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Abstract

Viral proteases are diverse in structure, oligomeric state, catalytic mechanism, and
substrate specificity. This chapter focuses on proteases from viruses that are relevant
to human health: human immunodeficiency virus subtype 1 (HIV-1), hepatitis C
(HCV), human T-cell leukemia virus type 1 (HTLV-1), flaviviruses, enteroviruses, and
coronaviruses. The proteases of HIV-1 and HCV have been successfully targeted for
therapeutics, with picomolar FDA-approved drugs currently used in the clinic. The
proteases of HTLV-1 and the other virus families remain emerging therapeutic targets
at different stages of the drug development process. This chapter provides an
overview of the current knowledge on viral protease structure, mechanism, substrate
recognition, and inhibition. Particular focus is placed on recent advances in under-
standing the molecular basis of diverse substrate recognition and resistance,
which is essential toward designing novel protease inhibitors as antivirals.
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1. Introduction

Many viruses encode one or more proteases as a common strategy to

sustain replication with a compacted genome. The viral genome encodes a

polyprotein with an embedded viral protease that cleaves the polyprotein at

several specific sites to generate mature viral proteins. Viral proteases are there-

fore essential for replication, which makes them ideal therapeutic targets. The

cleavage sites recognized by a given viral protease are generally diverse in

amino acid sequence and processed at different rates, as polyprotein processing

is an ordered and obligatory sequential process to produce infectious virus.

This ability to specifically recognize and cleave diverse substrate sequences

is conserved for proteases of different families of viruses. Although overall

folds are shared between eukaryotic and viral proteases, diverse substrate rec-

ognition represents a unique feature of viral proteases. The unique substrate

preference of viral proteases can be exploited in inhibitor design, toward

developing selective and potent drug-like molecules. This has been achieved

for HIV-1 and HCV where protease inhibitors have been part of antiviral

combination therapies. However, drug resistance has emerged as a major

problem and therefore needs to be considered as part of the drug-design pro-

cess for evolving targets. The error-prone nature of replication allows viruses

to rapidly select for resistancemutations under drug pressure. This chapter will

focus on the viral protease structure, mechanism, substrate recognition, inhi-

bition and resistance mutations for human immunodeficiency virus subtype 1

(HIV-1) and hepatitis C (HCV) virus where viral proteases have proven to

be successful therapeutic targets. Furthermore, viral proteases from human

T-cell leukemia virus type 1 (HTLV-1), flaviviruses, enteroviruses, and

coronaviruses are discussed as emerging targets for drug development.

2. Viral proteases targeted with antiviral drugs

2.1 HIV-1 protease
HIV-1 protease is the most well-studied viral protease and was the first to be

targeted for therapeutics. The success in targeting HIV-1 protease has paved

the way for inhibiting other viral proteases in drug development. There are

numerous reviews and book chapters highlighting the progress in HIV-1

protease research over the years [1–3]. Therefore, in this chapter, a general

overview is provided with recent advances in understanding the molecular

basis of drug-resistance mutations.
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2.1.1 HIV-1 protease structure
HIV-1 protease is expressed as part of a larger Gag-Pro-Pol polyprotein

(Fig. 1A). The initial cleavage occurs in cis to release the protease itself,

and the current model suggests that the polyprotein precursor must dimerize

Fig. 1 HIV-1 Protease. (A) Schematic representation of HIV-1 polyprotein (Gag-Pro-Pol),
with viral protease (PR) cleavage sites between structural proteins (MA: matrix; CA: cap-
sid; NC: nucleocapsid), enzymes (RT: reverse transcriptase; RH: RNase H; IN: integrase)
and peptides (TF: trans-frame; spacer peptides P1, P2) indicated by arrows. (B) Amino
acid sequence of polyprotein cleavage sites recognized by HIV-1 protease. The protease
cleaves between P1-P1’. (C) The crystal structure of HIV-1 protease (PDB ID: 1T3R) with
the two monomers colored cyan and magenta and the catalytic residue (D25) depicted
in yellow sticks and labeled, and (D) a close-up view of the active site with S2-S2’ pockets
annotated. (E) The chemical structure of the latest FDA-approved HIV-1 protease inhib-
itor, darunavir. (F) Cocrystal structure of darunavir (green sticks) bound to HIV-1 prote-
ase, with location of primary (red) and secondary (blue) resistance mutations indicated
by spheres. Panel F: Reprinted with permission from A.N. Matthew, F. Leidner, G.J.
Lockbaum, M. Henes, J. Zephyr, S. Hou, et al., Drug design strategies to avoid resistance
in direct-acting antivirals and beyond. Chem. Rev. 121(6) (2021) 3238–3270. Copyright
(2021) American Chemical Society.
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to activate the protease. Additionally, the protease cleaves nine other sites on

the viral polyprotein (Fig. 1B). HIV-1 protease is composed of two identical

chains of 99-amino acids each and functions as a pseudo-symmetric homo-

dimer (Fig. 1C). The overall structure of HIV-1 protease is related to that of

monomeric cellular aspartic proteases. However, HIV-1 protease contains

two distinct flaps that cover the active site formed at the dimer interface.

These flaps must open up to allow substrates to bind and then close to stably

bind substrates to perform catalysis.

2.1.2 Substrate recognition and cleavage
HIV-1 protease cleaves the Gag-Pro-Pol polyprotein at a total of ten sites

that are of diverse amino acid sequence which are processed at different rates

(Fig. 1B). The active site cavity covers the S2-S2’ pockets with the S3/S3’

being partially solvent-exposed. The hydrophobic S2-S2’ pockets recognize

mostly hydrophobic side chains, especially at P1/P1’ positions (Fig. 1B).

Although the sequences differ, cleavage sites share a conserved shape upon

binding to the protease active site. The model explaining diverse substrate

recognition is termed the substrate envelope, which represents the consensus

volume occupied by the substrates. Hence, HIV-1 protease recognizes

peptide substrates based not on the sequence but the shape the peptide

can adopt [4–6]. HIV-1 protease uses two catalytic aspartic acids (D25 /

D25’), one from each monomer, to activate a water molecule for catalysis.

Each monomer contributes one aspartic acid as part of the general aspartyl

protease Asp-Thr-Gly catalytic motif located at the base of the active site.

The hydroxyl ion then attacks the scissile carbonyl carbon to generate a tet-

rahedral intermediate that collapses to generate new N- and C-termini. The

tetrahedral transition state has been exploited in HIV-1 protease inhibitor

design, following the transition state theory which states that enzymes bind

tighter to the transition state intermediates compared to substrate or product.

