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ABSTRACT. Within the papain family of cysteine proteinases few other residues in addition to the catalytic
triad, Cys25-His159-Asnl175 (papain numbering), are completely conserved [Berti & Storer (11995)
Mol. Biol. 246, 273-283]. One such residue is tryptophan 177 which participates in a Trp-His-type
interaction with the catalytic His159. In all enzymes of this class for which a three-dimensional structure
has been reported, an additional highly conserved tryptophan, Trp181, also interacts with Trp177 via an
aromatic-aromatic interaction in which the planes of the indole rings are essentially perpendicular. Also,
both indole rings participate as pseudo-hydrogen bond acceptors in interactions with the two side chain
amide protons of Asnl175. Clearly, the proximity of Trp177 and Trpl81 to the catalytic triad residues
His159 and Asnl175 and their network of interactions points to potential contributions of these aromatic
residues to catalysis. In this paper, using cathepsin S, a naturally occurring variant that has a phenylalanine
residue at position 181, we report the kinetic characterization of mutations of residues 175, 177, and 181.
The results are interpreted in terms of the side chain contributions to catalytic activity and thiolate
imidazolium ion-pair stability. For example, the side chain of Asn175 has a major influence on the ion-
pair stability presumably through its hydrogen bond to His159. The magnitude of this effect is modulated
by Trpl77, which shields the His15%sn175 hydrogen bond from solvent. The Hist5@pl77
interaction also contributes significantly to ion-pair stability; however, Trp181 and its interactions with
Asnl75 and Trp177 do not influence ion-pair stability to a significant degree. The observation that certain
mutations at positions 177 and 181 result in a reductiokgK, but do not appear to influence ion-pair
stability probably reflects the contributions of these residues to substrate binding.

Although cysteine and serine proteinases are members ofcharged aspartyl residue (Kraut, 1977). The aspartyl residue
evolutionary distant proteinase classes, they share someplays a critical role in the structural orientation of the
mechanistic similarities. Both enzyme classes form covalent histidine ring to the serine side chain (Kraut, 1977; Kossia-
acyl-enzyme intermediates and have similar active site koff & Spencer, 1981; Sprang et al., 1987; Zimmerman et
geometries (Brocklehurst et al., 1987; Polgar, 1987; Kraut, g|., 1991). Replacement of the aspartic acid residue by an
1977; Polgar & Halasz, 1982). The catalytic triad in cysteine asparagine or alanine in the serine proteinases trypsin and
proteinases is constituted of a cysteine, a histidine, and ansyilisin results in a dramatic decrease of their activities by
asparagine residue, whereas the triad in serine proteinaseg orgers of magnitude (Craik et al., 1987; Carter & Wells,

is formed by a serine, a histidine, and an aspartate residueqgggy -~ Conversely, mutation of the asparagine residue in
Besides these similarities, both enzyme classes reveal cleay, . catalytic triad of the cysteine proteinase papain to an

dlﬁer_ences in their mechan_l_sms._ In the_ free state, CySteInealanine results in only a 150-fold drop in enzymatic activity.
proteinases possess a stabilized ion-pair formed between th?t has been suggested (Vernet et al., 1995) that the strict

active site cysteine and histidine residues and may therefore ; ) . ; .
be regarded as “activated” enzymes (Polgar, 1974). On theconservatlon qf As_n175 in cysteine protelnases might result
other hand, serine proteinases are unchanged in their grountj;lrom a combination of both functional and structural
state, and the charge separation occurs during the formatiorFOnStraints.

of a tetrahedral intermediate in which the positively charged  Although the formation of an ion-pair in free cysteine
imidazole of the histidine is stabilized by the negatively proteinases as compared to serine proteinases is facilitated
by the substantially higher acidity of thiol groups as

f t P.rll?.B. Waslssupported b)é an Industrial Post—D(r)]c(t:oraI Flellfog:vship()j compared to hydroxyls, the unusud{pvalues of the ion-
rom the Natural Sciences and Engineering Research Council of Canadayajr participants cannot be explained on this basis alone; the
(N?Esrcré'spmgéﬁCNeRg]Elﬂzh%aém;ddNr%?Sb:é iggihli's author at Arris l0cal environment in the active site must also be considered.
Pharmaceuticals Co., 385 Oysterpoint Blvd., Suite 3, South San For example, the negative charge on the cysteine residue
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Ry d to be stabilized by arhelix dipole (Hol et al
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its amide oxygen to the active site His159, and this may EXPERIMENTAL PROCEDURES
help to orient the histidine to Cys25 (Baker & Drenth, 1987), . - .
Materials Restriction endonucleases were obtained from

T e et Englnd Siolbs. T4 DA ligase, T DNA pob:
X N interactior -Xpected to nav Intiue merase, and thiopropyl-Sepharose 6B were purchased from
on ion-pair stability since the active site histidine and cysteine

. . - Pharmacia, Sweden. Oligonucleotides were synthesized
residues are separately located on the two domains found INsing an Applied Biosystems DNA synthesizer. Z-Val-Val-

cystei_ne proteinase structures; e.g., Ser1_7_6 forms an im?r'Arg-MCAl and Z-Phe-Arg-MCA were synthesized as previ-
dorpam hydrogen bond to GIn19 and stabilizes the ion-pair ously described (Brome et al., 1989). Z-Phe-Arg-pNA was
(Ménard et al., 1991D). purchased from Bachem, Inc., Switzerland.

