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Cysteine proteases of positive strand RNA viruses and
chymotrypsin-like serine proteases

A distinct protein superfamily with a common structural fold
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Evidence is presented, based on sequence comparison and secondary structure prediction, of structural and evolutionary
relationship between chymotrypsin-like serine proteases, cysteine proteases of positive strand RNA viruses (3C proteases
of picornaviruses and related enzymes of como-, nepo- and potyviruses} and putative serine protease of a sobemovirus.
These observations lead to re-identification of principal catalytic residues of viral proteases. Instead of the pair of Cys
and His, both located in the C-terminal part of 3C proteases, a triad of conserved His, Asp(Glu) and Cys{Ser) has been
identified, the first two residues resident in the N-terminal, and Cys in the C-terminal A-barrel domain. These residues
are suggested to form a charge-transfer system similar to that formed by the catalytic triad of chymotrypsin-like prote-
ases. Based on the structural analogy with chymotrypsin-like proteases, the His residue previousty implicated in catalysis,
together with two partially conserved Gly residues, is predicted to constitute part of the substrate-binding pocket of 3C
proteases. A partially conserved ThrLys/Arg dipeptide located in the loop preceding the catalytic Cys is suggested to
confer the primary cleavage specificity of 3C toward Glx/Gly(Ser) sites. These chservations provide the first example
of relatedness between proteases belonging, by definition, to different classes.
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rhinovirus type 1a; HRV2, human rhinovirus type 2; HRV14,
human rhinovirus type 14; CVB3, coxsackie virus type B3;
ECHO, echovirus type 9; BEV, bovine enterovirus; TMEV,
Theiler muring encephalomyelitis virus; EMCYV,
encephalomyocarditis virus; FMDV, foot-and-mouth disease
virus type A10; HAV, hepatitis A virus (picornaviruses);
CPMV, cowpea mosaic virus (comovirus); TBRV, tomato
black ring virus (nepovirus); TVMYV, tobacco vein mottling
virus; TEV, tobacco etch virus (potyviruses); SBMY, southern
bean mosgic virus (sobemovirus); SGPA, Streptomyces griseus
protease A; SGPB, Streptomyces griseus protease B; CHT,

Cysteine and serine proteases are usually regard-
ed as unrelated enzyme classes [1,2]. Specifically,
3C proteases (3CF™) involved in polyprotein pro-
cessing of picornaviruses and similar enzymes of
three groups of plant viruses (como-, nepo- and
'potyviruses), for some of which principal catalytic
residues have been identified as Cys by inhibitor
studies [3,4], were traditionally compared to cys-

chymotryptin: TRP, trypsin; ELA, elastase {chymotrypsin-like
proteases)
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teine proteases such as cathepsins and papain
[5-8]. Of the few residues conserved in all aligned
sequences of 3CF™, only two, Cys and His, both
near the C-terminus, were considered as possible
catalytic ones, based on the analogy with cellular
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cysteine proteases; notably, however, in the latter
the catalytic Cys is located near the N-terminus (cf.
{51). The functional importance of these two
residues has been subsequently confirmed by site-
directed mutagenesis [9], though direct test of the
hypothesis has not been reported. Due to the dif-
ferent location of the (putative) catalytic Cys
residues and to the lack of overall sequence
similarity, it was suggested that 3C-like proteases
were not evolutionarily related to other cysteine
proteases [5], their formal analogy being explained
by convergence. The considerable similarity be-
tween the regions of 3C proteases around the
putative catalytic Cys to those surrounding the
catalytic Ser of chymotrypsin-like proteases no-
ticed by us [10,11] was also attributed to con-
vergence [8]. Hence, the general consensus that
3C-like proteases constitute an entirely indepen-
dent enzyme family. However, twa very recent
observations encouraged re-evaluation of this con-
cept. First, it has been shown that the His residue
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implicated in catalysis is not conserved in the
putative protease of a nepovirus [12]. Second, we
have tentatively identified, in a sobemovirus, a
serine protease significantly similar to 3CF™ [13].