2.1.3 HIV-1 protease inhibitors as drugs
There are a total of ten FDA-approved drugs targeting HIV-1 protease [1].

The initial peptidomimetic HIV-1 protease inhibitors (saquinavir, ritonavir,

indinavir, nelfinavir, and amprenavir) resulted in high metabolic clearance,

poor oral bioavailability, and had a low barrier to resistance. Second-

generation inhibitors, aimed at improving on these limitations, led to the

development of darunavir (DRV), the latest and most potent FDA-approved

HIV-1 protease inhibitor (Fig. 1E). DRV exhibits activity against a broad

range of clinical isolates that demonstrated resistance against the earlier

generation drugs.
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2.1.4 Resistance mutations
HIV-1 readily develops resistance under drug pressure because of the

error-prone replication and reverse transcription of the viral RNA.

Resistance mutations occur throughout the HIV-1 protease and are broadly

classified into two categories. Primary resistance mutations that directly alter

contact with the inhibitor occur in the active site and are largely explained

by being outside the substrate envelope. In contrast, secondary resistance

mutations are located mostly distal from the active site and impact the

dynamic ensemble of the protease altering the balance of substrate turnover

versus inhibitor binding (Fig. 1F). [7–19]. Recent studies combining parallel

molecular dynamics simulations and machine learning have provided

insights into how remote changes can confer resistance and which interac-

tions are most indicative of these changes [7,20]. Each of the FDA-approved

HIV-1 protease inhibitors has specific signature mutations that cause resis-

tance; detailed reviews can be found elsewhere [3,19,21–25].

2.1.5 Substrate envelope and mechanisms of resistance
HIV-1 protease substrate envelope, which explains the molecular mecha-

nism of diverse substrate recognition, is also a useful tool to explain the

mechanism of drug resistance and thus can guide the design of more robust

protease inhibitors [26]. The substrate envelope explains how resistance

mutations lead to a decrease in inhibitor binding but do not impair substrate

processing. Comparing cocrystal structures of substrate and inhibitor-bound

structures revealed that inhibitors protrude outside of the substrate envelope

at specific locations that correspond closely with the site of drug resistance

mutations. Moreover, inhibitors that fit within the envelope have a higher

barrier for drug resistance. The HIV-1 protease substrate envelope has been

used to guide the design of inhibitors that are more robust against resistance

[27–30].
The success in developing drugs against HIV-1 protease has demon-

strated that viral proteases are viable therapeutic targets. Lessons learned from

the drug design efforts targeting HIV-1 have been applied to other systems

with varying levels of success, including the HCV NS3/4A protease.

2.2 HCV NS3/4A protease
The positive-sense single-stranded RNA genome of HCV encodes a viral

polyprotein within which exists subsists the NS3/4A bifunctional protein

(Fig. 2A). The 70kDaNS3 protein contains two domains, a protease located

at N-terminus and a helicase domain at the C-terminus [31]. Each enzymatic

domain of NS3 can function independently of the other. The NS3 protease
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domain contains all the catalytic residues and the substrate binding pocket.

However, the protease activity is significantly enhanced by the NS4A pro-

tein which serves as a cofactor. In total, four sites in the polyprotein are

cleaved by the NS3/4A protease between non-structural (NS) viral proteins

(Fig. 2B) [32–37]. Cleavage at the NS2/NS3 junction is carried out by a

Fig. 2 HCV NS3/4A Protease. (A) Schematic representation of HCV polyprotein, with
viral protease cleavage sites between non-structural proteins (NS) indicated by arrows.
(B) Amino acid sequence of polyprotein cleavage sites recognized by HCV NS3/4A pro-
tease. The protease cleaves between P1-P1’. (C) The crystal structure of HCV NS3/4A pro-
tease (PDB ID: 3M5O) with the catalytic residues depicted as yellow sticks and labeled,
and (D) a close-up view of the active site with S4-S1’ pockets annotated. (E) The chemical
structure of HCV NS3/4A protease inhibitors (top, left) simeprevir, (top, right) grazopre-
vir, (bottom, left) voxilaprevir, and (bottom, right) glecaprevir. (F) Cocrystal structure of
grazoprevir (green sticks) bound to HCV NS3/4A protease, with primary (red) and sec-
ondary (blue) resistance-associated substitutions labeled. Panel F: Reprinted with permis-
sion from A.N. Matthew, F. Leidner, G.J. Lockbaum, M. Henes, J. Zephyr, S. Hou, et al., Drug
design strategies to avoid resistance in direct-acting antivirals and beyond. Chem. Rev.
121(6) (2021) 3238–3270. Copyright (2021) American Chemical Society.
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second viral encoded protease, the NS2 autoprotease, that is responsible for

cleaving only that site [38]. Similar to HIV-1 protease, there are multiple

reviews on HCV NS3/4A protease as a therapeutic target. Here, we will

provide a concise overview and highlight progress made over the past

decade, specifically in direct-acting antivirals (DAAs) against the HCV

NS3/4A protease, which represents a triumph in drug design.

2.2.1 HCV NS3/4A protease structure
The protease domain of NS3 is composed of 180 amino acids and has a

chymotrypsin-like fold with a zinc binding site opposite to the active site

that stabilizes the protease tertiary structure (Fig. 2C). A minimal domain

at the C-terminus of the NS4A cofactor is sufficient to increase the activity

of the NS3/4A protease. In complex with NS3, NS4A forms a β-strand that
extends through the core of the NS3 protease domain, more than 10Å

away from the active site. The NS4A β-strand constitutes one of the eight

β-strands that make up one of the two β-barrels of the NS3/4A protease.

The Ser-His-Asp catalytic triad is located between the two β-barrels
(Fig. 2D). Unlike cellular chymotrypsin-like serine proteases with similar

overall folds, the HCVNS3/4A protease lacks extended surface loops leading

to an active site that is relatively solvent exposed, except when the helicase

domain covers the active site.