To date, little attention has been given to the shielding of  Mutagenesis and ExpressioThe gene encoding human
the active site residues His159 and Asnl75 by the highly cathepsin S was cloned into the modified yeast shuttle vector
conserved residues Trpl77 and Trp181 (Kamphius et al.,pVT100-U to create plasmid YpCS3 as described previously
1984). In contrast to the solvent-exposed active site histidine (Bromme et al., 1993). ThEscherichia colstrain MC1061
residue in serine proteinases (His64 in subtilisin; His57 in was used as host for plasmid manipulations. Mutagenesis
trypsin), the analogous His159 and its hydrogen bond to was performed by the method of Kunkel (1985), using the
Asnl175 in cysteine proteinases are mainly buried by the BioRad Muta-GeneTM kit. The oligonucleotides used for
conserved Trpl77. It has previously been shown that Trp177 mutagenesis were (the underlined bases code for the mutated
contributes up to 46% to the fluorescence intensity of papain amino acids in positions 175, 177, and 181) as follows:
(Lowe & Whitworth, 1974) and that the protonated active
5|te_: hlsn_dlne residue _(H|5159) can quenc_h this cpntrlbutlon. Wi serere gﬁg Vv :fg%%&zggg v
This indicates a possible charge transfer interaction betweenw177a: 5766 CTT GTG AAA AAC AGC GCC GGC CAC3'
the Trpl77 and the His159, which in turn may help to W'77" 5'GTGAAAAACAGC IAC GGC CAC AAC TTTS
stabilize the essential charge separation in the ION-Pair Of figi1: ac aGT T6G GGG CAG AAC T16 GRT GAR GAA GG3"
active papain (Evans et al., 1981). Recent results on an F181A: 5TGG GGC CAC AAC GCC GGC GAA GAA GG3'
aromatic-histidine interaction in the ribonuclease barnase W!'77A/F181A: 5'GTG AAA AAC AGC GCG GGC CAG AAC GCT GGT GAA GG’
support this hypothesis (Loewenthal et al., 1992) in that such ::;g:;ws{;?fzCJLSE%??QT%\AAAG&GEG%G& GGC CAC AAC TTT GGT3'
an interaction stabilizes the protonated form of the histidine, N175AW177F: 5'TGG CTT GTG AAA GCT AGC ITT GGC CAC AAC TTT GGT3’

thereby increasing itsky, value.

Little is known about the role of Trpl81 in cysteine
proteinases. With the exception of cathepsin S and a low-
temperature-induced enzyme found in tomato fruit, this
residue is entirely conserved as a tryptophan in all sequence
papain-like proteinases (Berti & Storer, 1995), and in X-ray
structures of papain (Kamphius et al., 1984), actinidin (Baker,
1980), and cathepsin B (Musil et al., 1991) it is in close
proximity to and perpendicularly oriented to Trpl77, indicat-
ing an aromatie-aromatic interaction (Burley & Petsko,
1995). Both indole rings also participate as pseudo-hydrogen
bond acceptors in interactions with the two side chain amide
protons of Asn175 (Levitt & Perutz, 1988). In cathepsin S,

the tryptophan residue nqrmally.found "’}t position 181 is were lysed by three passages through a French press cell at
replaced by a phenylalanine residue (Wiederanders et al..»q goq psi, combined with the concentrated medium super-
1992). Human lysosomal cathepsin S shares with papain a&naant, supplemented with 5 mM dithiothreitol, 5 mM EDTA,
45% sequence identity (Wiederanders et al., 1992), a similary,4 0 5 mM PMSE. and finally adjusted to pH 4.5 with 1 M
symmetrical pH dependency, and also stability at slightly 5.atic acid. The activation of the enzyme at 4D was
alkaline pH values (Bimme et al., 1993). In the tomato  mgnitored using a fluorogenic substrate assay (substrate: 10
cysteine proteinase, a cysteine residue is found at the posmorpM Z-Val-Val-Arg-MCA) and stopped at maximal activity
equivalent to Trp181 of papain (Schaffer & Fischer, 1988). after 1-3 h. The activated lysate was clarified by centrifu-
In addition, the adjacent residue, 182, is an arginine whereasgation at 20009 and precipitated with ammonium sulfate
in all other enzymes in this class including cathepsin S this at 809 saturation at room temperature. The activity contain-
position is occupied by a conserved glycine that participatesing pellet was redissolved in 100 mM sodium acetate/1 mM
in a type Il turn. Together the two sequence differences EDTA (pH 4.0) and clarified by centrifugation, and the
found in the tomato proteinase suggest that the structure ofsupernatant was applied to a PDS (pyridyl disulfide)-
this enzyme differs significantly in this region from other activated thiopropyl-Sepharose 6B column (column vol-
papain-like cysteine proteinases. ume: 2 mL). After consecutive washing of the column with

In order to determine the role of the highly conserved 60 mL of 100 mM sodium acetate/1 mM EDTA, pH 4.0,

Asnl175 and the aromatic residues, at positions 177 and 181,
and their network of interactions on the catalytic activity and  * Abbreviations: Z, benzyloxycarbonyl; MCA, 4-methyl-7-coumaryl-

inn-pai ity i i ; ; amide; pNA, p-nitroanilide; E-64, 14(-trans-epoxysuccinylleucyl-
on the ion-pair stability in cysteine proteinases, appropriate mino)-4-guanidinobutane; for the discussion of the interactions between

mutants of cathepsin S were generated, expressed in yeashoteinase and substrate, the nomenclature of Schechter and Berger
and evaluated by kinetic analysis. (1967) was used.

The mutations within the cathepsin S gene were verified
by restriction enzyme analysis and DNA sequencing around
positions coding for residues 175, 177, and 181.

d The expression vectors for the mutants were transformed
into the yeast strain BJ3501 (Ernst, 1986) (Matp4::HIS3,
prbl-1.6R, his3A200, ura3-52). The transformants were
grown for 2 days in synthetic selective medium and 3 days
in rich medium as described previously {Brme et al.,
1993).

Purification. The Trpl77 and Phel81 mutants of human
cathepsin S were purified as described for the wild-type
enzyme (Bfonme et al., 1993) with slight modification. The
yeast cells of a 2 L culture grown in a Bacto-Lift system
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6e-10 T T T T titrations gave comparable results; i.e., less than 3-fold
differences in concentrations obtained by the two methods
were observed, and given the low yield and the low activity
of the mutants, these differences can be considered to be
within experimental error.

4e-10 |- . i pH profiles were obtained at substrate concentrations (Z-
Val-Val-Arg-MCA) lower than theK,, value as described

in Bromme et al. (1993). The following buffers were used:
3e-10 . 90 mM sodium citrate (pH 3:65.8), 90 mM sodium
phosphate (pH 5:88.0), and 90 mM sodium borate (pH
8.0—10.0). All buffers contained 1 mM EDTA and 0.4 M

T
o
1

5e-10

Rate (M/s)

2el0 1 sodium chloride to minimize the variation in ionic strength.
For the least-squares regression analysis of theaattivity
1e10 1 i data using the Enzfitter program (Leatherbarrow, 1987), a

three-protonation state model (Wezd et al., 1990) was used:

1 1 1 1 . H* H*
0.025 0.050 0.075 0.100 EH; EH E

[Z-Val-Val-Arg-MCA] mM

Ficure 1: Michaelis-Menten plot of Z-Val-Val-Arg-MCA hy-
drolysis catalyzed by the cathepsin S mutant Trpl77Tyr. The KearKm
concentration of the mutant proteinase in the assay was 2.2 nM
(other details are given in the text).

