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a b s t r a c t

Feline infectious peritonitis (FIP) is a deadly disease that effects both domestic and wild cats and is caused
by a mutation in feline coronavirus (FCoV) that allows the virus to replicate in macrophages. Currently,
there are no treatments or vaccines available for the treatment of FIP even though it kills approximately
5% of cats in multi-cat households per year. In an effort to develop small molecule drugs targeting FIP for
the treatment of cats, we screened a small set of designed peptidomimetic inhibitors for inhibition of
FIPV-3CLpro, identifying two compounds with low to sub-micromolar inhibition, compound 6
(IC50 = 0.59 ± 0.06 lM) and compound 7 (IC50 = 1.3 ± 0.1 lM). We determined the first X-ray crystal struc-
ture of FIPV-3CLpro in complex with the best inhibitor identified, compound 6, to a resolution of 2.10 Å to
better understand the structural basis for inhibitor specificity. Our study provides important insights into
the structural requirements for the inhibition of FIPV-3CLpro by peptidomimetic inhibitors and expands
the current structural knowledge of coronaviral 3CLpro architecture.

� 2015 Elsevier Ltd. All rights reserved.
Feline infectious peritonitis (FIP) was first described in 1963
and was initially termed ‘chronic fibrinois peritonitis’.1 Today, FIP
is a major killer of domestic cats, especially kittens—where over
50% of FIP infections occur in cats younger than 12 months.2 FIP
is caused by feline coronavirus (FCoV), which belongs to the alpha-
coronavirus phylogeny. FIP affects domesticated and wild cats
globally and is especially prevalent in multi-cat households
because it is spread through the feces. Studies have shown that
at least 50% of American cats have antibodies against FCoV.3 Typi-
cally, FCoV infection results in feline enteric coronavirus (FEC),
which is highly prevalent in cats and causes asymptomatic to mild
enteritis and diarrhea.4,5 FEC is known to replicate in enterocytes;
however, spontaneous mutation of a particular region in the FCoV
genome allows for the phagocytosis of the FCoV virions into
macrophages and their subsequent replication.6–8 The ability of
mutated FCoV to replicate in macrophages allows the coronavirus
to spread throughout the entire cat, ultimately resulting in FIP
virus (FIPV).9 Approximately 5% of cats in multi-cat households
develop fatal FIPV.10 Currently, there are no therapeutics on the
market for the treatment of this deadly feline virus. Non-domestic
cats are also affected by FIP; cheetahs are known to be highly
susceptible to the disease, having a possible predisposition as a
consequence of a genetic deficiency in their cellular immunity.11

Coronaviruses are positive-sense RNA viruses with some of the
largest viral genomes reported to date, ranging from 27 to 32
kilobases in length. The coronaviral genome has two long open
reading frames (ORFs), ORF1a and ORF1b, which are related by a
�1 ribosomal frame-shift. Upon translation, ORF1a and ORF1b
produce the coronaviral polyproteins pp1a and pp1ab.12,13 The
viral polyproteins pp1a and pp1ab are then processed by two
cysteine proteases, the papain-like protease (PLpro) and the 3C-like
protease (3CLpro), which is also known as the main protease (Mpro)
or nsp5. Both PLpro and 3CLpro are essential for the coronaviral life
cycle, making them appealing targets for the development of
anti-coronaviral therapeutics.

Toward the goal of developing a therapeutic to target FIPV, we
developed an over-expression system for FIPV-3CLpro and purified
the enzyme to homogeneity and to high-yield using hydrophobic-
interaction and anion-exchange chromatography (see Supplemen-
tary material). We then tested a series of eleven peptidomimetic
compounds (1–11, Table 1) using well established methods in
our lab,14 that we recently designed and synthesized for the inhi-
bition of Middle East Respiratory Syndrome (MERS) 3CLpro, for
FIPV-3CLpro inhibition.15 This set of peptidomimetic inhibitors con-
tains a Michael acceptor capable of reacting with the catalytic
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Table 1
Peptidomimetic inhibitors of FIPV-3CLpro

