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INTRODUCTION 

Current understanding of the interactions between animal viruses and host cellular 
factors, such as virus receptors in the membrane and intracellular factors for viral replication, 
which determine the pathogenicity and infectious tropism of viruses, has considerably 
progressed. Current knowledge of membrane receptors for animal viruses are summarized 
in Table 1. Viruses recognize and specifically bind to adhesion molecules in the membrane 
as receptors, many of which are members of the immunoglobulin (lgG) superfamily. These 
include the 70K IgG family of proteins for poliovirus, ICAM-I for rhinovirus and CD4 for 
human immunodeficiency virus type-l (HIV-l). Other virus receptors are receptors for 
hormones and proteins, such as the EGF receptor for vaccinia virus and p-adrenergic receptor 
for reovirus, complement receptor for EB virus and sialic acid for influenza and Sendai 
viruses. 

However, membrane receptors for several enveloped viruses are not sufficient alone 
for viruses to enter host cells. Intracellular or extracellular proteases are required for 
proteolytic activation of the viral envelope fusion glycoproteins and also for activation of 
cellular membrane fusion machinery. Examples of viruses that require posttranslational 
proteolytic cleavage of viral envelope glycoproteins by cellular proteases for fusion activi
ties, are paramyxoviruses, such as Sendai virus and Newcastle disease virus, and or
thomyxoviruses, such as influenza viruses(l-4). In addition, binding of the gpl20 envelope 
glycoprotein ofHIV-1 to the CD4 receptor of permissive cells is not sufficient to allow virus 
entry. Additional components in the surface of host cells are required for cell infection as 
cofactors (5,6). We first described that one of these cofactors could be a cell surface protease 
(7,8), that proteolytically cleaves the V3 loop region of HIV-I gp 120 (9), leading to a 
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Table 1. Molecular basis of virus receptors 

Virus 

DNA virus 

poliomavirus 
adenovirus 
EB virus 
vaccinia virus 

RNA virus 

poliovirus 
rhinovirus 
echovirus 
coronavirus 
LDH virus 
Sendai virus 
influenza vairus 
reovirus 
murine leukemia virus 
HIV 

Receptor 

2.5, 50 and 95K proteins 
42K glycoprotein 
complement receptor 
EGF receptor 

70K IgG family protein 
ICAM-I 
VLA2 
aminopeptidase N 
Ia antigen 
sialic acid 
sialic acid 
~-adrenergic receptor 
lOOK glycoprotein 
CD4 
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conformational change in the gpl20-gp4l protein complex on the viral surface following 
fusion of the lipid bilayer of the virus with that of the target cells. The present discussion 
describes current knowledge of the cellular protease tryptase Clara, which proteolytic ally 
activates the fusion glycoproteins ofSendai and influenza viruses and tryptase TL2 from the 
membrane of human CD4+ T cells as a cofactor for HIV-l entry. 

PNEUMOPATHOGENICITY OF SENDAI AND INFLUENZA 
VIRUSES IS DETERMINED BY TRYPTASE CLARA FROM 
BRONCHIOLAR EPITHELIAL SECRETORY CELLS 

Sendai and influenza viruses are exclusively pneumotropic and the target of the viral 
infection is restricted to the bronchial epithelial cells of rodents and humans, respectively, 
although the virus receptor sialic acid is widely distributed among various cell types in the 
lungs and other organs (1-4, 10). It has been postulated thatthe pneumotropism ofthe viruses 
is determined by the presence ofa specific trypsin-like serine protease(s) in the respiratory 
tract, which cleaves precursors of envelope fusion glycoprotein of the progeny viruses to 
introduce fusion activity, thereby enabling the viruses to undergo multiple cycles of replica
tion (10,11). 