Precautions against Proteinase Contaminatiofo ex-
clude the possibility of artifacts resulting from proteinase
contamination during the preparation of the recombinant
cathepsin S from the yeast host cell (strain BJ3501), two
control preparations of yeast cell cultures were subjected to
the same conditions and procedures as for the wild-type and
mutant preparations: (1) preparation of BJ3501 transfected
with the PVT100-U vector without the gene insert; and (2)

and 60 mL of 100 mM Tris-HCI/1 mM EDTA, pH 8.0, the
activity was eluted with 20 mM cysteine/1 mM dithioeryth-
ritol in 100 mM Tris-HCI/1 mM EDTA, pH 6.5. This
resulted in an approximately 1000-fold increase in specific
activity for the mutants. For the low activity multiple mutant
enzyme forms, the thiopropyl-Sepharose 6B column was
consecutively washed with 10 bed volumes of 100 mM . .
sodium acetate buffer/1 mM EDTA, pH 4.0, and 100 mM Fr:St% e:}rgtl(%r;t; mengtS(zlll trlagrés;)e cted with YpCS4 (Cys25Ser
Tris-HCI/1 mM EDTA, pH 8.0, and the activity was . N ' o )
immediately eluted with 20 mM cysteine/1 mM dithioeryth- ~ Prepration 1 gave no detectable activity against the
ritol in 100 mM Tris-HCl/1 mM EDTA, pH 6.5. Allmutant ~ Sensitive fluorogenic substrates Z-Val-Val-Arg-MCA and
preparations were monitored by immunoblotting following Z-Phe-Arg-MCA. Preparation 2 gave an extremely low
SDS_p0|yacry|amide ge| e|ectrophoresis as described_(Bro aCt|V|ty, at the detection limit of the fluorimeter Used, agaInSt
mme et al., 1993). the substrate Z-Val-Val-Arg-MCA. The magnitude of the
Kinetic Measurements Initial rates of hydrolysis of  activity was 3 orders lower than the lowest activity reported
methylcoumarylamide substrates (Z-Val-Val-Arg-MCA, z- in this paper. The trace activity was inhibitable by an excess
Phe-Arg-MCA) were monitored at 22C on a Cary 2200 of E-64 and by cystatin. Since the codon_used for the serine
spectrophotometer equipped with a fluorescence-detectionMutant was generated by double nucleotide exchange in the
unit at an excitation wavelength of 380 nm and a 440 nm codon of the wild-type, a partial back-mutation is unlikely,
cutoff filter, and representative data are shown in Figure 1. @nd it is possible that this trace of activity can be assigned
The hydrolysis of thep-nitroanilide substrate (Z-Phe-Arg- t0 the Cys25Ser mutant itself. An endogenous cysteine
pNA) was followed at 405 nm using the same spectropho- €ndopeptidase in yeast is unknown.
tometer. The values d&, andK,, were determined using Molecular Modeling The starting point for the model
nonlinear regression analysis (Leatherbarrow, 1987). Thebuilding was an energy-minimized structure of the native
concentration of the wild-type enzyme and the mutant enzyme of papain (Kamphius et al., 1984). The His159-
enzymes was determined by titration with E-64 (Barrett & Cys25 catalytic residues were assumed to be in the ion-pair
Kirschke, 1981). Since all the mutants containing the state. For each of the mutations considered here, the mutant
Asnl175Ala mutation were characterized by a decreased rateenzyme was energy-minimized, allowing all residues within
of inhibition with E-64, the mutants were allowed to incubate 6.0 A of the mutating residue(s) to move while keeping the
overnight with the epoxide inhibitor. To exclude misleading rest of the protein fixed. This was further refined using 1
titration results obtained from an incomplete inhibition of ps of molecular dynamics at 50 K in order to surmount low-
the mutants with the low molecular weight E-64 inhibitor, energy barriers near the local minimum. The resulting
the mutants were also titrated with the tight binding cysteine structure from molecular dynamics was then energy-
proteinase-specific protein inhibitor cystatin C under analo- minimized to the bottom of its potential energy well. All
gous conditions. Inhibitors of this type block activity by calculations were carried out using AMBER forcefield
tightly binding to the substrate cleft without a direct contact (Weiner et al., 1986) as implemented in SYBYL 6.0 (Tripos
to the catalytic residues (Machleidt et al., 1989). The binding Assoc., Inc.). The calculations were in vacuo simulations
constant toward the wild-type cathepsin S was estimated towith a distance-dependent dielectric function to mimic
be in the low picomolar range (Bmnume et al., 1991). Both  solvent screening effects.
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Table 1: Kinetic Constants for the Hydrolysis of
Z-Val-Val-Arg-MCA by Wild-Type and Mutant Forms of Human
Cathepsin S b |
KealKm
enzyme Keat (571 Kn@M) (M™1s™ |
wild-type 15+ 2 18+ 2 830000 (8 <
Trpl77Phe 0.20.2 16+ 1 44000 (3) X _ P 2
Trpl77Tyr 1.5+ 0.4 51+9 29000 (2) 8 %, s 7 b 7
Trpl77Leu 0.13:0.01 77+ 11 1690 (2) x v <
Trpl77Ala 0.9+ 0.4 140+ 10 6400 (2) o = 7 " 2 N i
Phel181Trp 10.6: 0.3 19+2 526000 (2) ° 2 S 2
Phel8lLeu 0.028- 0.001 77+ 8 260 (2)
Phel81Ala 0.3t 0.2 49+ 8 6100 (3) a ‘9‘: -
Trpl77Ala/Phel81Ala  0.02 0.01 47+ 8 430 (3) $ g
Asnl75Ala 0.022+ 0.007 77+ 30 290 (2) e
Asnl175Ala/Trpl77Ala  0.0028 0.0002 130G+ 10 14 (2) .
Asnl75Ala/Trpl77Phe  0.004 0.001 170440 23(2)
aThe number in parentheses is the number of independent experiments.
£ £ £ £ 11152z =z
£ 33332232334 ¢
Table 2: Kinetic Constants for the Hydrolysis of Z-Phe-Arg-MCA gn<r»E">p > § §
and Z-Phe-Arg-pNA by Wild-Type and Mutant Forms of Cathepsin ® 5 3 =
S > > 3
enzyme Keat(s7%) Kin (M) kealKm (M~1s72) FIGURE 2: Comparison ok.{Kr, values for the hydrolysis of Z-Val-
Z-Phe-Arg-MCA Val-Arg-MCA by human cathepsin S and its mutants at positions
wild-type 1.94 0.2 29+ 2 86000 (4) 175, 177, and 181. The numbers on the top of the columns
Trpl77Phe  0.1% 0.04 40+ 7 4200 (3) represent the ratio okfa/Km)w/ (Keal Kim)mut.
Trpl77Tyr  0.34+0.02 56+ 2 6100 (2)
Trpl77Leu  0.022: 0.002 67+ 11 300 (2) the inhibition of this mutant and the wild-type enzyme by
;Lpe11787ﬁll?p Oi.l(i]t:t09i03 13}2&&2 05 49%%%((22)) cystatin C could be detected (D. Brone, unpublished
Phel8ileu 0003@ 00002 81t 8 40 (2) results). The replacement of Trp181 by a phenylalanine in
Phel81Ala 0.0% 0.02 60+ 10 1200 (3) cathepsin S has been confirmed in cathepsin S sequences of
Z-Phe-Arg-pNA four different species (human, bovine, rat, and mouse;
wild-type 1.2+ 0.04 100+ 20 12000 (2) Wiederanders et al., 1991, 1992; Shi et al., 1992; Petanceska
Trpl77Phe 0.2 0.01 117+12 2300 (2) & Devi, 1992; unpublished sequence for the mouse enzyme
Trpl77Ala 750 (2) from D. Steiner). The removal of the aromatic side chain