Using an algorithm for stepwise multiple se-
quence alignment, we here present a new version of
the complete sequence alignment of 3C-like pro-
teases. Previously not detected conserved His and
Asp (Glu) residues have been revealed, which,
together with the Cys (Ser) residue identified
earlier, might constitute a catalytic triad similar to
that of chymotrypsin-like serine proteases.
Moreover, a significant overall similarity at the
primary and secondary structure levels between
3C-like and chymotrypsin-like proteases was
revealed, allowing tentative identification of other
functionally important sites of the former. We
hypothesize that 3C-like and chymotrypsin-like
proteases provide a previously unprecedented case
of structural and evolutionary relatedness hetween
proteases of different classes.
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11 EMCV R GPNPVYMDFEKYVAKHVTAP IGFVYP-TGVSTATCLLV-RGR
12 FMDV T ————— SGAPP TDLOKMVMEN-TKPVELNLDGK TVAICCATGV-FGT
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12 : AG-GNGVGEYCSCVSR-SM_RKM-KAHVDFPEPHHE £481
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Fig.1. Alignment of amino acid sequences of 3C-like proteases. (A) A dendrogram schematically depicting the course of alignment
in the order of decreasing similarity. Branch lengths are in approximate inverse proportion to the degree of sequence similarity observed
at each siep. AS values in SD units are indicated for each step. (B) The resulting protease alignment (sequences of 3C*™ of HRVla,
HR V89, CVB3 and BEV published recently and those not included in A were added by hand, based on their unambiguous alignment
with 3CP™ of other entero- and rhinoviruses). The aligned sequences are numbered arbitrarily, beginning from the first position of
the alignment. Between residues 81 and 120, the alignment of CPMYV and TBRV proteases with those of other viruses was uncertain
and was corrected by the HELIX program comparing multiple pre-aligned sequences in a diagonal plot and revealing conserved regions
(in preparation). Below the aligned sequences the derived consensus (CONS) is shown. A residue (or two homologous residues) was
included in the consensus if it occurred in at least 14 out of 18 sequences. Residues belonging to one of the following groups were
scored as homologous: D, E, N, Q; 5, T; K, R; V, L, I, M; F, Y, W. +, hydrophobic residues (V, L, I, M, F); *, putative catalytic
residues. Dots: residues invariant in picornaviral 3C™, Sequences were from the references indicated at the end of the alignment. The
proteases of potyviruses (NI, proteins) have terminal extensions [51,52]. Cleavage sites flanking the putative protease of SBMYV are
discussed in [13]).

2. SEQUENCE ALIGNMENT OF 3C-LIKE

‘ group of sequences, by use of the MDM78 amino
PROTEASES

acid residue comparison matrix, S' is the mean
score for alignments of 25 random permutations of

Amino acid sequences of 3C-like proteases were
aligned by the OPTAL program which performs
stepwise optimal alignment of multiple amino acid
sequences and its statistical assessment by a Monte
Carlo procedure [14,15]. Alignments were
statistically characterized by alignment scores (AS)
as follows: AS = §° — §8"/¢ where S° is the score
calculated for an alignment of two sequences, or a

the same sequences, and ¢ is the standard devia-
tion. The alignment of 3C-like proteases, together
with the AS values obtained at each step, is shown
in fig.1. The alignment of all the sequences was
highly significant (fig.1A), confirming that 3C-like
proteases most probably constitute a monophyletic
protein family [16].

The general premise underlying any functional
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implications of sequence comparisons is that com-
mon functions (primarily catalytic) should be per-
formed by conserved amino acid residues [16].
Upon alignment of picornaviral 3C*™, 9 invariant
residues (5 Gly, two His, one Cys and one Asp)
were revealed (fig.1B). Of special interest was the
conservation of His*® (numbering of the alignment
shown in fig.1B) in the relatively variable N-
terminal half of 3CF™. Addition of the sequences
of more distantly related plant viral (putative) pro-
teases reduced this number to only 3, namely
His*¢, Gly?® and Gly*'?, with the putative catalytic
Cys?™ replaced by Ser in the SBMV protein [13].
On the other hand, His*?! and Asp!*, which are
conserved in picornaviral proteases and were
previously tentatively implicated in catalysis [5—8],
are substituted by non-homologous residues in
nepovirus and in poty- and sobemovirus proteins,
respectively.

3. COMPARISON OF 3CF™ AND
CHYMOTRYPSIN-LIKE PROTEASES

The mutual orientation of the conserved His*®
and Cys(Ser)?® residues in 3C-like proteases
resembles that of the respective catalytic residues
in chymotrypsin-like serine proteases (His*’ and
Ser!®s, according to the chymotrypsin numbering
system [17]) but not in cellular ¢ysteine proteases.
The similarity of sequence stretches surrounding
the (putative) catalytic Cys residues of 3CF™ to
those around the catalytic Ser of chymotrypsin-like
proteases has been noticed and discussed previous-
ly [11]. These observations prompted a further,
more detailed comparison between the two enzyme
families.