We isolated a novel trypsin-like serine protease, designated tryptase Clara, from the 
rat lung (12). This protease is localized only in non-ciliated secretory cells (Clara cells) of 
the bronchial and bronchiolar epithelia of rats, and is secreted into the airway lumen. Figure 
1 shows that tryptase Clara converts FO of Sendai virus to the subunits F 1 and F2, in a similar 
manner to trypsin (13). Infectivity in nonactive wild-type Sendai viruses grown in LLC-MK2 
cells was activated in a dose-dependent manner (Fig. la). Although the activation of 
infectivity by the protease was less efficient than that induced by trypsin, it should be noted 
that in contrast to trypsin, tryptase Clara at higher concentrations did not decrease viral 
infectivity. SDS-PAGE of eH]glucosamine-labeled wild-type virus activated by tryptase 
Clara shows that tryptase Clara cleaved the precursor polypeptide FO into subunits Fl and 
F2, similar to trypsin (Fig. Ib). Direct amino acid sequencing of the NH2 terminus of the Fl 
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Figure l. Proteolytic activation of wild-type Sendai virus in vitro by tryptase Clara. (a) Activation of virus 
infectivity. Sendai virus propagated in LLC-MK2 cells were suspended in PBS (pH 7.2) and digested with 
tryptase Clara for 15 min (e) or with trypsin for 10 min (0) at 37°C. The infectivity of activated virus was 
assayed by immunofluorescent cell-counting, using LLC-MK2 cells in the absence of trypsin, and is shown 
as cell-infecting units (CIU) . (b) SDS-PAGE of the viral glycoproteins. Virus propagated in LLC-MK2 cells 
were labeled with eH] glucosamine (lane I), then digested with trypsin at 5 flg/ml for 10 min (lane 2) orwith 
tryptase Clara at 50 (lane 3) and 10 (lane 4) flg/ml for 15 min or at 50 flg/ml for 30 min (lane 5). Viral 
glycoproteins were analyzed by SDS-PAGE under reducing conditions. HN, hemagglutinin-neuraminidase . 

subunit produced by tryptase Clara revealed the residues Phe-Phe-Gly-Ala-Val-Gly- , indi
cating that the cleavage site of wild-type FO by tryptase Clara was between R 11 6 and FI1 7 
(13). These results suggested that tryptase Clara cleaves specifically at the activation 
cleavage site of the FO protein and not at other sites that may be cleaved by trypsin at high 
concentrations. The effect of tryptase Clara on hemagglutinin (HA) of influenza virus was 
similar (12). Tryptase Clara also specifically cleaved the peptide bond between R 325 and G326 

of HA of influenza AI Aichi/2/68 (H3N2) to form HA I and HA2. These viruses have a 
consensus cleavage motif Q/E-X-R in the precursors of the envelope fusion glycoproteins, 
which may be specifically recognized and cleaved by tryptase Clara, although amino acid 
sequences of other regions of the glycoproteins are highly variable among viruses. 

The physiological role of tryptase Clara in the respiratory tract is unknown, but 
the activity of the enzyme, like those of many proteases, may be strictly regulated by an 
endogenous inhibitor(s). We found that pulmonary surfactant, which is secreted by 
alveolar type II cells and by bronchiolar epithelial Clara cells, is a specific endogenous 
inhibitor of tryptase Clara ( 14). The inhibition was non-competitive and the Ki value of 
the purified surfactant was 0.13 J,.lM. The inhibition was specific for tryptase Clara, and 
the other trypsin-type proteases, such as trypsin , factor Xa, plasmin and rat mast cell 
tryptase, were not inhibited. Figure 2 shows the effect of surfactant on the proteolytic 
cleavage of FO of Sendai virus by tryptase Clara. SDS-PAGE revealed that surfactant 
inhibited the cleavage of FO to its subunits F I and F2 by tryptase Clara dose dependently, 
but did not affect trypsin cleavage (14). The proteolytic cleavage of HA of influenza 
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Figure 2. Effect of surfactant on proteolytic cleavage of FO of Sendai virus by tryptase Clara. Trypsin (10 
/-lg/ml, lanes 1-3) and tryptase Clara (50 /-lg/ml, lanes 4-9) were incubated without surfactant (lanes I and 4) 
orwith 0.26 /-lg/ml (lanes 2 and 5), 0.52 /-lg/ml (lane 6), 0.78 /-lg/ml (lane 7), I mg/ml (lanes 3 and 8), 3.0 mg/ml 
(lane 9) of surfactant in 20 /-ll of 100 mM Tris-HCI buffer, pH 7.2, at O°C for 5 m in. Thereafter, eH] 
glucosamine-Iabeled inactive Sendai virus (lane 10) was incubated with the reaction mixtures at 37°C for 10 
min. The viral polypeptides were separated by SDS-PAGE under reducing conditions followed by fluorogra
phy. The concentrations of surfactant are expressed as those of phospholipids in the samples. 