Compd Structure %I (50 lM) %I (10 lM) %I (5 lM)

1 54.8 ± 5.7 36.4 ± 0.4 30.1 ± 1.9

2 39.2 ± 0.5 12.8 ± 2.2 15.6 ± 0.8

3 52.3 ± 1.4 36.0 ± 3.9 31.3 ± 1.1

4 55.6 ± 1.9 34.4 ± 2.9 32.7 ± 1.3

5 17.6 ± 1.2 11.2 ± 3.4 2.9 ± 2.7

6 99.7 ± 0.2 92.1 ± 4.3 89.8 ± 2.1

7 99.4 ± 0.02 92.2 ± 1.4 85.8 ± 4.9

8 94.7 ± 1.3 69.1 ± 1.7 53.7 ± 4.0

9 82.5 ± 1.8 33.3 ± 0.2 26.9 ± 0.5

(continued on next page)
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Figure 1. FIPV-3CLpro cleavage sites in polyprotein 1ab and inhibition by compounds 6 and 7. (A) The eleven polyprotein 1ab recognition sequences for FIPV-3CLpro are shown
from P5 to P40 under the blue shaded box in their respective binding locations. FIPV-3CLpro is represented by the blue shaded box where the subsites are represented as pockets
and labeled accordingly. Subsites with no clear residue preferences are outlined by a dashed line, indicating they may not exist. Peptidomimetic inhibitor 6 (P4 = S) or 7
(P4 = T) binds to FIPV-3CLpro via nucleophilic attack of Cys144 at the b-carbon of the a,b-unsaturated ethyl ester, where the pyrrolidinonyl methyl acts as the P1 residue, Leu as
the P2 residue, Val as the P3 residue, and either Thr or Ser as the P4 residue. (B) IC50 values for 6 and 7 against FIPV-3CLpro after both 15 and 30 min incubation periods.

Table 1 (continued)

Compd Structure %I (50 lM) %I (10 lM) %I (5 lM)

10 97.0 ± 0.9 58.6 ± 3.9 37.0 ± 2.4

11 66.3 ± 0.2 20.5 ± 1.9 13.4 ± 3.7
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cysteine (Cys144) of FIPV-3CLpro, and they are similar to other pre-
viously reported peptidyl inhibitors of various 3CLpro’s.16–19 The
synthesis of the eleven tested peptidomimetics in Table 1 has been
previously reported.15,20

Compounds (1–11) were initially tested at three concentrations
(5 lM, 10 lM, and 50 lM) to identify inhibitors of FIPV-3CLpro and
the results are reported in Table 1. A trend is immediately observed
in the six compounds with the highest inhibition of FIPV-3CLpro (6–
11), that is, having greater than 60% inhibition at a concentration of
50 lM, where a leucine residue is favored in the P2 position of the
inhibitor over phenyl or isopentenyl groups (1–3). Analysis of the
eleven cleavage sites within the FIPV replicase polyprotein 1ab



Figure 2. X-ray crystal structure of the FIPV-3CLpro:6 complex (PDB ID = 4ZRO). (A) The four monomers of FIPV-3CLpro are shown as ribbons and are colored teal, slate blue,
yellow and pink. One of the biologically relevant FIPV-3CLpro dimers is shown with chain A colored in slate blue and chain B colored in teal. The two other monomers, which
also form biologically relevant dimers though not depicted here in this representation of the asymmetric unit, are shown as chain C (pink) and D (yellow). 6 is represented as
ball and stick with its carbon atoms colored orange, nitrogens colored blue and oxygens colored red. (B) Zoomed image of 6 within the active site of chain A. The residues of
chain A that interact with 6 are colored according to atom and shown as sticks: His41, Thr47, Ser48, Gly142, Cys144, His162, His163, Glu165, Ser189. (C) Wall-eye stereoview
of 6 bound in the active site of FIPV-3CLpro chain A, which is represented as a solvent accessible surface colored in slate blue. An electron density omit map (FO � FC)
surrounding compound 6 is shown in grey mesh and it is contoured to +3.0r.
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shows that nine of the eleven cleavage sites have a leucine residue
at the P2 position and none have a phenylalanine residue (Fig. 1A),
which is the P2 residue that is present in compounds 1, 2 and 4, 5.21