Secondary and tertiary structures of chymotryp-
sin-like proteases are better conserved than amino
acid sequences [17]. Thus it seemed important to
compare them with 3C-like proteases at these levels
of organization. Since X-ray data for 3C-like en-
zymes are not available, only secondary structure
predictions could be used to this end. Secondary
structures of 3C-like proteases were predicted by
the ALBEAL program based on the algorithm of
Finkelstein and Ptitsyn [18,19]). To improve
prediction quality, a-helix and &-strand potentials
were averaged according to the amino acid se-
guence alignment shown in fig.1. This type of
analysis was restricted to picornaviral 3CF™ for
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which the sequence alignment was most reliable.
Comparison of the resulting secondary structure
profile with those determined for 5 chymotrypsin-
like proteases by the same approach and by X-ray

‘crystallography revealed reasonable similarity

(fig.2). Obviously, 3C*™ belong to the class of pro-
teins of which chymotrypsin-like enzymes are
typical representatives [20]. The latter are known
to comprise 12 #-strands (A to L in fig.2C). 11 of
12 strands and a C-terminal a-helix could be iden-
tified in the predicted profile (fig.2A,C) though the
strength of prediction varied considerably.
Curiously, the secondary structure of 3CF™ ap-
peared to be predicted somewhat better than that
of chymotrypsin-like enzymes, with stronger 5-
strand prediction and counterparts available for all
12 strands revealed in the latter by X-ray analysis
(fig.2B,C). It must be emphasized that spacing of
the (predicted) S-strands was very similar in the
proteases of the two families. Similarity in the
positions of deletions and insertions which are
usually associated with loops in protein structure
[21] is also notable (fig.2C). A specific element of
3CP™ which is absent in chymotrypsin-like pro-
teases is the strongly predicted N-terminal a-helix,

A salient feature of chymotrypsin-like proteases
is that they consist of two topologically similar do-
mains comprising 6 strands each [22]. This sym-
metrical organization is clearly seen in the
secondary structure profile of 3CT™, better in fact
than in the chymotrypsin-like proteases themselves
(cf. fig.2A and B). Moreover, cach domain is com-
posed of two half-domains [22], and these could
also be discerned in the 3CF* profile.

These observations encouraged aligning amino
acid sequences of 3CP™ and chymotrypsin-like
proteases by superposition of consecutive g-
strands and C-terminal a-helices (fig.3). The most
striking feature of the alignment was the
equivalent location of the catalytic His and Ser
residues of chymotrypsin-like proteases and the
respective conserved residues of 3C*™, i.e. His ad-
jacent to the C-terminus of strand C and Cys(Ser)
in the loop preceding strand J (fig.3). Moreover,
Glu(Asp) at the N-terminus of strand F in 3CF™,
which was conserved also in plant viral proteases
(fig.1B), appeared to match the third catalytic
residue of chymotrypsin-like proteases, Asp'®?
(fig.3). Also notable was the coincidence or
homologous replacement of a number of addi-
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Fig.2. Comparison of secondary structures of 3C*™ and chymotrypsin-like proteases. (A) An averaged plot of secondary structure
probabilities for chymotrypsin-like proteases. For each position (X axis) containing no gaps in sequence alignment [21], average 3-
and o-petentials (Y axis) were calculated as follows: P = [(SGPA + SGPB)/2 +(CHY + TRP + ELA)/3])/2 where the protease
abbreviations stand for respective §- and o-potentials calculated by the ALBEAL program. Solid line: -strand probability; broken
line: a-helix probability. Horizontal brackets delineate domains and half-domains (see text). (B) An analogous plot for 3C'™. Here,
P = [(PV1 +HRV14+HRV2+ HRV1b + ECHOQ)/S + (EMCY + TMEV)/2 + FMDY + HAV)/4, Designations as in A. (C) A schematic
linear representation of secondary structures. Filled rectangles, S-strands; empty rectangles, a-helices. Upper row: average predicted
profile for chymotrypsin-like proteases; middle row: average profile derived from X-ray data for chymotrypsin-like proteases; bottom
row: average predicted profile for 3C*™. #-strands are designated A to L according to [13]. Arrows indicate regions where positions
containing gaps (presumably indicating deletions and insertions) were omitted from the profile calculations (panels A and B).

