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Abstract Cathepsin H is involved in intracellular protein degradation and is implicated in a variety of
physiological processes such as proenzyme activation, enzyme inactivation, hormone maturation, tis-
sue remodeling, and bone matrix rggmm. A model of the tertiary structure of the human lysosomal
cysteine protease cathepsin H was constructed. The protein structure was built from its amino acid
sequence and its homology to papain, actinidin, and cathepsin L for which crystallographic co-ordi-
nates are available. The model was generated using the COMPOSER module of SYBYL.

The position and interaction behavior of the so called mini-chain, the octapeptide EPQNCSAT, to the
active-site cleft of cathepsin H could be determined bykidgcstudies. Refinement was achieved
through interactive visual and algorithmic analysis and minimization with the TRIPOS force field. The
model was found to correlate with observed empirical data regarding ligand specificity. The model
defines possible steric, hydrophobic, and electrostaticaictiens. Weanticipate that the model will

serve as a tool to understand substrate specificity and may be used for the development of new specific
ligands.
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caricain, actinidin, aleurain, and the lysosomal cathepsins
B, H, L, and S. The cysteine proteases cathepsins B, H, L,
o . and S are involved in the lysosomal protein degradation of
Papain-like cysteine proteases (E.C. 3.4.22.) belong to thg,ammalian tissues [2] and are very important since they
papain superfamilyl]. The family comprises proteases of have been implicated in various disease states [3-6]. They
plant, mammalian, parasite, and viral origin. Beside papainyre essential in the life cycle in a number of protozoan para-
the family includes plant proteases, such as chymopapaiijies [5], and are reked to Trypanosama bruce(sleeping
sickness), malaria, and dysentery. Mammalian cysteine
proteases, such as cathepsins B, H, and L have been impli-
cated in diseases that involve aberrant protein turnover, e. g.
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muscular dystrophy [3], bone resorption [7], tumor invasiv@able 1 Name of the proteins from the PDB used for the
ness [6], arthritis, and inflammatory diseases [4, 8]. Cathepedeling of the tertiary structure of cathepsin H

sin B acts predominantly as a carboxy dipeptidase [2, 9],
whereas the cathepsins S and L work as endopeptidaseﬁlf)Z]:Ode
Beside these well-known activities, the specificity of cathep-

sin H appears somewhat obscure. The aminopeptidase a t{iiv-

ity of cathepsin H was probably first studied by Fruton et i
who called the enzyme the thiol-dependent ‘leucine anlf'ij
nopeptidase’ [10]. Kirschke et al. described rat liver cathep-
sin H as an ‘endoaminopeptidase’ because it appears to
both aminopeptidase as well as endopeptidase activities; on
polypeptide substrates [11]. Takahashi et al. investigated PPlee
cine spleen cathepsin H activity in more detail [12]. It w
found that substrate peptides are cleaved by aminopepti

Protein

Actinidin with E-64

human Procathepsin L

human Coagulation Factor XIII

ec Glycylendopeptidase with Z-Leu-Leu-Val-Gly
human Cathepsin B

human Cathepsin D with Pepstatin

Papain with E-64c

Papain with Leupeptin

activity. They suggested that the specificity of the enzyr pg E?oﬁggs )
depends primarily on the S1 side chain recognition. 1pﬁt Trvosin
Mature cathepsin H (E.C. 3.4.22.16) consists of three fr ot Agt?nidin

Papain

and an octapeptide called the mini-chain (EPQNCSAT) [13]. 2-Hydroxyethylthiopapain

Cleavage of the enzyme between the heavy and light chain'i
partial and can occur between residues Asn168B ayib&C
(papain numbering).