2The number in parentheses is the number of independent experimentshas a relatively larger effect dg, values than ok, values
(Tables 1 and 2), with the largest changes being observed
RESULTS for the Trp181Leu mutant.
To evaluate whether mutations at positions 177 and 181
Using site-directed mutagenesis, the tryptophan residue inhave a mutual influence or act independently from each other,
position 177 has been replaced by a phenylalanine, tyrosinedouble mutants have been produced (Carter et al., 1984:
leucine, or alanine residue, and the kinetic parameters forHorowitz, 1987; Horovitz et al., 1991). If changes at
the hydrolysis of both a di- and a tripeptide substrate (Z- positions A and B in a protein are independent, then the sum
Phe-Arg-MCA, Z-Val-Val-Arg-MCA) have been determined of both effects should be the same as for the corresponding
(Tables 1 and 2). Conservative replacement of the Trp177 double mutant. If not, then mutual interactions between the
in cathepsin S by a phenylalanine or a tyrosine results in aresidues occur, or structural pertubation with an effect on
20—30-fold decrease in the second-order rate conant  the activity takes place. Additivity is normally observed
Km (Figure 2). This drop is mainly caused by-1P0-fold when the sites of multiple mutants are distant from each other
decrease irks, Whereas theKy value is essentially un-  (Wells, 1990). This method was recently successfully used
changed for the phenylalanine mutant and only 3-fold for coordinated amino acid replacements in an interdomain
increased for the tyrosine mutant. Although it cannot be interface in papain (Vernet et al., 1992). It is preferable for
generalized for cysteine proteinases that acylation is the rate-such experiments to compare the second-order rate constants
limiting step in the hydrolysis of amide substrates, it seems since this constant is insensitive to possible changes in the
likely that the binding of the bulky MCA-leaving group is  rate-determining step or nonproductive binding modes
not severely affected by these mutations. In contrast, introduced by the mutations. The results for the single
nonconservative mutations (Trpl177, Leu, Ala) result in a mutants Trp177Ala and Phe181Ala and for the double mutant
significant increase in thi, values by comparison with the  Trp177Ala/Phe181Ala show that the effects on KagKm
wild-type enzyme (Table 1). These data indicate a depen-value are not additive (Table 3), suggesting that residues 177
dency on the size and/or hydrophobicity of the residue at and 181 interact.

position 177 for the measureld, values which may be The elimination of the hydrogen bond between Asn175
interpreted as a decreased affinity of the enzyme for the and His159 in cathepsin S in the Asn175Ala mutant results
substrate. in a 2700-fold decrease in the second-order rate congtant (

The mutation of Phel81 to a tryptophan residue has only Ky,) for the hydrolysis of the specific cathepsin S substrate
a small effect on th&,, and on thek 4 values for both MCA Z-Val-Val-Arg-MCA. The drop in activity is mainly due
substrates (Tables 1 and 2). Also, no difference betweento an approximately 700-fold decreasekin. However, the
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Table 3: Comparison of the Single Mutants Trp177Ala, Phel81Ala, and N175Ala with Their Double Mutants Trpl177Ala/Phel81Ala,
Asnl75Ala/Trpl77Ala, and Asn175Ala/Trpl77Phe

single mutant product,
Trpl77Ala Phel81Ala sum double mutant coupling energy
(Kead Km)wt! (Kead Km)mut 130 140 18200 1960
AAG? 11.9 12.1 240 18.6 —5.4
single mutant product,
N175Ala Trpl77Ala sum double mutant coupling energy
(Keal Km)wt! (Keaf Km)mut 2862 130 372060 59286
AAG 19.7 12.0 317 27.2 —4.5
single mutant product,
N175Ala Trpl77Phe sum double mutant coupling energy
(Kead Km)wt/ (Keal Km)mut 2862 19 54378 36087
AAG 19.7 7.3 27.0 26.0 -1

2 AAG was calculated according t8AG = —RT In[(Keaf Kim)mut (Keal Kim)w].-

Table 4: K, Values of pH-Activity Profiles for the Hydrolysis of Z-Val-Val-Arg-MCA by Wild-Type, Trpl177, Phel81, and Asn175 Mutant
Forms of Human Cathepsin S

enzyme Kal pKa2 pKa'l width midpoint
wild-type 4.48+ 0.03 7.86+ 0.03 3.38 6.17
Trpl77Phe 4.5% 0.05 7.77+ 0.04 3.26 6.14
Trpl77Tyr 4.35+ 0.01 7.75+ 0.03 6.2+ 0.3 3.39 6.06
Trpl77Leu 4.80G+ 0.01 7.22+0.03 2.42 6.01
Trpl77Ala 5.14+ 0.07 7.90+ 0.05 2.72 6.52
Phel81Trp 6.65 0.03 7.82+ 0.04 3.17 6.23
Phel81Leu 4.76- 0.05 7.68+ 0.05 2.92 6.22
Trp181Ala 4,52+ 0.05 7.78+ 0.05 3.26 6.15
Trpl77Ala/Phel81Ala 4.52 0.01 8.48+ 0.09 3.96 6.50
Asnl75Ala 4.72+ 0.02 6.91+ 0.07 2.19 5.82
Asnl75Ala/Trpl77Ala 4.4%0.01 7.54+ 0.09 3.05 6.02
Asnl175Ala/Trpl77Phe 54£0.1 7.18+ 0.01 2.08 6.14

elimination of the aromatic side chain of residue Trpl177 order of magnitude (35 000-fold) as for the Asnl75Ala/
(mutant Trpl77Ala) and, therefore, a probable exposure of Trp177Ala mutant.