Furthermore, the two best peptidomimetic inhibitors, compounds
6 and 7, have either a serine or threonine residue at the P4 position.
A P4 serine is present in two of the eleven FIPV-3CLpro cleavage
sites, while a P4 threonine is present in four of the eleven cleavage
sites (Fig. 1A).

Comparison of compounds 6 and 10, which are only different
at the N-termini where 6 has a tert-butyl carbamate and 10 has
a bis-tetrahydrofuranyl carbamate, shows that the increase in
steric bulk associated with the N-terminus of 10 decreases
FIPV-3CLpro inhibition at every concentration of 10. Furthermore,
comparison of 10 to 11, which are only different in that 10 has a
free P4 serine while 11 has a P4 bis-tetrahydrofuranyl carbonate,
shows that the increase in steric bulk at P4 of 11 decreases FIPV-
3CLpro inhibition at every concentration of 11. Comparison of 7
to 8, which are only different in that 7 has a P4 threonine and
8 has a P4 L-allo-threonine, shows that the stereochemistry of
the P4 residue is important for good FIPV-3CLpro inhibition,
where 7 has increased inhibition of FIPV-3CLpro at all inhibitor
concentrations tested.
We then determined the IC50 values for the two best pep-
tidomimetic inhibitors of FIPV-3CLpro, 6 and 7. These compounds
were chosen because they are the only compounds in the series
that have greater than 80% inhibition of FIPV-3CLpro at a concentra-
tion of 5 lM. The IC50 values of 6 and 7 were determined after pre-
incubation of FIPV-3CLpro with the respective peptidomimetic inhi-
bitor at both 15 and 30 min. We found compound 6, which showed
slightly better inhibition of FIPV-3CLpro than compound 7, to have
an IC50 of 0.69 ± 0.07 lM after 15 min of pre-incubation and an IC50

of 0.59 ± 0.06 lM after 30 min of pre-incubation. We found 7 to
have an IC50 of 1.7 ± 0.2 lM after 15 min of pre-incubation and
1.3 ± 0.1 lM after 30 min of pre-incubation (Fig. 1B).

To gain a more complete structural understanding of how the
peptidomimetic compounds bind to and inhibit FIPV-3CLpro, we
crystallized and determined the X-ray structure of FIPV-3CLpro

bound to compound 6 via a covalent bond with the active site cys-
teine (Cys144). The statistics for X-ray data collection, processing,
and refinement are given in the Supplementary material.22–24

The X-ray structure of the FIPV-3CLpro:6 complex was determined
to 2.1 Å resolution (Rpim = 4.0%, Rwork = 17.6% Rfree = 23.0%) with
four monomers in the asymmetric unit (Fig. 2A and B). The four
monomers in the asymmetric unit represent two complete,



Figure 3. Hydrogen bond interactions between FIPV-3CLpro and compound 6 (PDB ID = 4ZRO). (A) 3D-representation of the hydrogen-bonding interactions of 6with residues
of FIPV-3CLpro residing in the substrate binding cavity. (B) 2D-representation of the same hydrogen-bonding interactions shown in A. Distances are shown between
heteroatoms.

5076 S. E. St. John et al. / Bioorg. Med. Chem. Lett. 25 (2015) 5072–5077
biologically active dimers of the FIPV-3CLpro:6 complex. Electron
density associated with compound 6 is clearly visible in final,
FO � FC electron density omit maps contoured to +3.0r (Fig. 2C).