2.2.2 Substrate recognition
HCVNS3/4A protease cleaves the viral polyprotein at four sites and recog-

nizes a ten amino acid sequence (P6-P4’), of which only three positions are

conserved. All the substrates bind in a conserved β-sheet conformation in the

active site with similar hydrogen bonding patterns. Furthermore, the P1 res-

idue of the substrate, which is either a cysteine or threonine, forms van der

Waals interactions with an aromatic residue (F154) of the S1 pocket. Despite

only the P2 position of the NS4/NS5A cleavage site being a proline, the P2

residues at the other cleavage sites adopt a phi torsion angle to maintain a

binding mode similar to that of the proline. The P6 residue of the substrate

is either aspartate or glutamate and forms a salt bridge interaction with K165

in the S6 pocket or with R123 in the case of the NS4B/NS5A cleavage site

[39]. The other sites in the substrate have no sequence conservation. The

approach used in the HIV-1 protease to understand diverse substrate recog-

nition was successfully applied to the HCV NS3/4A protease to determine

the substrate envelope.
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2.2.3 The HCV NS3/4A substrate envelope
The HCV NS3/4A protease also recognizes diverse substrate amino acid

sequences in a conserved shape despite having a solvent exposed active site,

further validating the substrate envelope hypothesis as a general approach to

understanding diverse substrate recognition [39,40]. Lack of cocrystal struc-

tures of the protease bound to peptide substrates spanning the non-prime

and prime side limit our knowledge to only the non-prime side of the sub-

strate. The prime side binds stronger to the protease active site where also all

current inhibitors bind.

2.2.4 Enzyme catalysis
The HCV NS3/4A protease contains the canonical Ser-His-Asp catalytic

triad and follows the general acyl transfer mechanism of serine proteases.

Together, the catalytic histidine (H57) and aspartate (D81) increase the

nucleophilicity of the serine (S139), thereby increasing the reaction rate with

the scissile carbonyl carbon of the substrate [41]. The deprotonated S139

hydroxyl attacks the carbonyl carbon of the substrate, generating an acylated

tetrahedral intermediate. The high-energy intermediate is stabilized by the

oxyanion hole composed of backbone amide nitrogen atoms of residues

137–139 and the NE of the catalytic histidine. The scissile amide nitrogen

is then protonated by H57 generating a newN-terminus and leaving an ester

acylated protease that is hydrolyzed by a water molecule to generate a new

C-terminus and completing the catalytic cycle [42].

2.2.5 Inhibitors of HCV NS3/4A protease as drugs
The nucleophilic nature of the catalytic serine has been exploited in drug

design leading to the development of the first-generation covalent HCV

NS3/4A protease inhibitor drugs (telaprevir, boceprevir, and narlaprevir).

The second-generation inhibitors departed from the ketoamide warhead

and introduced bulky aromatic P2+ moieties that are attached via an ether

linker to the P2 group (asunaprevir). Macrocyclization as a strategy to rigidify

and pre-organize the inhibitors for binding gave rise to P1-P3 (simeprevir)

and P2-P4 (grazoprevir) macrocyclic protease inhibitors (Fig. 2E). The latest

generation inhibitors are P2-P4 macrocycles and addressed the need to treat

genotype 3 (GT-3) infected patients [43]. These compounds (voxilaprevir and

glecaprevir) are very similar to grazoprevir and incorporate fluorine atoms that

are in part responsible for the pan-genotypic activity [44]. Only five of the

twelve FDA-approved HCV NS3/4A inhibitors are currently used in the

clinic primarily due to drug resistance [45].
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2.2.5.1 P1-P3 macrocycles
P1-P3 macrocyclic inhibitors were designed to overcome the low barrier to

resistance of the previous generation drugs [46]. The P1-P3 macrocyclic scaf-

fold links the P1 and P3 groups that reside proximal to each other in the

cocrystal structures. The P1-P3macrocyclic protease inhibitors share the same

cycloprolylsulfonamide P1’, P1, and five-membered cyclic P2 moieties found

in the linear competitive inhibitors. However, the P3 tert-butyl group of the

linear inhibitors is replaced with a alkyl linker that is connected to the terminal

olefin of the P1 group. Simeprevir was the first macrocyclic inhibitor

approved for the treatment of GT-1 and GT-4. The P1’ cyclopropyl sulfon-

amide group of simeprevir fits well into the S1’ pocket of the HCV NS3/4A

protease. The P1-P3 macrocycle complements the groove formed by the S1

and S3 pockets. The P2+ moieties of these inhibitors adopt a binding mode

similar to that of the linear competitive inhibitors, interacting with H57, D81,

and R155. Simeprevir lacks a P4 group and therefore does not interact with

the S4 pocket but still makes van der Waals interactions with A156 and A157

that form one side of the S4 pocket. Danoprevir, a P1-P3 macrocyclic inhib-

itor that contains a tert-butyl P4 group makes additional interactions with

D168 in the S4 pocket.

2.2.5.2 P2-P4 macrocycles
Although the P1-P3 macrocyclic HCV NS3/4A inhibitors represented a

significant improvement in potency and pharmacokinetic/pharmacody-

namic properties, the lack of efficacy against the GT-3 variant and suscep-

tibility to resistance drove the development of the P2-P4 macrocycles. The

macrocycle of these inhibitors links the P2+ aromatic moiety and the P4

group. While the P2-P4 macrocycle in grazoprevir is an unsubstituted alkyl

linker, that of voxilaprevir and glecaprevir contain two fluorine atoms at the

benzylic position. Additionally, glecaprevir’s macrocycle contains an alkene

in the E conformation potentially to decrease flexibility. Voxilaprevir and

glecaprevir contain a methyl substituent at the P1’ cyclosulfoaminde moiety

that was present in previous generation drugs, which orients the P1’ group

deeper into the S1’ pocket [47,48]. Grazoprevir has the same terminal olefin

unnatural amino acid at the P1 moiety found in the linear inhibitors. The

terminal olefin of that P1 group is replaced with a difluoromethylene moiety

in voxilaprevir and glecaprevir. All three P2-P4 macrocycles contain a P2

proline core bonded to a quinoxaline moiety. The quinoxaline substitution

patterns differ, with grazoprevir and voxilaprevir containing a 7-OMe sub-

stituent while glecaprevir is unsubstituted at that position. All three drugs
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contain the identical P3 tert-butyl group found in the previous generation

inhibitors, and the carbamate linkage to attach a cyclopropyl P4 group in

the case of grazoprevir and voxilaprevir or cyclopentyl P4 group in the case

of glecaprevir.While grazoprevir is approved against GT-1, voxilaprevir and

glecaprevir are pan-genotypic inhibitors and are approved against all the

genotypes (GT1–6), highlighting the biological significance of the subtle

differences between these compounds [44].