the hydrogen bond between Asnl75 and His1S59 to the The |owest coupling energy was determined for the

solvent decrease the./Kn only by 130-fold with a 17-fold Asn175Ala/Trpl77Phe mutant which reveals essentially
decrease ica. This indicates that Trp177 atmost has only - oqgitivity, e.g., an independent behavior of the two mutated

a partial influence on the stability of the hydrogen bond (egjques (Table 3). The phenylalanine residue in position
betwe_en Asnl7s .and His159 in cathepsin S. A series of 177 g obviously no direct influence on the stability of the
mutations at position 177 (Trp177Phe, -Tyr, -Leu; Table 4) hydrogen bond between Asnl175 and His159. This is not
shqwed_ tha_t t_ry_ptopha}n 177 ncreases the basicity _Of thesurprising since computer modeling studies on the papain
active site histidine by increasing it&p thereby enhancing structure reveal that this hydrogen bond is still sufficiently

the nucleophilicity of the catalytic cysteine. Additionally, ; - ; L
o ) S protected by a phenylalanine residue in position 177. The
![L'S I'kt?\lly tk};’;\t r-1r|rrt)|]c.i|7n7 de_I(_: redailst(iar? thiehrcE)tats\cI) narI] ?ﬁxﬁ 'Igy of n mutant Asn175Ala/Trpl77Ala displays a coupling energy
€ active site histigine. 10 distinguish between e Nyarogen o+ _ 4 5y 3/mol (Table 3), suggesting less additivity and a
bridge shielding effect and the more direct effect on the : . A
LI partly overlapping effect of the two sites of mutation on the
histidine by Trpl77, two double mutants Asnl75Ala/ e . :
activity of cathepsin S. The complete removal of the side

Trpl77X (X = Ala, Phe) were designed and analyzed. If . .
the main effect of Trp177 on activity is through the shielding chain of residue 177 exposes the hydrogen bond to the

of the hydrogen bond between Asn175 and His159, then theSOIVent which may partly destabilize this bond.

single mutant Asn175Ala and the double mutant Asn175Ala/  To obtain information on the influence of mutations at
Trp177Ala should behave in a similar way since in both casesresidues Trpl77 and Phel81 on the ion-pair stability of
there is no hydrogen bond to protect. Tkg/Kn, of the cathepsin S, thelfy values of the pH profiles for the mutants
double mutant drops 20-fold compared to the Asn175Ala were determined (Table 4). The unusukkpalues for the
mutant or 60 000-fold when compared to the parent enzyme, active site histidine and cysteine residues (Clfs $—4.5;
indicating that the role of Trp177 is not only in the physical His pKa 8—8.5) have been shown to be a prerequisite for
shielding of the hydrogen bond. This conclusion is supported the formation of an thiolateimidazolium ion-pair (Creighton

by the double mutant Asnl175Ala/Trpl77Phe which is & Schamp, 1980; Lewis et al., 1981) at neutral pH.
characterized by a conservative mutation in position 177. Furthermore, the distance between the histidine and the
Although the side chain in residue 177 is reduced in size cysteine residue has a large influence on the ion-pair stability
only by the pyrrole part of the indole ring of tryptophan 177, (Pickersgill, 1988). Meard et al. (1991a) could demonstrate
the keafKm value decreases for this double mutant by the samethat the values of ig.1 and K.2, the K.s that respectively
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FiIGURE 3: pH dependence &d..{Kn for the Asn175Ala mutantin ~ FIGURE4: pH dependence ¢¢a/Kn for the Trpl77Ala/Trpl81Ala
comparison to the wild-type enzyme of human cathepsirkS/ double mutant in comparison to the wild-type enzyme of human
Km values were determined at each pH by measuring the initial cathepsin S.

rate of Z-Val-Val-Arg-MCA hydrolysis and by dividing by enzyme

and substrate concentrations. DISCUSSION

From the alignment of over 100 full or partial papain-like
cysteine proteinase sequences (Berti & Storer, 1995), it can
be seen that in addition to 4 half-cystines only 6 other
residues are fully conserved. These residues (GIn19, Cys25,
His159, Asnl75, Trpl177, and Gly185) form a cluster in the
enzyme active sites and comprise the following: the catalytic
triad residues, Cys25, His159, and Asn175; the oxyanion hole
side chain, GIn19; and Trp177 and Gly185, whose functions,
and hence the rationale for their conservation, have not been

The width of the pH profiles (8.2 — pKal) is notchanged  gjiscussed at length in the literature. Gly185 is situated at
for the conservative mutations Trp177Phe and -Tyr, indicat- the j + 2 position of a conserved type # turn, and the

