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Crystal structure of a caricain D158E mutant in complex with E-64
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Abstract The structure of the DI1S8E mutant of caricain
(previously known as papaya protease omega) in complex with
E-64 has been determined at 2.0 A resolution (overall R factor
19.3%). The structure reveals that the substituted glutamate
makes the same pattern of hydrogen bonds as the aspartate in
native caricain. This was not anticipated since in the native
structure there is insufficient room to accommodate the
glutamate side chain. The glutamate is accommodated in the
mutant by a local expansion of the structure demonstrating that
small structural changes are responsible for the change in
activity.
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1. Introduction

Since the structure of the plant cysteine protease papain
was solved by Drenth et al. in 1968 [1] there has been con-
siderable discussion of the role of Asp-158 (papain number-
ing) in the activity of the cysteine proteases. The active site
cysteine and histidine have clearly identifiable roles in hydro-
lysis of the peptide bond the former acting as the nucleophile
and the latter as the general acid/base. It is now generally
accepted that Cys-25 and His-159 exist in ionized form in
the active site [2-5]. Caricain (previously known as papaya
protease omega) is the most basic cysteine protease from the
latex of Carica papaya with 69.5% sequence identity with pa-
pain [6]. Refined structures of the papain superfamily are:
papain [7], actinidin [8], human liver cathepsin B [9], caricain
[10], cruzain [11] and glycyl endopeptidase [12]. There are also
a number of cysteine protease structures determined in com-
plex with the inhibitor E-64 (see Section 2): papain/E-64 [13],
papain/E-64-c [14] and actinidin/E-64 [15]. The reader is re-
ferred to Brocklehurst ([16] and references contained within)
for a review of the kinetics of papain and caricain.

The electrostatic component of the interaction between the
side chain of Asp-158 and Cys-25 in papain was calculated to
be 0.7 pK, units [17,18] and for caricain 0.8 pK, units [19].
Site-directed mutants of papain at position 158 have been
reported by Ménard et al. [20,21]. In the first of these papers
Asp-158 was demonstrated not to be an essential catalytic
residue in papain. The second paper reported three additional
mutants at 158, namely Gly, Ala and Glu. The k,:/K,, values
ranked as follows: Asp > Asn> Glu> Gly from which they
concluded that the hydrogen bonds made by residue 158 are
important in stabilizing the ion pair since Asn could make
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‘similar’ hydrogen bonds to the Asp but the Glu could not.
These authors clearly consider that Asn could fit neatly into
the unperturbed structure whilst the Glu side chain is too long
to fit. Taylor et al. [19] report the effect of substituting Ala,
Asn and Glu for Asp-158 in caricain and highlight the poten-
tial multiple ionizations involved in activity. The k..;/K,, val-
ues for the caricain mutants rank Asp > Glu> Asn> Ala.
This suggests that for caricain the Glu-158 mutant is the
most similar in structure as it has the highest activity. Clearly,
the same hydrogen bonds could be made by the glutamate if it
could be accommodated within the structure.

To establish the position of the glutamate side chain at
position 158 in caricain we have determined the structure by
X-ray crystallography. We discuss this structure and activity,
and the implications for understanding the effect of mutations
at the corresponding position in papain.

2. Materials and methods

2.1. Production of the caricain mutant DI58E/E-64 complex

The expression of procaricain, without the 26 amino acid signal
sequence, in E. coli has been described [22] as has the site-directed
mutagenesis to produce the DIS8E mutant [19]. The protein was
produced as inclusion bodies which were solubilized, refolded and
processed to mature enzyme as described previously [19,23]. The acti-
vated caricain mutant was then reacted with a molar excess of the
specific inhibitor L-trans-epoxysuccinyl-i-leucylamido 4-guanidinobu-
tane (‘E-64’, Fig. 1) extracted from cultures of Aspergillus japonicus
[24,25] obtained from the Peptide Institute (Japan). The E-64 was
solubilized in ethanol and any non-bound E-64 was removed by wash-
ing over a dialysis membrane.

2.2. Preparation and crystallization

The crystals were grown by the hanging drop method at 18°C. The
D158E mutant complexed with E-64 was concentrated to approx. 13
mg/ml in 10 mM Tris pH 8.0. The drops contained 3 ul of the protein
complex and 3 pl of the reservoir solution which contained 29% PEG
1000 and 0.3 M (NH;);SO4. The crystals were rather small needles of
dimensions 0.15X0.05X 0,05 mm belonging to the monoclinic space
group C2 with a=53.45 A, b=65.33 A, c=64.37 A and B=111.60°
with one molecule in the asymmetric unit.