These three latest inhibitors bind to the HCVNS3/4A protease in nearly

identical binding poses (Fig. 2F). The P2+ quinoxaline adopts a binding

pose distinct from the P2+ moieties of earlier generation inhibitors. The

quinoxaline avoids contact with R155, a common resistance-associated

substitution (RAS) site, and is oriented in such a way to interact primarily with

invariant residues D75 and H57 of the catalytic triad (Fig. 2F). The

cyclopropyl P4 group of grazoprevir and voxilaprevir binds but does not fully

occupy the S4 pocket, while cyclopentyl P4 cap of glecaprevir can better fill in

the S4 pocket [48]. In voxilaprevir and glecaprevir, the difluoromethylene

moiety contributes fluorine-specific interactions, including two orthogonal

multipolar interactions. Furthermore, the high electronegativity of fluorine

compared to hydrogen promotes the hydrogen of the difluoromethylene

moiety to form a “caged” fluorine-induced hydrogen bond with the back-

bone carbonyl oxygen of the protease and the carbonyl oxygen of the P1

group thereby pre-organizing the inhibitor for binding. These fluorine-

specific interactions occur with the backbone atoms, thereby improving

the potency against proteases from all genotypes, and decreasing the suscep-

tibility to resistance [44]. The two fluorine atoms on the macrocycle of

voxilaprevir and glecaprevir mainly contribute to improving metabolic

stability.

2.2.6 Resistance associated substitutions (RAS) and genotypic
differences

Although the chemical structure of the HCV NS3/4A inhibitors differs sig-

nificantly, there are three major RASs that confer resistance to all, especially

earlier generation, inhibitors (Fig. 2F). One of these RAS, R155K, leads to

resistance by disrupting the electrostatic network spanning R123, D168,

R155, and D81, which is important for constructing a flat binding surface

for inhibitors [49,50]. Inhibitors with bulky aromatic P2+ moieties that

interact with R155 for potency are susceptible to this RAS because of

the loss of a cation-π interaction with the guanidinium group [49]. The

P2+ quinoxaline moiety of the P2-P4 macrocycles does not interact with

310 Jacqueto Zephyr et al.



R155 but instead interacts primarily with the catalytic triad. Therefore, the

R155KRAS only causes subtle changes in the binding modes of grazoprevir

and glecaprevir [43,44,51]. This unique bindingmode of the quinoxaline P2+

moiety is independent of macrocyclization and underlies the improved

potency of later generation inhibitors [52]. The RASs at A156 lead to resis-

tance to all inhibitors by causing steric hindrancewith either the P2, P4, or the

P2-P4 macrocycle moiety. Interestingly, the capacity of the ketoamide war-

head group of the first-generation inhibitors to covalently modify the protease

is also compromised by the A156T RAS. The RAS and polymorphisms at

D168 cause resistance by disrupting the salt bridge with R155 and thereby

increasing the dynamics of the S4 pocket that accommodate the P4 group

or the P2-P4macrocycle and also impact genotypic differences [44,51,53,54].

2.2.7 The HCV NS3/4A substrate envelope and resistance
The HCV NS3/4A substrate envelope explains the molecular basis of

diverse substrate recognition and also serves as a tool to elucidate the suscep-

tibility of inhibitors to resistance. As the consensus volume adopted by the

four viral polyprotein substrates, the substrate envelope represents the essen-

tial recognition feature. Inhibitor-bound structures reveal areas where

inhibitors protrude from the substrate envelope. The major RAS occur at

A156, R155, and D168 where the inhibitors protrude beyond the envelope

and contact the active site, rendering these residues more important for

inhibitor binding compared to substrate recognition [21,40,45,49,52].

The P2+ aromatic group of the P1-P3 macrocyclic drugs interact outside

the substrate envelope with R155 and in some cases Y56, which are residues

not essential for substrate recognition [55]. Although the large aromatic P2+

quinoxaline moiety of the P2-P4 macrocyclic drugs protrude out of the sub-

strate envelope, the interactions are limited to catalytic residues essential for

enzymatic activity, D81 and H57, thereby decreasing the susceptibility to

RAS at R155. The position of the macrocycle also plays a role in selecting

for RASs. The P1-P3 macrocycle resides in the S1 and S3 pockets and fits

within the substrate envelope. In contrast, the P2-P4 macrocycle protrudes

out to contact A156, and selects for RAS primarily at this position and D168

(sometimes in combinationwith Y56) [55]. Inhibitors have been designed to

decrease the susceptibility to resistance due to the P2-P4 macrocycle by

relocating the macrocycle at the P1-P3 position while maintaining the

unique binding mode of the P2+ quinoxaline moiety [43]. These P1-P3

macrocyclic inhibitors maintained potency and exhibited a flatter resistance

profile compared to the P2-P4 macrocyclic analogs [48,56].

311Viral proteases



3. Viral proteases as emerging therapeutic targets

The successful targeting of the HIV-1 protease established viral prote-

ases as therapeutic targets and paved the way to the relatively rapid success in

developing potent pan-genotypic inhibitors of the HCV NS3/4A protease.

Other viruses of global health concern that are dependent on a viral protease

for replication are also potentially tractable therapeutic targets. These emerg-

ing targets include proteases from the human T-cell leukemia virus type 1

(HTLV-1), flaviviruses, enteroviruses, and coronaviruses.

3.1 HTLV-1 protease
HTLV is a retrovirus, belonging to the Deltaretrovirus genus. HTLV-1 is

associated with various diseases including adult T-cell leukemia lymphoma

(ATL) and HTLV-1-associated myelopathy. HTLV was the first retrovirus

to be identified and currently, an estimated 20 million people are infected

worldwide. ATL caused by HTLV-1 has poor prognosis and is resistant

to conventional and high-dose chemotherapy [57]. Unfortunately, there

are no vaccines or direct-acting antivirals against HTLV-1. Similar to the

replication of other retroviruses, the HTLV-1 virus genome encodes an

aspartyl protease that is critical for polyprotein processing and viral matura-

tion (Fig. 3A and B) [58]. Given the similarities in structure and function to

the HIV-1 protease, the HTLV-1 protease can be a primary target for drug

design. Certain aspects of the HTLV-1 protease have been previously

reviewed [59,60]; here wewill provide an overview of the protease structure

and substrate recognition, with recent advances in inhibitor development.