ing that no detectablle destabilization of the ion-pair occurs gtryctural constraints placed on this position can readily
(Table 4). Interestingly, for the mutant Trpl77Tyr, an account for the conservation of this residue. The conserva-
additional X, of 6.17 is observed, and the activity of the  tjon of Trp177 is probably closely linked to residue 181.
higher pH form of the enzyme, i.e., above 6.17, is ap- This residue is highly conserved; i.e., a tryptophan residue
proximately double that of the lower pH form (data not s found at position 181 in all known papain class cysteine
shown). Itis possible that this additionakpis due to the  proteinase sequences with the exception of cathepsin S and
phenolate of the tyrosine which is shifted by the microen- 5 tomato enzyme which contain, respectively, either a
Vironment in the aCtiVe Site to thIS Unusual IOW Value. In pheny'alanine or a Cysteine residue at th|S position' In
model peptides, theky of the phenolate in tyrosine is only  aqdition, in all enzymes of this class for which a three-
a little higher than that of cysteine (Fersht, 1985). The dimensional structure has been reported and for which
nonconservative mutations Trp177Leu and -Ala result in a stryctural coordinates are available, the side chains of Trp177
drop in the width of the corresponding pH profiles by 0.9 and Trp181 are interacting through an aromaticomatic-
and 0.6 pH units, respectively, which can be regarded as atype interaction (Figure 5). The planes of the indole rings
considerable ion-pail’ destabilization. With the exception of are essentia”y perpendicu'ar, and the centroids of the two
the yvidth (_)f_the profi_le. This indicates that the stability of 5). In addition, both indole rings participate as pseudo-
the ion-pair is more influenced by Trp177 than by Phel81. hyqdrogen bond acceptors in interactions with the two side
Compared to the wild-type enzyme, the widths of the pH chain amide protons of Asn175. One proton is situated 2.4
prOﬁleS for the mutant Asnl75Ala (Figure 3) and for the A above the p|ane of the Trp177 benzene on the perpen-
double mutant Asn175Ala/Trp177Phe are decreased by 1.14qicylar through the centroid of that ring. The second amide
and 1.25 pH units (Table 4), again indicating a significant proton is situated 2.4 A along a line through the centroid of
destabilization of the ion-pair. However, the width of the the benzene ring of Trp181 that defines an angle 6t
pH profile is in the range of the parent enzyme for the the plane of the ring. A further interaction between the side
Asnl175Ala/Trpl77Ala mutant. chains of Trp177 and His159 also exists. In this interaction,
Since the pH profile of the Trpl77Ala mutant (Table 4) the centroids of the five- and six-membered rings of the
has a marked shift in itska1 to a higher pH value and the indole are 4.8 A and 5.0 A from the centroid of the imidazole
Phel81Ala mutant does not exhibit an alteration of its pH ring, respectively, and the planes of the two ring systems
profile, it was predicted that the pH profile of the double intersect at an angle of 34 A similar Trp—His interaction
mutant Trp171Ala/Phel81Ala should resemble more that of that results in an elevatedpof the histidine side chain has
the Trpl77Ala mutant. Surprisingly, an even broader pH been reported by Loewenthal et al. (1992) for the enzyme
profile than that of the wild-type enzyme was determined barnase. Clearly, the functional roles of residues 175, 177,
(Figure 4), indicating some unknown compensating effects. and 181 are potentially both complex and highly coupled.

define the acidic and basic limbs of the enzyme’'s—pH
activity profile, can be affected by small conformational or
environmental modifications and that variations &tp and
pKa2 reflect changes in ion-pair stability. According to the
model, a destabilization of the ion-pair would result in a
decrease iK™ (the equilibrium constant between the ion-
pair and its neutral form) and in turn a narrowing of the pH
profile.
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FiGure 5: Stereo diagram showing the relative orientations of the side chains of residues GIn19, Cys25, Asn175, Trp177, and Trp181 in
the structure of papain (Kamphius et al., 1984).

Table 5: Distances (A) and Angles (Degrees) Derived from the Modeling Study of Cathepsin S Wild-Type and Mutant Forms
distances (A) for enzyme form

from to centroid of side chain benzene ring of residue  wild-type  Phel81Trp  Trpl77Phe
closest side chain NH of Asn175 177 2.3 24 2.7
181 2.6 24 23
centroid of side chain imidazole ring of His159 177 51 5.0 4.6
181 8.3 8.1
centroid of side chain benzene ring of residue 181 177 5.0 5.2 5.7
angles (deg) for enzyme form
angles between planes defined by side chain rings of residues wild-type Phel81Tcp Trpl77Phe
159 and 177 34 34 29
159 and 181 72 72 68
177 and 181 103 103 96

Thus, it can be anticipated that mutations at positions 175, tion favorable for catalysis rather than a significant contribu-
177, and 181 may affect the activity of cysteine proteinases tion through electrostatic stabilization (Drenth et al., 1975).
through one or a combination of effects; however, a naturally This role for Asn175 was originally proposed based on the
occurring variant at position 181, cathepsin S and its mutants,examination of the crystal structures of cysteine proteinases
provides valuable insight into the roles of these residues andand the H-bond that is formed between the side chain amide
their influences on the catalytic residues with which they oxygen of Asn175 and the Nd-bf His159. This H-bond is
interact. approximately collinear with the His1593%c-Cy bond, thus
Asparagine 175 The geometries of the catalytic triads allowing rotation of the imidazole ring of His159 around
in cysteine (Cys-His-Asn) and serine proteinases (Ser-His-this bond without breaking the Asn1#5lis159 H-bond.
Asp) are very similar (Garavito et al., 1977); however, Based on this observation, it has been suggested that the role
nonconservative mutation of the Asp residue to Ala for the of Asnl75 is to optimally orientate the His159 to enable it
serine proteinase subtilisin and to Ser for trypsin resulted in to participate in the various steps in the enzyme’s catalytic
approximately 16fold reductions in enzymatic activity path. In the resting stage of the enzyme, the His159 side
(Carter & Wells 1988; Corey et al., 1992). The apparently chain would be positioned such that the thiol group of Cys25
greater contribution of the Asp residue to the catalytic activity is in the plane of the imidazole ring, thus promoting proton
of serine proteinases over the Asn residue in cysteinetransfer from the cysteine to the histidine side chain.
proteinases probably reflects basic differences in the catalyticFollowing substrate binding, the protonated imidazole ring
mechanisms of the two classes of enzyme (Polgar & Asboth, would rotate by approximately 3@o be positioned for the
1986). For serine proteinases, the formation of the transition optimal donation of its proton to the leaving group of the
state and tetrahedral intermediate is accompanied by chargeubstrate (Drenth et al., 1975). In contrast to the relatively
separation, and it has been suggested that the negative chargslvent-exposed but more orientationally fixed histidine
on the aspartate contributes to this process and hence catalysiesidue in serine proteinases, the potentially flexible histidine
through electrostatic stabilization (Warshel et al., 1989). In in cysteine proteinases of the papain family is shielded from
cysteine proteinases, charge separation in the form of an ion-bulk solvent by a conserved tryptophan residue at position
pair is already present in the ground state, and generation ofl77. Additionally, the hydrogen bond formed between
the transition state and tetrahedral intermediate causes onlyAsn175 and His159 is shielded from solvent by Trp177 and
a rearrangement of the charges. It has been suggested thaftrp181 (Baker & Drenth, 1987).
the asparagine residue of the catalytic triad is of importance An investigation of the role of the asparagine residue in
for the stabilization of the ion-pair form of the catalytic the catalytic triad of cysteine proteinases (Cys-His-Asn) has
cysteine and histidine residues largely by a contribution to been previously reported (Vernet et al., 1995). In that study,
the maintenance of these active site residues in a conformathe Asnl175 of papain was replaced by an alanine which
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resulted in a 150-fold decreasekin/Km. The corresponding  chains, e.g., as in Trp177Phe and Trpl77Ala (Tables 1 and
Asnl75Ala mutation in cathepsin S has a significantly greater 2), the activity of the enzyme drops in an essentially parallel
effect on that enzyme’s catalytic activity, i.e., 2800-fold fashion for the two MCA-based substrates but to a lesser
(Table 1, Figure 1). This larger effect can possibly be degree for the smaller pNA substrate (Table 2). This
rationalized on the basis of the differing environments of indicates that the effect of mutations at position 177 on the
the Asn175 residues and hence differences in the magnitudeactivity of cathepsin S is influenced in part by thé S
of the contribution of the residue to the catalytic efficiency enzyme-substrate interactions, indicating that the side chain
of the two enzymes rather than reflecting differing catalytic of residue 177 contributes toward defining thle Subsite
roles. Although the crystal structure of cathepsin S has not specificity.

