and HeLa cells [191]. Cytotoxic T-lymphocyte-
associated protein 4 protein on fibroblast-like synoviocyte cells, which
can induce T-cell anergy by blocking CD28 costimulatory signal, was
also examined as a fusion partner to hFasLECD for the treatment of
RA [192]. One derivative was designed as a prodrug by further fusing
with hFasRECD, which was selectively activated on the cancer cells
expressing matrix metalloprotease 2 [187]. The production of the
above genetically-fused proteins with complicated structures generally
required the usage of mammalian cells, represented by HEK293 cells or
CHO-K1 cells, as the expression host in order to assure the functional
integrity of both effector components in the recombinant fusion
proteins. Recently, a novel recombinant derivative of hFasLECD with
an N-terminal tag containing single reactive Cys residue per protomer,
which may be applicable for the enhancement of its therapeutic
functions by the conjugation with either other proteins or low
molecular-weight compounds by site-specific chemical modifications,
was efficiently produced in P. pastoris, a more convenient host for
handling in productive expression [163]. This recombinant hFasLECD
product containing an N-terminal DYKDDDDXK-tag sequence was
site-specifically conjugated either with N-ethylmaleimide or with
polyethylenglycol derivatives containing either single or double
terminal maleimide group(s). Both conjugated products retained
specific receptor binding activity to glycosylated and non-glycosylated
hFasRECD-Fc produced in B. mori, and the former product was
confirmed to show significant cytotoxic activity against a colorectal
cancer cell line, HT-29, by crosslinking with an anti-DYKDDDDK
antibody [163].

Since the initial observation on the prevention of cytotoxic
T lymphocytes (CTL)-induced fulminant hepatitis by mouse
FasRECD-human IgGl Fc domain chimera protein in mice [193],
effective engineered hFasRECD molecules have been investigated for
suppressing harmful biological functions caused by hFasL.So far, two
clinically important strategies, which can contribute to the treatment of
serious diseases, have been devised. One is the abrogation of excessive
apoptosis induction caused by hFasL in CTL [194] and the other is
inhibition of unwanted non-apoptotic signaling processes, proliferation
and migration, mediated by hFasR on the surface of malignant tumor
cells displaying resistance to normal apoptosis [195]. Both strategies
have been proved to be efficiently attained by the divalent fusion protein
of hFasRECD connected to human IgG1 Fc domain (hFasRECD-Fc),
which was named APG101 by the manufacturer in clinical trials. The
former strategy was demonstrated to be effective for the treatment of
GVHD and myelodysplastic syndrome (MDS) and the latter for that
of glioblastoma multiforme (GBM), and has already entered clinical
trials of phase I with MDS (ID: NCT01736436) and phase II with GBM
(ID: NCT 01071837), respectively. Other methods to combine multiple
hFasRECD using C-terminal domain of osteoprotegerin, cartilage
matrix protein and cartilage oligomeric matrix protein (COMP) as the
fusion partners were also reported [196]. Among them, the hFasRECD-
COMP fusion protein containing pentamerized hFasRECDs showed
at least 20-fold stronger activity than hFasRECD-Fc in blocking the
cytotoxic activity of antibody-crosslinked hFasLECD against four
kinds of malignant tumor cell-lines in vitro.

Concluding remarks

It is essential to clarify the action mechanism and origin of ligand
recognition specificity for the development of novel engineered proteins
with a potential for biomedical applications. Extracellular disulfide-
bridged proteins with therapeutic potentials represent attractive and
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promising candidates as biopharmaceuticals due to their enhanced
structural stability compared to intracellular proteins. To date, many
protein biopharmaceuticals with disulfide-bridges are available in the
market. Among them, the most clinically and commercially successful
class of therapeutic proteins is monoclonal antibodies, and their
molecular design for novel applications is still evolving by integrating
the merits of low-molecular weight compounds [197]. However, there
is a need to search for different classes of disulfide-bridged proteins
other than already launched proteins as commercially available drugs
to fulfill the unmet-medical needs, which cannot be attained by low-
molecular weight drugs alone. In this paper, the author reviewed
the therapeutic relevance and structure - function relationships
revealed by employing various biochemical and biophysical analyses
in combination with newly developed recombinant expression and
chemical synthesis methods concerning three different classes of
disulfide-bridged proteins, which possess such potential for medical
applications.

Despite the merits of high substrate/ligand recognition specificity
of proteins, some difficulties generated by obstructive factors also exist
in the case of disulfide-bridged proteins described here. For example,
Streptococcus pneumoniae, a virulent bacterium causing many serious
infectious diseases including bacteremia and meningitis, is basically
susceptible to lytic activity by lysozyme. However, an enzyme named
peptideglycan N-acetylglucosamine deacetylase A encoded in this
bacterium’s genome inhibits the susceptibility to lysozyme by producing
deacetylated peptideglycans, which are no more efficiently recognized
by this enzyme [198]. Plant lectins composed of hevein-domains
are of non-human origin. Therefore, the direct administrations of
this class of proteins to human blood systems may be hampered by
their immunogenic properties in the human systems, in spite of the
substantial therapeutic potentials for treatment of human diseases,
especially as an antiviral agent for AIDS treatment [199]. As for human
Fasligand - Fas receptor system, it was suggested that the glycoproteins
of filoviruses including Ebolavirus and Marburgvirus, which are known
to cause severe hemorrhagic fever in humans, interfere with the Fas-
receptor mediated apoptosis via steric shielding as an immune evasion
mechanism [200]. In the joint of RA patients, an abundant expression
of hDcR3, a decoy receptor to hFasL, was observed, which works as
an efficient competitive inhibitor for hFasL mediated apoptosis against
hyperplastic synovial fibroblasts [201]. Also, the aberrant sialylation on
cell-surface has been pointed out to be closely related to the evasion
mechanism of malignant tumors by impairing FasL - FasR pathway
mediated apoptosis [202]. Further investigations based on advanced
engineering technology, taking these inhibitory mechanisms into
account, will be necessary for maximizing their therapeutic potentials.

Finally, development of an efficient production system is a
prerequisite for the successful biochemical and pharmaceutical
characterization of proteins. From the viewpoint of sample preparation
for investigations, another important issue to be overcome is
glycosylation problems. Most disulfide-bridged glycoproteins are
produced as secretory proteins in the biosynthesis, and Asn-linked
N-glycosylation are considered to assist productive protein folding
in the ER compartment of secretory pathway [164]. As exemplified
in this paper, many useful methods for the recombinant production
of disulfide-bridged therapeutic proteins have been developed using
heterologous expression systems such as yeasts and insects. However,
practical manufacturing of glycosylated pharmaceutical proteins for
human use dominantly depends on mammalian cell-culture systems
derived from Chinese hamster’s ovary and human embryonic kidney
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under the existing circumstance [203]. This situation can be ascribed
to the differences in glycosylation forms between mammals and
other lower organisms to a large extent. Future development of either
the production methods of glycosylated proteins with humanized
carbohydrate chains using non-mammalian systems including in vitro
methods or the faster and more inexpensive production methods using
mammalian cell systems will greatly accelerate both basic and applied
research on disulfide-bridged proteins with a potential for medical
applications.
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