3.1.1 HTLV-1 protease structure
The HTLV-1 protease is a homodimeric aspartyl protease, similar to the

HIV-1 protease (Fig. 3C). However, the HTLV-1 protease is larger with

each monomer comprising of 125 amino acids instead of 99. The additional

amino acids, relative to the HIV-1 protease, are located at the C-terminus

and are a distinct feature of the HTLV-1 protease compared to other viral

aspartyl proteases. The crystal structure of HTLV-1 protease revealed a very

similar fold to that of the HIV-1 protease. Both proteases share a conserved

core structure around the active site and at the dimerization interface, with

structural divergences in the loops around the active site and the flaps [59].
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A unique aspect of the HTLV-1 protease is an additional two residues in the

flap regions relative to that of HIV-1 that increases the helical conformation

of the flap regions [61].

The dimeric structure of HTLV-1 protease is held together by four-

stranded antiparallel β sheets that involve the N and C termini of each

monomer. The active site is located at the cleft region above the dimer inter-

face where one aspartate from each monomer, positioned at the base of the
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Fig. 3 HTLV-1 Protease. (A) Schematic representation of HTLV-1 polyprotein, with viral
protease cleavage sites indicated by arrows. (B) Amino acid sequence of polyprotein
cleavage sites. The protease cleaves between P1-P1’. (C) The crystal structure of
HTLV-1 protease (PDB ID: 6W6Q) with the catalytic residues depicted as yellow sticks
and labeled, and (D) a close-up view of the active site with S2-S2’ pockets annotated.
(E) (left) Indinavir and (right) PU6 (e), with their respective cocrystal structures bound
to the HTLV-1 protease (PDB ID: 3WSJ and 6W6S) (F and G).
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cleft, forms the catalytic dyad. Each monomer contributes a β turn that

together constitute the flaps and enclose the active site [59]. The additional

residues at the flap region create a more extended substrate-binding site

compared to that of the HIV-1 protease [58].

3.1.2 Substrate recognition
The substrates of HTLV-1 protease are highly hydrophobic and diverse in

sequence, except for the P1 position where there is a preference for leucine

(Fig. 3B). The side chain interactions confer specificity while backbone inter-

actions properly orient the substrate in the active site [59]. The strongest

interactions between the protease and substrates occurs within S3-S3’ pockets

[59]. There are no substrate-bound structures of the HTLV-1 protease avail-

able to date. However, the cocrystal structure of the protease bound to a

statine-containing peptide provides insights into substrate recognition. Each

carbonyl oxygen and amide group of the peptidic inhibitor participates in

direct hydrogen bond interaction with the enzyme in a manner identical to

other viral aspartyl proteases [61]. The HTLV-1 protease can accommodate

larger residues in S1/S1’ and S2/S2’ pockets relative to the HIV-1 protease

(Fig. 3D). The flaps also play a crucial role in dictating substrate specificity

although hydrogen bonding interactions with the interior of the protease

are stronger compared to that of the flaps. The HTLV-1S3/S3’ pockets differ

significantly compared to those of HIV-1 protease. The S3 pocket of the

HTLV-1 protease is partially solvent exposed; consequently, P3 of the sub-

strates can either be hydrophobic or hydrophilic. The S4/S4’subsites of

HTLV-1 are larger and more hydrophobic compared to those of the

HIV-1 protease, consistent with the observed substrate preference for more

hydrophobic P4 residues. Overall, substrate-binding pockets more distal from

the catalytic site are more divergent between the two proteases.

Unlike HIV-1, which utilizes both viral and host molecular machinery

to replicate, HTLV-1 is thought to replicate primarily in the DNA form and

therefore has to force the host cell to divide [61,62]. This aspect of the

HTLV-1 life cycle does not require viral machinery for transcription, which

tends to be error-prone; therefore, the HTLV-1 sequence is more conserved

compared to that of HIV-1. This implies that HTLV-1 protease will be less

likely to evolve under drug pressure to develop resistance.

3.1.3 Inhibitors of HTLV-1 protease
The current treatment options for ATL caused by HTLV-1, including che-

motherapy and antibodies against the interleukin 2 receptor, offer limited suc-

cess. Inhibitors targeting the HTLV-1 protease provide an attractive novel
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approach for developing therapeutics. The search for a drug targeting the

HTLV-1 protease is in very early stages. The two main strategies being inves-

tigated are designing peptidomimetic inhibitors based on the substrate

sequence, and repurposing HIV-1 protease inhibitors. Of the HTLV-1 pro-

tease peptidomimetic inhibitors reported, statine-containing peptides have

reached nanomolar potencies [63,64]. The similarity (28% overall and 45%

in the active site) between HTLV-1 and HIV-1 proteases serves as the ratio-

nale to leverage FDA-approved HIV-1 protease inhibitors against the

HTLV-1 protease. Three of these inhibitors, ritonavir, indinavir, and

darunavir were found to inhibit HTLV-1 protease with varying effectiveness

(Fig. 3E). These three peptidomimetic inhibitors contain hydrophobic P1/

P1’ moieties and a secondary hydroxyl group as a transition state mimetic.

Ritonavir, with a Ki>20μM was found to induced apoptosis in HTLV-1

infected cells [57]. Indinavir weakly inhibits the HTLV-1 protease with a

Ki of 3.5μM [65]. A cocrystal structure of indinavir bound to the HTLV-1

protease reveals that the central hydroxyl of indinavir contacts both catalytic

aspartates and occupies S3-S3’ pocket (Fig. 3F) [66]. However, the larger

HTLV-1 protease active site prevented optimal packing with the flap residues.

DRV, a picomolar inhibitor of the HIV-1 protease, has a Ki of about 1μM
against the HTLV-1 protease [67]. Cocrystal structures of DRV bound to

HIV-1 and HTLV-1 proteases revealed a similar binding mode. Given the

larger binding pockets of HTLV-1 protease, DRV analogues with bulkier

substitutions were also investigated. ADRV analog, UM6, containing a bulky

and hydrophobic P1’ moiety was 10-fold more potent against HTLV-1 pro-

tease compared to DRV.Moreover, substituting a diethylphosphonate group

at the P1 phenyl group to generate inhibitor PU6, led to further improvement

in the potency to a Ki of 0.03μM. The cocrystal structure of PU6 bound to

the HTLV-1 protease revealed that the phosphonate moiety extends into the

S1 pocket and increases van der Waals contacts with the protease (Fig. 3G).