Compound 6 binds in the active site of FIPV-3CLpro, mimicking
the native polyprotein substrate (Figs. 2 and 3). The pyrrolidinonyl
methyl acts as the P1 residue imitating glutamine in the
polyprotein, while the b-carbon of the a,b-unsaturated ethyl ester
is covalently bonded (distance of 1.9 Å) to the sulfur atom of the
catalytic cysteine, Cys144 (Figs. 2B and 3). The leucine residue of
6 acts as the P2 residue and occupies the S2 subsite pocket, whereas
the valine and serine residues act as the P3 and P4 residues. The
terminal tert-butyl carbamate group extends to the edge of the
FIPV-3CLpro active site cleft (Figs. 2C and 3).

Compound 6 forms eight direct hydrogen bonds to five active
site residues of FIPV-3CLpro. In addition, two water-mediated
hydrogen bonds are formed between compound 6 and backbone
carbonyl oxygens of Thr47 and Ser48 (Fig. 3). The backbone amide
–NH of Gly142 forms a 2.7 Å hydrogen bond to the carbonyl of the
ethyl ester, which sits in the S10 pocket of FIPV-3CLpro. The pyrro-
lidinonyl methyl of 6 is anchored into the S1 subsite by two hydro-
gen bonds, a 2.7 Å hydrogen bond from the side-chain tele-nitrogen
of His162 to the lactam carbonyl, and a 3.0 Å hydrogen bond from
the lactam –NH to the side chain carboxylate of Glu165. Each of the
four backbone NHs of 6 forms a hydrogen-bond to an FIPV-3CLpro

active site residue—three direct hydrogen bonds and one water-
mediated hydrogen bond. Two of the four backbone carbonyls of
6 participate in hydrogen-bonding to FIPV-3CLpro active site resi-
dues—a direct hydrogen bond from the backbone –NH of Glu165
and a water-mediated hydrogen-bond to the backbone carbonyls
of Thr47 and Ser48 (Fig. 3).

Examination of the FIPV-3CLpro S2 pocket shows that it is large
enough to accommodate a P2 leucine residue, but may not be suf-
ficiently large enough to allow optimal binding of peptidomimetic
inhibitors with larger P2 groups, such as phenylalanine or larger
alkyl groups, which introduce more steric bulk (i.e. inhibitors
1–5, Table 1). Interestingly, Kim and coworkers have shown that
peptidomimetic compounds, similar to our compounds 1–3, with
sterically bulky P2 substituents (leucine, benzyl or cyclohexyl-
methyl) are effective against FCoV in cell-based antiviral assays.18

This suggests that despite the reduced inhibition of FIPV-3CLpro by
compounds 1–5 relative to 6–11, these compounds may be
effective in cell-based antiviral assays. Kim et al. did not test their
compounds against purified FIPV 3CLpro enzyme suggesting that
our compounds 6–11 may be even more potent in FCoV antiviral
assays. Furthermore, Kim et al. have demonstrated that pep-
tidomimetics akin to 1–3 and 5–11 are capable of reducing viral
titers and pathological lesions in the livers of mice infected with
murine hepatitis virus (MHV), a coronavirus similar to FCoV.18

Together, our studies and those of Kim et al. suggest that pep-
tidomimetic compounds like 1–3 and 6–11 may have significant
potential for being developed into effective therapeutics against
FIPV infection.

In conclusion, we have over-expressed and purified FIPV-3CLpro

and determined its inhibition by a set of eleven peptidomimetic
inhibitors. We found that the six best inhibitors of FIPV-3CLpro

(6–11) had a leucine residue at the P2 position and a valine residue
at the P3 position, which is consistent with these residues being
preferred at the P2 and P3 positions of the polyprotein substrate
(Fig. 1A). We determined the X-ray structure of FIPV-3CLpro in
complex with the best peptidomimetic inhibitor identified, com-
pound 6, which is the first reported structure of FIPV-3CLpro. The
molecular details elucidated from the X-ray structure of FIPV-
3CLpro in complex with 6 provide insights into the key interactions
between the inhibitor and the enzyme that can be targeted in the
design of more potent FIPV-3CLpro inhibitors.
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