AI Aichi virus by tryptase Clara was also inhibited by pulmonary surfactant (data not 
shown). 

A summary of the role of tryptase Clara and its specific inhibitor, pulmonary 
surfaCtant, upon influenza and Sendai virus activation in the respiratory tract, is described 
in Fig. 3. 

THE V3 DOMAIN OF HIV-l GP120 IS CLEAVED BY TRYPTASE 
TL2 IN THE MEMBRANE OF HUMAN CD4 LYMPHOCYTES 

Although proteolytic processing of the precursor gp 160 is required for HIV-l to infect 
cells (15-17), the mechanism by which the HIV-l envelope glycoproteins trigger membrane 
fusion is poorly understood. Several reports have shown that the V3 loop region of gp120 
is essential for HIV-l infection and membrane fusion because ( i ) mutations introduced into 
the V3 loop inhibit infectivity and syncytium formation (18), ( ii ) antibodies against the 
principal neutralizing domain in the V3 loop region inhibit HIV-l infection of cells without 
interfering with the binding ofHIV-l gp120 to its cellular receptor, the CD4 molecule (19) 
and ( iii) the V3 loop region is the target for a serine protease(s) on the host cell surface 
(7 -9). It has therefore been proposed that after gp 120 present on the viral surface binds to 
the CD4 receptor on the target cell membrane, the V3 loop region in gp 120 is proteolytically 
cleaved by a cell surface protease, leading to a conformational change in the gp l20-gp4l 
protein complex on the viral surface (7,20). Such a change is thought to be responsible for 
exposing the fusogenic domain of the transmembrane protein gp41, resulting in the fusion 
of the viral-particle membrane with the cell membrane. 

We showed that a serine esterase, named tryptase TL2 in the membrane of human 
CD4+ lymphocytes binds specifically to the gp120 of HI V-I , by interacting with its V3 loop 
(8,9). This binding was selectively blocked by inhibitors of tryptase TL2 with a GPCR 
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Figure 3. Proteolytic activation of Sendai virus and influenza virus in the respiratory tract and its inhibition 
by pulmonary surfactant. 

sequence in their reactive site, synthetic peptides corresponding with the sequences of the 
V3 domains of various HIV-I strains with the GPGR sequence, and an antibody against 
tryptase TL2, or a neutralizing antibody against the V3 domain. Kunitz type protease 
inhibitor oftryptase TL2, trypstatin (21) and an antibody against tryptase TL2 inhibited multi 
nucleated cell-to-cell fusion (syncytia) induced by HIV-I (7). These results suggest that 
cleavage of V3 domain of gp 120 by cellular protease, such as tryptase TL2, could be 
important for HIV infection. 
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Figure 4. Processing of HIV-I gp 120 by tryptase TL2, thrombin and cathepsin G and its inhibition by the 
neutralizing antibody against the V3 loop of gp 120. (A) HIV-I SF2 gp 120 (3 I!g)(lane I) was incubated with 1.0 
I!g oftryptase TL2 (lanes 2 and 3), 0.2 I!g of thrombin (lanes 4 and 5) and 0.2 I!g of cathepsin G (lanes 6 and 
7) with (lanes 3, 5 and 7) or without (lanes I, 2, 4 and 6) I I!g of rsCD4 for 8h at 37°C and analyzed by 
immunoblotting against anti-gpl20 antibodies. (B) gpl20 (3 I!g) (lane I) was incubated with 2 I!g of 
non-immunized IgG (lane 2) or 2 I!g of the neutralizing antibody against the V3 loop of gp 120 (lanes 3, 4 and 
5) for lh at 37°C, then with 1.0 I!g oftryptase TL2 (lanes 2 and 3), 0.21!g of thrombin (lane 4) , or 0.2 I!g of 
cathepsin G (lane 5) for 8h at 37°C. Proteolytic products were analyzed by immunoblotting. 
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It has been reported that the outer envelope protein gp 120 of highly purified virus 
preparations was cleaved, most likely at the V3 loop, relative to the CD4 concentration and 
the incubation time, and neutralizing antibody inhibited the processing and HIV-l infection 
(22). The results are explained by copurification, or the incorporation of a cellular protease 
into the viral membrane during budding. To study the potential role of tryptase TL2 in the 
membrane, which selectively binds to the V3 loop of gp 120 in HIV-l infection, we analyzed 
the proteolytic processing of gp 120 by this enzyme. In our studies, purified glycosylated 
recombinant wild type gp 120 expressed in CHO cells was incubated with tryptase TL2 and 
other serine proteases with or without the neutralizing antibody against the V3 domain for 
8h at 37°C. 