UM6 and PU6were also effective at inhibiting Gag processing in biochemical

assays and maturation of virus-like particles [67]. The cocrystal structures of

DRV and analogs bound to HTLV-1 protease provide a promising path

toward designing potent HTLV-1 protease inhibitors as therapeutics.

3.2 Flavivirus proteases
The flavivirus genus contains over 70 mosquito-borne viruses, including

human pathogens such as Zika (ZIKV), dengue (DENV), and West Nile

(WNV) virus [68]. Viruses within this genus are highly similar, with 56%

sequence identity between ZIKV and dengue serotype 2 (DENV-2) [69].
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The ZIKV outbreak in 2015 raised public concern due to sexual and

maternal-fetal mode of transmission and infections causing neurological dis-

orders, especially microcephaly in neonates [70,71]. Meanwhile, the persis-

tent DENV infections have been a global health concern since the 1950s

[72]. Hemorrhagic fever is the most severe pathology of DENV-infected

patients [73]. Similar to other positive-strand RNA viruses, flaviviruses

encode a viral protease that processes the viral polyprotein at multiple sites.

The flaviviral proteases share a high level of sequence identity (�30–80%)
and are composed of two viral non-structural proteins, the NS2B cofactor

and the NS3 protease (Fig. 4A) [74]. Flaviviral proteases require an Arg/Lys

at the P1 and P2 positions of the substrate (Fig. 4B), which greatly influences

chemical features of peptidomimetic inhibitors that are being developed

(Fig. 4B and C). We will focus on the viral proteases from DENV and

ZIKV, the two viruses that have caused the most health burden within

the genus.

3.3 Structure of flavivirus NS2B/NS3 protease
The flavivirus NS2B/NS3 protease is a chymotrypsin-like viral protease,

with a canonical Ser-His-Asp catalytic triad (Fig. 4D). Similar to HCV,

the NS3 of flaviviruses contains the protease domain at the N-terminus

and a helicase domain at the C-terminus. However, unlike HCV NS3 pro-

tease, the flaviviral NS3 protease is inactive without the NS2B cofactor,

which stabilizes the NS3 protease structure and is essential for proper folding

[75–78]. Crystal structures of flaviviral proteases revealed that the NS2B is

dynamic and can adapt an open or closed conformation. In the open con-

formation, only one β strand portion of the NS2B interacts with the NS3

protease, while the rest of the NS2B is disordered. In the closed conforma-

tion, the NS2B fully wraps around NS3 protease domain and forms an addi-

tional β turn that contributes residues to construct part of the active site S2

pocket and interact with P2 of the substrates. In the open conformation,

the S2 pocket is not present; therefore, the protease cannot stably bind sub-

strates (Fig. 4E and F). The active site of the flaviviral proteases are relatively

flat and solvent exposed. Upon substrate binding, the reaction mechanism

of flaviviral proteases follows that of the general chymotrypsin-like serine

protease family, similar to that of the HCV NS3/4A protease.

3.3.1 Substrate recognition
The flaviviral polyprotein contains transmembrane domains that insert the

polyprotein into the ER membrane as translation by the host ribosomes
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takes place. The NS2B/NS3 protease is responsible for processing all the

cleavage sites on the cytosolic side of the polyprotein, including NS2A/

NS2B, NS2B/NS3, NS3/NS4A, andNS4B/NS5 (5, 6). The binding mode

of peptides corresponding to the non-prime side of the substrates has been

revealed through a crystal structure of ZIKV protease caught in cis cleavage

and other cocrystal structures with covalent peptidic inhibitors [79]. The

C-terminus generated from scissile bond cleavage is stabilized in the

Fig. 4 Flavivirus Proteases. (A) Schematic representation of flavivirus polyprotein, with
viral protease cleavage sites indicated by arrows (B) Amino acid sequence of polyprotein
cleavage sites. The protease cleaves between P1-P1’. (C) The chemical structure of
flaviviral protease inhibitor, compound 1. (D) The crystal structure of Zika virus (ZIKV)
NS2B/3 protease in the (left) closed and (right) open conformation (PDB ID: 5LC0 and
5GXJ), with the catalytic residues labeled. (E) The active site topology of the closed
(E) and open (F) conformation with S3-S1’ pockets annotated. (G) The cocrystal structure
of compound 1 bound to the ZIKV NS2B/3 protease in the closed conformation.
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oxyanion hole through backbone hydrogen bonding interactions. The P1

arginine extends into the S1 pocket and forms a salt bridge with Asp129

at the base of the pocket. The P1 guanidinium group also participates in

hydrogen bonding interaction with the backbone carbonyl of Tyr130,

and forms cation-π interaction with Tyr161. In the S2 pocket, the positive

charge of P2 lysine is stabilized by side chain of Asp75 of the catalytic triad

and Asp83 of the NS2B cofactor. In the cis cleavage structure, the P3 glycine

residue adopts a rotamer that orients the P4 and P5 residues toward solvent.

Therefore, this structure does not provide information on interactions at S3

and S4 pockets. The cocrystal structure with bound compound 1 revealed

that the P3 arginine makes polar contacts with the carbonyl of F84 of NS3

and the sidechain of S85 of NS2B (Fig. 4C and G). The P4 group of com-

pound 1 does not extend into the S4 pocket but instead is solvent exposed,

with the compound binding in a cyclic conformation [80].

3.3.2 Inhibitors of flavivirus proteases
Given the overall high similarities between flaviviral proteases, inhibitors

identified against one flaviviral protease should be generally effective against

others, and support the ultimate aim of discovering pan-flaviviral protease

inhibitors. Despite significant efforts, none of the flaviviral protease inhibi-

tors have yet reached the clinical stage. The flat and highly negatively

charged active site led to the design of inhibitors with poor cellular activity

and pharmacokinetics [81–83]. The traditional approach of designing inhib-
itors against serine proteases, which involves the addition of electrophilic

warhead groups to the non-prime side of the substrate, led to potent inhib-

itors with poor selectivity, cellular activity, and pharmacokinetics [84]. The

initial peptidomimetic inhibitors led to the development of compound

1 (Ki¼0.43μM) which showcased potency could be achieved without a

warhead group; however, with five guanidiniummoieties compound 1 does

not have desired drug-like properties [80]. The macrocyclization drug

design strategy, which has proven successful in inhibiting the HCV

NS3/4A protease, was applied to the ZIKV protease with limited success

[85]. Non-peptidic and small aromatic active site inhibitors with low levels

of potency have also been identified [86]. Other methods of identifying

inhibitors such as high-throughput screening and fragment-based drug

design have also been investigated with limited success [87–89]. There
are several reviews available on the inhibition of flaviviral proteases