_been repo_rted, it is possible to predlctaS|gn_|f|cant_d|fferen_ce In Trpl77, c2 is—12°, far from 90 hence, from the

in the environment of the residue by comparison with papain. modeling study, it is not possible to reposition the phenyl

The contribution of Asn175 to the stability of the catalytic  ring in Trp177Phe close to the space occupied by the benzene
site thiok-imidazolium ion-pair is reflected by the sensitivity ring in Trp177 by a simple rotation about c1. Following a
of the enzyme’s pHactivity profile to mutations at this sitt molecular dynamics minimization, the centroid of the phenyl
(Figure 3; Vernet et al., 1995). It has previously been shown ring in Trp177Phe is 2.7 A from HN1 of Asnl75, a
that factors influencing the catalytic ion-pair stability of gjgnificant increase from the 2.3 A found in the wild-type
cysteine proteases in addition to affecting the intrinsic activity enzyme, suggesting a weakening of the interaction between
of the enzymes will also result in a modification of the width e aromatic residue at 177 and Asn175. It is interesting to
of their pH-activity profiles (Meard et al., 1991); i.e.,  pote that the weakening of this interaction, as with the loss
destabilizing effects will result in narrower profiles while ¢ 4 corresponding interaction between residue 181 and
stabilizing ef_fects vinI resm_JI_t in broader profiles. The model Agn175 (see below), does not result in a significant change
that relates ion-pair stability changes to measured changesy, yhe width of the pH-activity profile and therefore there

in the activity and pH profile of a particular enzyme was 5 getectable decrease in the stability of the catalytic ion-
developed for the characterization of mutations of noncata- ..

Iytic residues (Maard et al., 1991a). Complexities intro- paur ) ,
duced as a result of mutating a catalytic residue such as |N€ replacement of Trpl77 by the nonaromatic amino
Asn175 are discussed by Veret et al. (1995). They conclude@cids glamne and leucine results in even Iarger reducpqns,
that although it is difficult to dissect out the relative effects @PProximately 100- and 400-fold, respectively, in the activity
of the Asnl175Ala mutation in papain on both ion-pair ©f cathepsin S (Tables 1 and 2) and also significant narrowing
stability and intrinsic activity, the model used is still ©f the pH profile (Table 4). As with the Trp177Phe and
consistent with changes in the width of the peictivity ~ TP177Tyr mutants, the Trp171Ala and Trp177Leu mutations
profile reflecting changes in ion-pair stability. In this regard, €an be expected to result in significant effects on substrate
it is interesting to note that the Asn175Ala mutation in papain Pinding due to the loss of hydrophobic and hydrogen-bonding
results in a narrowing of the that enzyme’s -paktivity interactions within the ‘g subsite. Indeed, based on the
profile by 1.58 pH units whereas the equivalent mutation in changes in activity observed for the Trp177Phe and Trpl77Tyr
cathepsin S results in a 1.19 pH unit narrowing. Clearly, mutants, the decreases in activity of the Trpl77Ala and
the same mutation in the two enzymes has a similar effect Trp177Leu mutants can be expected to be in large part due
on the ion-pair stability. to changes in the affinity of the enzyme for the substrate as
Tryptophan 177 As stated above, both Trpl77 and 2 res.uI.t of the mutations. The more pronqunced decrease
Trp181 potentially influence cysteine proteinase catalytic N activity as aresult of the Trpl77Leu mutation as compared
efficiency in a number of ways; for example, it has been with the Trp177Ala mutation is probablyaresglt of the bquy
suggested that they play a role in forming tHe Sibsite of npnplanqr nature of the leucine side cham; ie., the leucine
the binding site. It is known from studies with substrates Side chain cannot be accommodated within the volume
(Ménard et al., 1993), inhibitors (Bmome & Kirschke, 1993), ~ occupied by the aromatic side chain normally found at that
and nucleophiles (Schuster et al., 1992) that papain and othePOsition. Thus, the side chain of Trp177Leu can be expected
cysteine proteinases including cathepsin S show a preferencd® Protrude significantly into the 'S binding site, thus
for the binding of bulky aromatic groups in thé Site, and mtrodgqng a steric interaction Wlth substrate .When bound.
it is suggested that these groups interact with the indole ring In addition, the nonplanar leucine side chain will structurally
of Trpl77. This suggestion is supported by the recently perturb the residues with which Trp177 normally interacts,
solved structure of the cysteine proteinase cathepsin Bi-€., His159 and Asnl175, accounting for the narrower-pH
complexed with CA030, a specific epoxysuccinyl inhibitor activity profile obtained for this variant than is seen with
(Turk et al.,, 1995). In this structure, the side chain of the the Trp177Ala mutant. Based on the results obtained with
inhibitor P, isoleucine residue binds into a hydrophobic the Phel81Ala mutant described below, the—agtivity
pocket defined by residues (cathepsin B numbering) Val176, profile narrowing and the associated decrease in ion-pair
Leul81, Met196, and Trp221. The latter residue is the Stability observed with the Trpl77Ala mutant cannot be
equivalent of Trp177 in cathepsin S and papain. In addition, explained in terms of the loss of the Asni7brpl77
from the X-ray structure it can be seen that the tryptophan amide-aromatic interaction or the Trp1#Phel81 aromatie
Nel atom and its associated proton form a hydrogen bond aromatic interaction since the loss of the same or equivalent
to the backbone carbonyl oxygen of the inhibitol, P  interactions with the Phel81Ala mutant had no detectable
isoleucine. This involvement of Trp177 in forming part of effect on the enzyme’s pHactivity profile. These effects
the S; subsite is further supported by the observation that must therefore be due to loss of other Trpl177 side chain
on replacing the indole ring of Trpl77 with smaller side properties, i.e., the His159Trp177 histidine-aromatic
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interaction or the shielding from bulk solvent afforded to ring occupying the pyrrole region of the original tryptophan.
the His159-Asnl175 inter-side-chain hydrogen bond. The In this orientation, the distance of the Asn175 HN2 to the
magnitude of the pHactivity profile change,—0.66 unit, centroid of the Phe181 phenyl is 2.4 A, a distance comparable
is in line with the 0.6 pH unit change observed in th& pf to that found in the crystal structures with Trp181. In
a histidine residue (Loewenthal et al., 1992) in barnase whenaddition, the modeled orientation of the Phel81 side chain
the tryptophan with which it interacts was mutated to an allows for the maintenance of the 17I81 aromatie
alanine. The introduction of a second mutant, Trp177Phe, aromatic side chain interaction. The equivalence of the Trp
into the Asn175Ala form of cathepsin S results in a further and Phe residues at position 181 can readily account for the
13-fold drop in activity (Table 1), which is comparable to high and comparable levels of enzymatic activity expressed
the 19-fold drop observed for the single Trp177Phe mutant, by both wild-type and mutant Phe181Trp forms of cathepsin
indicating that the effects of the two individual mutations S (Tables 1 and 2). The importance of an aromatic residue
are additive. However, the introduction of the second is underscored by the 100-fold dropkg/Km upon mutating
mutation Trp177Ala into the Asn175Ala mutant results in a Phel81 to alanine (Tables 1 and 2). The even larger decrease
21-fold drop of activity, which is significantly less than the in k../Km observed as a result of the Phel181Leu mutation
130-fold drop obtained with the single mutant Trpl77Ala. (approximately 2500-fold) is probably due in part to the
This latter result suggests that the effects on activity of the bulky nonplanar nature of the leucine side chain. From the
Trpl77Ala and Asnl75Ala are not additive and that a modeling study, it can be seen that this side chain is unable
commonality exists in the influences of these two mutants to fit into the narrow slot that an indole or phenyl ring can
on the activity of the enzyme. A possible explanation of readily occupy. With Phe181Leu, significant local structural
this effect lies with the His159Asn175 hydrogen bond in  perturbations can be expected that will influence Asn175 and
that the Asn175Ala mutation eliminates it and the Trp177Ala Trp177 and in turn the residues with which they interact.
mutation probably weakens it through the resulting increased This probably accounts for the narrower pBictivity profile
exposure of the hydrogen bond to bulk solvent. observed for this mutant (Table 4), reflecting a decrease in