tional amino acid residues, mainly hydrophobic, as matrix demonstrated that the level of similarity
should be expected of @-strands. Quantitative between 3CF™ and eukaryotic chymotrypsin-like
evaluation of the alignment by use of the MDM78 proteases was not lower than that between the lat-
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Fig.3. Sequence alignment of 3CT™ and chymotrypsin-like proteases based on secondary structure superposition. 12 consecutive 3-
strands designated as in fig.2, C-ierminal helices and some adjacent conserved regions were aligned. The number of residues in each
secondary structure element is shown. For 3CF™ the data are from the prediction shown in fig.2, and for chymotrypsin-like proteases
from X-ray analysis. Strands [ and L which were predicted ambiguously in 3CF™ are shown in parentheses. For some long #-strands
and for the C-terminal helices only partial sequences are included. Numbers stand for lengths of spacers and terminal extensions.
Amino acid residues having at least one identical or homologous (see legend to fig.2B) counterpart in the other sequence set are
designated by capitals. Colons: positions occupied by identical or homologous residues in at least 1/2 of the sequences of each of the
sets; asterisks: putative catalytic residues.

ter and prokaryotic proteases (not shown). These
observations made us hypothesize that His¢,
Glu(Asp)'® and Cys** of 3C*™ might constitute a
catalytic triad similar to that of chymotrypsin-like
proteases [17]. In chymotrypsin-like proteases,
substitution of Glu for Asp'® has not been
described (cf. [2,21]). However, it is possible to
speculate that the presence of Cys in the place of
Ser'® might confer additiona! flexibility to the
catalytic center, permitting both Glu and Asp as
members of the catalytic triad.

4. A CHYMOTRYPSIN-LIKE STRUCTURAL
FOLD IN 3CF*

The above observations strongly suggest that
3CP™ should be similar to chymotrypsin-like pro-
teases also at the level of the tertiary structure. We
hypothesize that the 3C™ molecule consists of two
twisted antiparallel S-barrels connected by a long
loop. The hydrophobic core of each barrel is con-
stituted by 6 #-strands. Secondary structure predic-
tions for non-picornaviral 3C-like proteases (not
shown) and their sequence similarity to 3CF™
(fig.1B) suggest that these enzymes might form an
analogous fold. The proposed S-sheet topology of
poliovirus 3C*™ is shown in fig.4. This arrange-
ment of S-strands is compatible with recently
reported data on site-directed and random
mutagenesis of this protease. Specifically, substitu-
tion of Val or Ala for Giy*' (hereafter in this sec-
tion the poliovirus numbering is used), presumably
disrupting a &-turn, was lethal, whereas substitu-
tion of Asp (a residue frequently occurring in 4-
turns [23]) in the same position resulted in a viable
virus [24]. Substitutions in strands E and F which
could cause local deformations of the 5-sheet ex-
erted relatively mild effects on viral reproduction
[24-26], and a substitution of Ser for Cys'*? in
strand J appeared to be without effect on the ac-
tivity of 3CF™ expressed in E. coli [9]. Moreover,
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the processing defects inflicted by substitutions in
strands E and F were similar (namely, impairment
of the cleavage at the C-terminus of 3CT™ itself
[24,25]), in accord with our proposal that these
strands might interact with each other in native
3CFr,

Based on the analogy with chymotrypsin-like
proteases, we predict that the three putative
catalytic residues, two of which, His and
Asp(Glu), reside in the N-terminal domain of
3CP™, and the 3rd, Cys(Ser), in the C-terminal
one, should be juxtaposéd in the interdomain cleft.
This suggests that the mechanism of peptide bond
cleavage catalysis by 3C*™ may be similar to that
described for chymotrypsin-like proteases involv-
ing formation of a three-residue charge-transfer
system [27,28]. The involvement of Cys (in all 3C-
like enzymes except the putative protease of
SBMYV) and Glu (in some 3C-like proteases) in
such a system is a novel theme expanding the ex-
isting ideas of proteolysis mechanisms. Despite the
similarity in the positioning of the (putative)
catalytic residues in 3C™™ and chymotrypsin-like
enzymes, Cys and Ser are not as easily inter-
changeable in the triad as could be imagined. Thus
Cys'* to Ser substitution in poliovirus 3CF™ com-
pletely abolished its protease activity [9]. In
nature, however, such substitutions appear to
work as exemplified by the putative protease of
SBMYV; presumably this is gratified by some com-
pensatory substitution(s).