[74,81,84,90,91]. The binding loop of aprotinin, a general protease inhibitor
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that is also active against flaviviral proteases, has been used as the basis for

cyclic peptidic inhibitors, and to understand the contribution of prime side

recognition to potency [92,93]. Although there is significant structural

information on the binding mode of the peptidomimetic inhibitors, the bias

toward cationic scaffolds limits the progress of drug design to the clinic. To

overcome this limitation, allosteric inhibitors have also been investigated,

with reports of inhibitors aiming to interfere with the NS3 and NS2B binding

interface [90,94–101]. However, there is no clear evidence to validate the

binding mode of these inhibitors. Drug repurposing as an alternative approach

has also been investigated. Specifically, efforts targeting the ZIKV protease

have led to the identification of micromolar inhibitors, including bromocrip-

tine, temoporfin, and hydroxychloroquine [89,102,103]. Similar to other

allosteric inhibitors identified, detailed characterization of inhibitor binding

mode is lacking, but is essential for structure-based drug design and to guide

medicinal chemistry efforts.

3.4 Enterovirus proteases
The genus Enterovirus (EV) of the Picornaviridae family includes poliovirus,

numbered rhinoviruses and enteroviruses. Poliovirus is the best-known and

one of the most studied enterovirus for causing the debilitating poliomyelitis

disease [104]. Enteroviruses that do not cause poliomyelitis are classified as

non-polio enteroviruses (NPEV), many of which are important human

pathogens. EV-A71 and EV-D68 have recently emerged as serious public

health threats. EV-A71 causes hand-foot-and-mouth disease (HFMD) with

life-threatening neurological complications, such as brainstem encephalitis.

EV-D68 can cause mild respiratory disorders as well as more severe symptoms

such as acute flaccid paralysis in children [105,106]. Human rhinoviruses

are the predominant agents responsible for the common cold [107]. Two

EV-A71 inactivated enteroviruses are approved in China as vaccines and rep-

resent the only preventive measure against NPEV. Enterovirus has a positive-

strand RNA genome that is translated into a single large polyprotein to be

proteolytically processed into ten structural and replication proteins by two

virally encoded proteases, 2Apro and 3Cpro (Fig. 5A and B). Inhibition of these

viral proteases represents a tractable approach to treat enterovirus infections, as

both proteases play crucial roles in polyprotein processing: 2Apro cleaves only

one site on the polyprotein while the 3Cpro cleaves all the other sites. The

3Cpro is a highly conserved cysteine protease among enteroviruses possessing

a non-canonical Cys-His-Glu catalytic triad.
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3.4.1 Structure of enterovirus 3Cpro proteases
Enterovirus 3Cpro proteases belong to the chymotrypsin-related endopep-

tidase protease family and are biologically active as monomers [108,109].

The catalytic triad and the surrounding residues of 3Cpro are highly con-

served among the Enterovirus genus. The EV-A71 3Cpro consists of two

twisted β-ribbon folds packed in a perpendicular orientation (Fig. 5C).

The substrate-binding pocket lies at the groove between the two β-ribbon
folds. The catalytic cysteine in the active site acts as a nucleophile and attacks

the carbonyl carbon of the scissile bond following a mechanism similar to

that of the HCV NS3/4A serine protease.

Fig. 5 Enterovirus 3C Protease (3Cpro). (A) Schematic representation of the enterovirus
polyprotein, with 3Cpro cleavage sites indicated by arrows. (B) Amino acid sequence of
polyprotein cleavage sites. The protease cleaves between P1-P1’. (C) The crystal struc-
ture of the EV-A71 3Cpro (PDB ID: 7DNC) with the catalytic residues labeled, and (D) a
close-up view of the active site with S4-S1’ pockets annotated. (E) Chemical structures
of rupintrivir and AG7404. (F) Cocrystal structure of rupintrivir bound to EV-A71 3Cpro

(PDB ID: 3SJO).
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3.4.2 Substrate recognition
Enterovirus 3Cpro cleaves the viral polyprotein at eight sites, each constitut-

ing a unique P4-P4’ sequence with a strong preference for glutamine at the

P1 position and glycine at the P1’ position (Fig. 5B). The other positions

within the P4 to P4’ substrate can accommodate diverse amino acids.

The interactions at S3-S1’ pockets of the protease contribute most to sub-

strate binding. There are no available crystal structure of enterovirus 3Cpro

bound to a natural substrate peptide. However, cocrystal structures of

EV-D68 3Cpro bound to peptidomimetic inhibitors provide insight into

the molecular basis of substrate recognition [110,111]. The S2 pocket is

hydrophobic, hence the preference for hydrophobic P2 moieties. The

EV-D68 3Cpro, similar to other homologous viral proteases, does not possess

an S3 pocket which leads to a diverse set of amino acids at the P3 position of

the substrates. The S4 pocket is very shallow and can accommodate only

small residues (Fig. 5D).

3.4.3 Inhibitors of enterovirus 3Cpro proteases
There are no FDA-approved inhibitors targeting the enterovirus 3Cpro.

Rupintrivir, a peptidomimetic inhibitor of rhinovirus 3Cpro and an analogue

(AG7404) have advanced to clinical trials, but failed due to limited efficacy

(Fig. 5E) [112,113]. Cocrystal structures of rupintrivir bound to the

EV-A71 3Cpro reveal the structural basis for antiviral activity [114,115].

The warhead group of rupintrivir forms a covalent bond with nucleophilic

C147 and the rupintrivir scaffold binds via an extensive set of hydrogen bonds

and hydrophobic interactions that span the S1’-S4 pockets (Fig. 5F). The

majority of 3Cpro inhibitors are of similar peptidomimetic scaffolds, although

non-peptidomimetic inhibitors have also been investigated [116].

3.5 Coronavirus proteases
The coronavirus disease 2019 (COVID-19) pandemic is caused by the

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [117].

Over 170 million confirmed infection cases have been reported worldwide

as of mid-2021. The 2019 pandemic marks the third coronavirus outbreak in

the 21st century [118,119]. SARS-CoV, Middle East respiratory syndrome

(MERS-CoV), and SARS-CoV-2 belong to the Coronaviridae family under

the Betacoronavirus genus. Similar to the other positive-sense single-stranded

RNA viruses discussed in this chapter, coronaviruses encode viral proteases,
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main protease (Mpro, also known as 3CLpro, or nsp5), and papain-like pro-

tease (PLpro, also known as nsp3), to cleave the viral polyprotein [120].