2.3. Data collection and processing

Data were collected from a single crystal of the caricain D158E
mutant in a complex with E-64 using synchrotron radiation at the
Photon Factory, KEK, Tsukuba, Japan. These data were collected
using beam line BL-6A2 equipped with a Weissenberg camera [26].
The cassette used was of radius 429.7 mm with two 20 X 40 cm image
plates placed horizontally one above the other to enable efficient col-
lection of data to at least 2.2 A. The rotation range used was 10.5°,
with 0.5° overlap with the preceding range, and the coupling constant
was 1.5°/mm. A single exposure consisted of 30 repeats of the oscilla-
tion range at a rate of 2°/s. The total oscillation range covered was
180.5° corresponding to 36 image plates. Oscillation images of 1.0°
were used to determine the crystal parameters and the orientation of
the crystal. The data were reduced using the program DENZO [27]
running on a Silicon Graphics Indigo® extreme workstation and CCP4
programs [28] for the final internal scaling and merging of the data.
The 42446 measurements were reduced to 12010 independent reflec-
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tions with an Ry of 6.0%. The internal agreement and complete-
ness of the data as a function of resolution are presented in Table 1.

2.4. Molecular replacement

The X-PLOR program package, running on a VAX 4400, was used
to solve the rotation and translation functions [29]. The search model
was native caricain [10] with the inhibiting mercury atom removed.
Data in the range 15.0-4.0 A were used in the rotation function; the
solution (202.8, 85.0, 265.8) was at a peak height of 5.1 o above the
next highest peak and 7.7 ¢ above the mean. The translation function
solution (—0.7, 0.0, 22.4) was at 6.9 ¢ above the next highest peak and
8.9 6 above the mean. Rigid body refinement using data in the range
10.0-2.0 A reduced the R factor from 0.462 to 0.387. The first
2Fps—Fes map calculated using the rigid body refined molecular
replacement solution showed clear evidence of E-64 bound to the
active site cysteine.

2.5. Refinement

E-64 was fitted into this electron density map and glutamate was
substituted in place of aspartate at position 158. Electron density
fitting was performed using FRODO [30] run on an Evans and
Sutherland PS390 graphics system. At this stage a new entry for E-
64 was introduced into the X-PLOR topology and parameter files.
Cycles of positional and temperature factor refinement using X-
PLOR reduced the R factor for protein, water and E-64 to 0.211.
The automated refinement procedure [31] was then used in restrained
mode using protein and water. 50 cycles of restrained refinement re-
duced the R factor from 0.202 to 0.153. The resulting 3F,,s—2F
map again showed clear evidence for E-64 with the additional water
molecules mimicking the shape of E-64. Some elongated density was
suggestive of ethanol molecules. ARP is a relatively unbiased proce-
dure, but to ensure that the position of the E-64 and Glu-158 were not
biased by the previous modelling a simulated annealed omit map was
calculated using X-PLOR. This map again gave clear density for the
part of E-64 and density corresponding to the glutamate side chain
(Fig. 2). This side chain was clearly not an aspartate as seen in the
native enzyme. The glutamate, E-64, 94 water molecules and one
ethanol molecule (with good density in the 2Fg,s—Fc. map) were
included in a final cycle of positional and B factor refinement using
X-PLOR. The final model comprises 216 residues, E-64 and 95 sol-
vent molecules for which the R factor is 0.193. All residues lie in the
most favoured (87.6%) or additional allowed (12.4%) regions of the
Ramachandran plot, as defined by PROCHECK [32]. The overall G
factor for the refined structure is +0.17. Atomic coordinates and
structure factor amplitudes have been submitted to the protein data
bank (IMEG and R1IMEGSF).

3. Results

3.1. Structure of the caricain Di158E/E-64 complex

The structure has been refined to reasonable stereochemis-
try and R factor including E-64, 94 water molecules and one
ethanol in the final model. The electron density maps show
the epoxy oxygen O3 in E-64 becomes a hydroxyl bound to
C3 with the C2 atom covalently bound to the sulphur (SG)
atom of cysteine 25. The SG to C2 bond length is 1.82 A.

The RMSD* for 216 alpha carbon atoms between the
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Fig. 1. Schematic drawing of the structure of E-64 to show the
atom numbering used in the text and tables.

D158E mutant in complex with E-64 and caricain is 0.23 A.
Widening of the active site cleft on substrate or inhibitor
binding was originally suggested by Drenth et al. in 1976
[33]. Active site widening on E-64 binding has been demon-
strated in papain and actinidin [13-15] and overall the struc-
ture of the caricain D158E/E-64 complex expands slightly in
response to both the mutation and E-64 binding.