Substrate-binding pockets of chymotrypsin-like
proteases are formed by three non-contiguous
segments [29-31]. Two conserved sites in the
strands K and L were implicated in supporting the
‘walls’ of the cavity, while a more variable site in
the loop preceding the catalytic Ser is thought to
constitute its base, being the main determinant of
cleavage specificity. It is tempting to speculate that
equivalent segments of 3C-like proteases are also
involved in substrate binding. This is especially
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Fig.4. Proposed S-sheet topology for 3CF™ of PV1. Arrow-
headed rectangles: @-strands; cylinders: a-helices. To delineate
secondary structure elements, predictions for 3CT™ of PV were
used, with some corrections based on average predictions, The
numbering is for 3C*™ of PV and does not correspond to that
in fig.1B. In the right part of the figure strands are designated
as in fige 2C and 3., Residues outside secondary structure
elements which are {partially) conserved in other 3C?™ are also
shown. Plus signs: putative catalytic residues; dots: residues
subjected to mutagenesis (see text).

plausible as strand K is highly conserved
throughout the family, including nearly invariant
His and Gly residues, and strand L also contains a
partially conserved Gly residue, similarly to the
substrate-binding site of chymotrypsin-like pro-
teases (figs 1B and 3). The importance of His'®' for
substrate binding might explain the inactivation of

112

FEBS LETTERS

January 1989

poliovirus 3C*™ upon substitution of Gly for this
residue [9]. As for the putative specificity site, in
3C-like proteases it contains a partially conserved
dipeptide ThrArg'3(Lys) (positions 193—194 in
fig.1B). This is interesting in view of the con-
served, despite the high divergence of enzymes
themselves, cleavage specificity of 3C-like pro-
teases which act primarily at Q, E/G,S dipeptides
[7]- On the other hand, variations abserved in this
segment of the proteases may account for different
requirements to the residues flanking cleavage sites
revealed upon site-directed mutagenesis of picor-
naviral and potyviral polyproteins {32,33]. Cer-
tainly, other regions of 3CF™ might also contribute
to their specificity, as emphasized by the above-
mentioned effects of mutations in strands E and F
on cleavage at specific sites.

Along with these similarities, considerable struc-
tural and functional differences seem to exist be-
tween chymotrypsin-like and 3C-like proteases.
Both types of enzymes are generated via pro-
teolytic processing of precursors, which involves
liberation of the N-terminus in cellular proteases,
and of both termini in 3C-like proteases [2,7].
However, chymotrypsin-like protease precursors
have only very low activity, activation achieved
through formation of an electrostatic bridge be-
tween the new N-terminal residue (which is always
Ile or Val) and the invariant Asp residue adjacent
to the catalytic Ser. In 3C-like proteases, which are
cleaved from viral polyproteins autocatalytically
[34], this mechanism is not operational. Ac-
cordingly, the above residue pair is not conserved
in this family, the position near the (putative)
catalytic Cys becoming variable (fig.1B). Another
notable difference is the absence, in 3C-like en-
zymes, of the system of disulphide bonds which are
conserved in chymotrypsin-like proteases, making
their structure rigid [17]. A highly conserved site in
3CP™ s the sequence PheArg(Lys)Asp® (positions
122125 in fig.1B). Previously it was suggested
that Asp® could be involved in catalysis [8].
However, this is unlikely as in our model this se-
quence lies in the loop connecting the two domains
(fig.4). Possibly it may function by binding some
ligand other than the substrate.,

5. EVOLUTIONARY IMPLICATIONS

The significant structural similarity between 3C-
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like and chymotrypsin-like proteases strongly
favors their divergent rather than convergent
evolutionary origin. Moreover, as the proteases of
the two families probably share the two-barrel
organization and the positions of the (putative)
catalytic residues, it is logical to suggest that: (i)
their common ancestor has already been a pro-
tease, and (ii) the divergence of the families suc-
ceeded the initial duplication leading to the
two-domain structure (cf. [22]). It is not clear at
present what was the nature of the hypothetical
ancestor protease, However, we have argued in
previous papers that 3CP™ have some features
which could be expected in a primordial protease
[11,35]. Interestingly, it has been very recently pro-
posed, starting from quite different observations,
that Cys might be the predecessor of Ser in the
catalytic sites of enzymes of several classes [36].
That enzymes possibly similar to the ancestral
forms are found in positive strand RNA viruses, is
intriguing in view of the ideas relating their
genomes to primordial genetic systems [35,37].
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