Mpro is seen as a more tractable therapeutic target because of its significant

role in polyprotein processing (Fig. 6A and B) [121]. Coronaviruses share a

high overall sequence identity. Consequently, Mpro from SARS-CoV-1 and

SARS-CoV-2 have �96% sequence identity [122,123]. Here we will focus

on the structure, mechanism, and inhibition of Mpro from SARS-CoV-2.

Fig. 6 Coronavirus Main Protease (Mpro). (A) Schematic representation of the
coronovirus polyprotein, with Mpro cleavage sites indicated by arrows. (B) Amino acid
sequence of polyprotein cleavage sites. The protease cleaves between P1-P1’. (C) The
crystal structure of SARS-CoV-2 Mpro homodimer (PDB ID: 7KHP) with the catalytic res-
idues labeled and the N-finger, domains I, II, and III colored accordingly on one of the
monomers, and (D) a close-up focused view of the active site with S4-S2’ pockets anno-
tated. (E) Chemical structures of Mpro inhibitors PF-07304814 and PF-07321332.
(F) Cocrystal structure of PF-00835231 bound to SARS-CoV-2 Mpro (PDB ID: 6XHM).
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3.5.1 Structure of coronavirus main protease
Mpro is a 306 residue protease with a catalytic dyad consisting of cysteine and

histidine. The biologically active state of Mpro is dimeric, where two mono-

mers are arranged in an orthogonal fashion (Fig. 6C) [124]. Each monomer

is made up of three domains; domain I and domain II together construct two

anti β-parallel barrels with a fold similar to that of trypsin-like serine prote-

ases, and domain III contains five ⍺-helices that are connected via a linker

to domain II. Dimerization of the protomers occurs at the N-terminus

(N-finger) located between domains II and III. The N-finger also contrib-

utes to the formation of the substrate-binding site between domains I and II

[125,126].

3.5.2 Substrate recognition
In addition to the catalytic dyad composed of H47 and C145, Mpro contains

a buried water molecule in the active site that substitutes for the aspartate

residue that usually accompany cysteine and histidine in the canonical cat-

alytic triad of other proteases (Fig. 6D) [121,127]. The catalytic process

follows a multi-step mechanism, where H47 deprotonates the catalytic cys-

teine generating a nucleophilic thiolate that attacks the carbonyl carbon of

the scissile bond and forms a tetrahedral intermediate. The tetrahedral inter-

mediate collapses leaving an acylated intermediate. The histidine activates a

water molecule that hydrolyzes the intermediate regenerating the thiol

sidechain [128,129]. Mpro cleaves the viral polyproteins (pp1a and pp1ab)

at 11 sites (Fig. 6B). The amino acid sequences at the cleavage sites are diverse,

except at P1 which is always glutamine, and P2 which has a preference for

leucine. The P3 position can accommodate hydrophobic and hydrophilic

residues, and P4 has a preference for amino acids with small sidechains.

The prime side of the cleavage sites lacks sequence conservation except at

P1’ where there is a preference for small amino acids. Mpro is expected to rec-

ognize substrates spanning P4-P1’ based on peptide substrate analysis [130].

An acyl-enzyme intermediate crystal structure of SARS-CoV-2 Mpro

bound to the C-terminal autoproteolysis product (nsp5-nsp6) provides

details of non-prime side substrate recognition [131]. Cocrystals structures

of SARS-CoV-1 Mpro bound to an 11-mer peptide (TSAVLQSGFRK)

representing the nsp4-nsp5 elucidated the interactions that drive recognition

of the prime side [132]. Comparing apo and substrate-bound structures

revealed an induced-fit binding mechanism, where the width of the

binding groove increases to accommodate the side chains of the substrates

to bind in an extended β-sheet conformation. The backbone nitrogen

of C145 and G143 stabilize the acyl-enzyme tetrahedral intermediate.
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The P1 glutamine side chain is stabilized through hydrogen bonding with

polar sidechains in the S1 pocket. The hydrophobic P2 group forms packing

interactions with M165 in the deep S2 pocket. The P3 residue is partially

solvent exposed, which may explain the lack of specificity at this position.

The shallow S1’ pocket explains the preference for small amino acids at the

P1’ position of the substrates. The S2’ pocket is long and deep, explaining

the diverse amino acids seen at the P2’ position of the substrates.

3.5.3 Inhibitors of coronavirus main protease
Inhibitors of SARS-CoV-1 and -2 Mpro have been reviewed extensively

[123,128,133,134]. Peptidomimetics and small molecules that contain

Michael acceptors such as aldehydes and ketones make a significant portion

of the designed inhibitors. A common feature of these inhibitors is a P1

γ-lactam group as a glutamine mimetic. Two dipeptidyl inhibitors, PF-

07304814 and PF-07321332, are entering phase I clinical trials

(NCT04535167 and NCT04756531) (Fig. 6E) [135,136]. PF-07304814,

the prodrug form of PF-00835231, contains a phosphonate group for better

solubility that gets cleaved by alkaline phosphatase enzymes in tissue. The

orally available PF-07321332 was designed to overcome the intravenous

method of delivery for PF-07304814. In addition, extensive high-throughput

screening (HTS) of FDA-approved drugs and fragment-based libraries has

been investigated against Mpro [133]. Notably, boceprevir, an FDA-approved

HCV NS3/4A protease inhibitor, was found to inhibits SARS-CoV-2 Mpro

with single digit IC50 value [133]. The rapid discovery of SARS-CoV-2Mpro

inhibitors as clinical candidates surpass that of other viral protease drug targets,

and underlies the importance of understanding the structure and mechanism

of viral proteases.

4. Conclusion

Viruses utilize encoded proteases as a general strategy to survive with a

compact genome. The viral proteases are essential to replication and the viral

life cycle. Proteases of various viral families are diverse in structure, catalytic

mechanism, and substrate preference. The success in targeting the proteases

of HIV-1 and HCV proved that viral proteases are tractable drug targets, and

simultaneously revealed significance of drug resistance as one of the major

limitations of current approaches in drug design against rapidly evolving tar-

gets. The substrate envelope model provides a tool to aid in overcoming this

limitation. The strategies and lessons of the past will be valuable in develop-

ing protease inhibitors as drugs against emerging viral therapeutic targets.
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