The glutamate at position 158 in the caricain D1S8E mu-
tant is well defined in the final electron density map and in
‘model bias free’ maps (Fig. 2). The side chain of the substi-
tuted glutamate forms the same hydrogen bonds to Lys-137,
Ser-136 and the main chain amides of 136 and 137 as the
aspartate side chain in native caricain. The hydrogen bonds
and distances are given in Table 4. The structure opens up
slightly to accommodate the glutamate side chain as indicated
by the alpha-carbon distances from 158 to 136 and from 158
to 137 increasing from 6.2 and 7.1 A in native caricain to 6.6
and 7.7 A in the D158E mutant. The conformation of Asp-
158 in caricain is similar to Ponder’s rotamer 3 which ac-
counts for 16% of conformers and the glutamate of the mu-
tant is closest to rotamer 7 which is only 5% of conformers
(Fig. 3) [34].

The mean temperature factors for protein and solvent are
10.2 and 22.5 A2, respectively (Table 2). The mean tempera-
ture factor for the 18 well defined atoms in E-64, from Cl1 to
C12 (Fig. 1), is 15.1 A2. Beyond C12, which has a temperature
factor of 25.1 A2, there is no electron density at the error level
in the map and the temperature factors increase by approx. 5
A? for each additional carbon such that C16 has a tempera-
ture factor of 46.3 A2. Below the error level in the electron
density map there is contiguous density suggestive of two
conformations for the non-defined part of E-64.

4. Discussion

Table 3 lists the hydrogen bonds between E-64 and caricain
DI158E, and in parentheses the distances for the papain/E-64
complex are given [13]. There are few surprises here; the con-
tacts for O1 to N2 are the same as for the papain/E-64 com-

-

Fig. 2. Stereo picture of the electron density for Glu-158 in the unbiased slowcool map (the electron density is contoured at 1 o). This is an un-
biased map resulting from a simulated annealed run with E-64 and the Glu-158 omitted.

-

Fig. 3. Stereo pictures of the hydrogen bonds involving the side chain at position 158. (A) Native caricain with D158 hydrogen bonding to the
main chain amides of 136 and 137 and the side chains of Ser 136 and Lys 137. (B) DI58E caricain mutant in complex with E-64 showing
E158 making hydrogen bonds to the main chain amides of 136 and 137, Ser 136 and Lys 137. (C) Papain with D158 making hydrogen bonds
to the main chain amides of 136 and 137. See Table 4 for details of the hydrogen bond distances.

-

Fig. 4. Sterco view of the electron density for E-64 calculated using Fgpe-Feaie Ocarc with E-64 omitted from Fiae Ocaie (the electron density

map is contoured at 1c).
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Table 1
Summary of the data quality and completeness as a function of res-
olution.

N  Dmin Rierge(I)  I/sigma  Completeness Multiplicity
A (%)
1 772 0.041 15.8 84.4 32
2 547 0.039 16.9 98.8 35
3 447 0.039 15.8 96.3 3.5
4 387 0.042 15.4 97.2 35
5 346 0.047 14.2 98.5 3.6
6 3.16 0.052 12.9 99.0 3.6
7 293 0.059 10.6 98.7 3.6
8 274 0.066 10.5 99.1 3.6
9 258 0.075 9.0 98.8 3.6
10 245 0.079 8.4 97.4 3.7
11 234 0.085 8.1 94.6 3.6
12 224 0.094 7.4 96.8 3.6
13 215 0.108 6.3 75.6 33
14 207 0.117 5.9 54.2 34
15 2.00 0.138 4.8 4.1 33
Totals 0.060 104 86.0 35

There were 42,446 measuremets of 12010 unique reflections.
Rmerge(I)zzh 2:i (<I(h)> - I(h)l) / 2h Zi I(h)

where there are i equivalents with average intensity <I(h)>.

plex and the leucyl moiety occupies the S2 subsite. The major
difference is that the 4-guanidinobutane moiety is not seen in
the caricain D158E structure. In the papain complex N4 of E-
64 makes a hydrogen bond with the hydroxyl of Tyr-61 and
N5 with the hydroxyl of Tyr-67. Residue 61 in caricain is a
histidine so the hydrogen bond to N4 cannot be made; this
may explain why the 4-guanidinobutane moiety is not seen in
the caricain complex.