As shown in Fig. 4, tryptase TL2 partly cleaved full-length gp 120 into two protein 
species of approximately 70 and 50kDa, and the cleavage was suppressed by the neutralizing 
antibody which binds to the center tip of the V3 domain (lRIQRGPGR). The cleavage was 
highly specific, since there was no additional cleavage of the breakdown products. Process
ing of gp120 by thrombin was also examined as a positive control, because thrombin has 
been reported to selectively cleave the gp 120 at the V3 loop and forms 70 and 50kDa products 
in vitro system, although thrombin is not a cellular protease in the T cell membranes (23). 
However, the neutralizing antibody did not block the processing by thrombin. Cathepsin G, 
which has also been reported to interact with the V3 loop of HIV-l gp 120 in macrophages 
(24), converted gpl20 to various small fragments and the neutralizing antibody did not 
inhibit this processing. The molecular masses of the proteolytic products generated by 
tryptase TL2 were similar to those released by thrombin (23) and those from a purified HIV-I 
preparation incubated with soluble CD4 without exogenous proteases (22). In our system 
however, soluble CD4 had no effect on the cleavage. The results suggested that a conforma
tional modification of virion-associated gp 120 by soluble CD4 is essential for the proteolytic 
processing by virion-associated cellular protease(s), whereas CD4 is not required for the 
processing of soluble gp 120 by tryptase TL2 in vitro. We thus proposed that the V3 loop of 
gp120 interacts with a tryptase TL2 but not with a cathepsin G and a thrombin in the 
membrane or in the virion that would have to cleave it as a prerequisite for viral entry. The 
selective cleavage of the V3 loop leads to a conformational change of gp 120 resulting in the 
dissociation of gp 120 from gp41, in exposing the fusogenic domain of the transmembrane 
protein gp41 following virus-host cell fusion . Our model of the role of tryptase TL2 in the 
initial step of HIV-I entry is summarized in Fig. 5. 
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Figure 5. Propo ed role of V3 loop proces ing by trypta e TL2 in H IV-I en try. 
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CONCLUSION 

Several membrane receptors that bind enveloped viruses are not sufficient by them
selves to allow viruses to entry host cells. Intracellular or extracellular proteases are required 
for the proteolytic activation of the viral envelope glycoproteins and probably also for 
activation of cellular membrane fusion machinery. 

We isolated a novel trypsin-like protease, designated tryptase Clara which is secreted 
by the Clara cells of the bronchial epithelium. The enzyme specifically recognizes the 
concensus cleavage motif Q/E-X-R of influenza and Sendai viruses and proteolytically 
activates the envelope fusion glycoproteins of the progeny viruses extracellularly in air way 
lumen. Pulmonary surfactant in the lungs and bronchus inhibited the enzyme activity and 
suppressed mUltiple cycles of viral replication in the respiratory tract. 

In HIV-l infection, binding of the gp120 envelope glycoprotein to the CD4 receptor 
is not sufficient in itself to allow virus entry, and an additional component( s) in the membrane 
is required for cell infection as a cofactor. We isolated a serine esterase, named tryptase TL2, 
in the membrane of CD4+ lymphocytes, which specifically binds to the V3 loop of HIV-l 
gp120 as a cofactor. After binding, tryptase TL2 proteolytic ally processed gp120 into two 
protein species of70 and 50kDa and the cleavage was suppressed by a neutralizing antibody 
against the V3 loop. The neutralizing antibody and the antibody against the enzyme inhibited 
membrane fusion induced by HIV-l. We therefore proposed that the selective cleavage of 
the V3 loop by tryptase TL2 leads to a conformational change of gp120, resulting in the 
dissociation of gp120 from gp4l, exposing the fusogenic domain of the transmembrane 
protein gp4l following virus-host cell fusion. 
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