As discussed above, in addition to a potential contribution i0n-pair stability. It is also interesting to note that the
to the $; subsite through which it may interact with bound Mmutations Phel81Trp and Phel81Ala do not result in a
substrates and inhibitors, the side chain of Trp177 is involved significant modification of the width of the pH profile of
in side chair-side chain interactions with His159, Asn175, cathepsin S. This can be taken as an indication that the
and the Phe (cathepsin S) or Trp (other papain family mutations do not influence to a significant degree the stability
cysteine proteases) at position 181. In contrast to Trp181,0f the catalytic thiolateimidazolium ion-pair. Conse-
the mutation of Trp177 in cathepsin S to another aromatic quently, since the elimination of the aromatic side chain in
residue, i.e., phenylalanine or tyrosine, results in a significant, the mutant Phel81Ala results in a loss of the amide
approximately 25-fold, decrease ka./Kn. This decrease  aromatic interaction between residues 175 and 181 and also
is not accompanied by a detectable effect on the width of the aromatie-aromatic interaction between residues 177 and
the pH profile ofk.a{Kn for the enzyme. From the modeling 181, neither of these two interactions can be considered as
study, it can be seen (Table 5) that the Trp177Phe mutationimportant for the stability of the ion-pair. The significant
retains the potential to participate in the equivalent histidine  drop in activity observed for this mutation (approximately
aromatic, amide-aromatic, and aromaticaromatic interac-  100-fold, Tables 1 and 2) can possibly be explained on the
tions with residues 159, 175, and 181, respectively, that the basis of an effect on the substrate binding rather than a direct
wild-type Trpl77 is capable of forming. It is probable, effect on the reactivity of the catalytic residues. A question,
however, that the strength of the interactions will differ that for the time being must remain unanswered, is as
somewhat. The modification of theé;Subsite as a conse- follows: In light of the results described above, and in
guence of the Trp177Phe and Trpl77Tyr mutations will particular the relative insensitivity of the enzyme to the
change both the shape and the hydrophobicity of the site inPhel81Trp mutation, why is a phenylalanine residue not
addition to eliminating the side chainefl with its potential found more frequently at position 181 of papain-like cysteine
to hydrogen bond to the substrate’s Barbonyl (the latter ~ proteinase sequences?

not being an issue with the substrates used in this study), The decreases in catalytic activity observed for the various
probably resulting in less efficient binding of the substrate mutations at positions 175, 177, and 181 have in part been
at this site. Hence, in light of no significant effects on the explained in terms of decreases in the stability of the active
ion-pair stability, the impacts of the conservative Trp177Phe sjte thiolimidazolium ion-pair as evidenced by the nar-
and Trp177Tyr mutations on the activity of the enzyme are rowing of corresponding pHactivity profiles. However,
most probably due to effects on substrate binding. AS g5 can be seen from Table 4 for the double mutant
reported in Table 4, the introduction of a tyrosi_ne residue at Trp177Ala/Phe181Ala, although the activity of the enzyme
position 177 results in an additionakpof 6.17 in the pH s decreased almost 2000-fold relative to wild-type, the-pH
dependency ok.a/Kn, for cathepsin S, with the higher pH  activity profile is broader than that of the wild-type enzyme
form of the enzyme having approximately double the activity by 0.58 pH unit. In addition, the Asn175Ala/Trp177Ala
of the lower pH form. It is not possible, based on the pH—activity profile is wider than expected based on the
available evidence, to identify the source of this additional profiles of the two corresponding single mutants. These
PKa however, one candidate is a perturbdd, pf Tyrl77.  regults suggest that for the lower activity mutants additional
Tryptophan 181 From a computer modeling study using as yet unidentified factors must be taken into account when
the structure of papain as a starting point, the direct trying to relate catalytic activity to ion-pair stability through
replacement of the Trp181 indole ring by a Phel81 phenyl the use of perturbations to the width of the péktivity
as in wild-type cathepsin S can be seen to result in the phenylprofile of the enzyme.
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