Comparison of the D158E caricain/E-64 complex with the
caricain structure shows that the structure expands in re-
sponse to both E-64 binding and to the D158E mutation.
The hydrogen bonds made by the glutamate in the mutant
structure are the same as those made by the aspartate in the
native structure. In both proteins the side chain at position
158 makes hydrogen bonds to the main chain amides of 136
and 137 and to the side chains of Ser-136 and Lys-137 (Fig.
3A,B). It was not clear that these hydrogen bonds would be
conserved in the glutamate mutant since without local expan-
sion the glutamate side chain would be too long to fit. The

Table 2

Stereochemical details of the final model

Resolution range (A) 10.0-2.0

Number of reflections 11858

Number of atoms 1764

Number of protein atoms 1642

Number of E-64 atoms 25

Number of solvent molecules 95 (including 1 ethanol)
R value 0.193

Overall G factor +0.17

87.6% (allowed), 12.4%
(additionally allowed)

Ramachandran plot

RMSD? in bond length 0012 A
RMSD in bond angle 1.7°
RMSD in dihedral angle 25.6°
RMSD in improper angle 1.7°
Mean B factor for protein 10.2 A?
Mean B factor for solvent 20.7 A?

15.2 A? (18 atoms to C12)
22.5 A? (all E-64 atoms)

2RMSD is root mean square deviation from the parameters of Engh
and Huber {35].

Mean B factor for E-64
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Table 3

Hydrogen bonds between E64 and caricain

E-64 Caricain Distance (A)
01 N(25) 3.01 (2.95)
01 NE2(19) 2.74 (2.87)
02 ND1(159) 2.88 (2.90)
04 N(66) 2.78 (2.88)
N1 O(158) 3.27 (3.40)
N2 O(66) 2.94 (3.04)

The figures in parentheses are the corresponding distances in the pa-
pain-E-64 complex {13]. Atom names for E-64 are given in Fig. 1.

alternative was that the glutamate might be more solvent ex-
posed with water filling the cavity left by the movement of the
side chain. The refined structure of the D158E mutant shows
that substitution of glutamate for aspartate opens up the
structure locally allowing the hydrogen bonds to be made.
It could be argued that E-64 affects the conformation of the
glutamate side chain and that in the absence of E-64 the
glutamate moves out of the structure but this seems unlikely
given the number and strength (distances) of the hydrogen
bonds involved. The hydrogen bonding distances involving
the side chain at position 158 are presented in Table 4. Struc-
turally, the major effect of the mutation is not a major repo-
sitioning of the charge of 158 but a subtle shift in the poly-
peptide chain forming a part of one side of the active site and
substrate binding cleft. The carboxylate of the glutamate is
slightly reorientated towards the active site histidine. The
subtle change in the position of the charge and the change
in solvation of the active site groups due to the local expan-
sion would then be expected to be responsible for modified
pH activity profile [19].

The effect of the same mutation (D158E) on the conforma-
tion of papain may be different since the aspartate is hydrogen
bonded only by the main chain amides of 136 and 137 and not
by the side chains of these residues since they are alanine (Fig.
3C). The glutamate could be accommodated with a similar
local expansion to that seen in caricain or alternatively the
side chain could occupy a more solvent exposed position as
there are fewer hydrogen bonds to hold it in position. This
caricain result opens up the possibility that the glutamate
might be accommodated in a similar way in the mutant pa-
pain. The reversed order of ku/Ky, for mutants Glu > Asn in
caricain and Asn > Glu in papain [19,21] might be because it
is easier to accommodate Asn in papain than in caricain with-
out any change in structure as fewer hydrogen bonds between
residue 158 and the rest of the protein are perturbed by the
substitution.

Comparison of the caricain D158E/E-64 complex with the
papain/E-64 complex shows conservation of hydrogen bonds
close to the active site amino acids and the S2 subsite and a
similar widening of the substrate binding cleft. The conserva-
tion of hydrogen bonds only breaks down around the S3
subsite where a sequence change in caricain (Tyr-61 in papain
is a histidine in caricain) implies a change in hydrogen bond-
ing pattern.
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Table 4
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Hydrogen bonds involving the side chain of amino acid 158 in caricain, caricain D158E mutant and papain

Hydrogen bond Caricain (D158) (A)

DI158E caricain E-64 complex Papain (D158) (A)

(E158) (A)
OD2(OE1)-NZ(137) 2.82 3.14 a
OD2(OE1)-N(137) 3.10 2.83 322
OD1(OE2)-N(136) 2.74 291 2.81
OD1(OE2)-0G(136) 2.73 2.80 a

2No side chain hydrogen bond since 136 and 137 are alanines in papain.
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