From the amino acid sequences of rat [14], human [1Bhtation of this octapeptide in the site cleft is the same like
and mouse cathepsin H [16] it is evident that the mini-chaletermined for pCatH to avoid the use of an incorrect struc-
originates from the cathepsin H propeptide and is locategle of the active site of hCatH for intended predictions of
between propeptide residue Glu76P and Thr83P (propeptgecific ligands for this enzyme. Furthermore, it was of high
numbering). It has been shown previously that the mini-chaiportance to analyze conformational differences and amino
is boundvia a disulfide bridge to Cys212 of the body of cathercid residue substitutions in the active sites between both
psin H (cathepsin H numbering) [17]. The mini-chain hash&CatH and pCatH.
definitive role in substrate regoition. The locton of the The calculation of force field based interaction energies
C-terminal carboxyl group of the mini-chain defines the cathier the enzyme-ligand complexes and the results obtained by
psin H aminopeptidase function. Modeling of a substrate intBAPFROG [22] should be tested as two relatively independ-
the active site cleft suggests that the negatively chargede@t methods to find correlations between calculated values
terminus of the mini-chain acts as an anchor for the posid experimentally observed affinities between the enzyme
tively charged N-terminal amino group of a substrate [18]and the ligands.

An X-ray structure of human cathepsin H (hCatH) is un- The investigation of the interaction behavior of a specific
known up to now. Recently, Guncar et al. determined tligand with cathepsin H with special consideration to the S1
high resolution crystal structure of native porcine cathepsinbsite should help to understand the specificity of this en-
H (pCatH) at 2.1 A resolution [18]. However, the co-ordizyme.
nates for this enzyme were not available over the period of
the modeling of the protein structure of hCatH.

In agreement with our recently developed models of t&e hod
tertiary structures of cathepsins K and S we intend to ext ?Jt ods
the availability of the three-dimensional structure to human
cathepsin H including the so called mini-chain by using
knowledge-based approach incorporated in the COMPOS

suite of programs and refinement by interactive graphics and . .
energy rrr)ﬂnigmization [19, 20]. y grap aﬂ1e model of human cathepsin H was generated from its

The knowledge of the three-dimensional structure of h%r_nino acid sequence [15] and currently known high-resolu-

T ; : | structures of the homologous enzymes using the
man cathepsin H is essential for the understanding of the fl#i%j crysta
tion and it is a prerequisite for engineering of high specifi MPOSER program (gee Table 1) [20]. The a‘%“’”?atec' pro-
substrates and inhibitors for this enzyme. cedure permits manual interventions by determination of the

On the basis of the known X-ray structures of selectgijucturally conserved regions (SCRs) (Table 2) and selec-

proteins from the Brookhaven Protein Data Bank (PDB)!Z" Of the structurally variable regions (SVRs) (Table 3).
model of the tertiary structure of cathepsin H was constructsg® Minimum sequence identity required as a homologous
[21]. In addition, we modeled the structure of the mini-chafidUence o the target sequence was set to 30%. The number
situated into the active site cleft of hCatH. Based on the Y{lich provides a measure of the significance of the align-
sults described by Guncar et al. it was investigated if the gAENt Was chosen to 4. The Needlemann-Wunschitigor

ments: the N-terminal heavy chain, the C-terminal light cha§|E D
8

Eagpwledge-based model building of cathepsin H



J. Mol. Model.1999 5 179

Table 2 Modeling of the SCR Amino acid Cathepsin H ID Start in Identity
structure of human cathepsin

H based on SCRs from cy- length number code source protein (%)
steine proteases SCR 1 11 1-11 1qj 1 50
2 47 13-59 1cjl 12 52
3 19 63-81 1cjl 62 53
4 18 83-100 lppn 79 50
5 9 111-119 lgec 108 36
6 10 120-129 1cjl 118 50
7 11 131-141 laec 130 46
8 13 142-154 1ppn 139 46
9 13 163-175 lgec 156 77
10 22 181-202 1cjl 182 59
11 14 205-218 1cjl 198 57

and the permutation homology matrix were used in the seral models. PROSA calculates a score for the modeled struc-
quence alignment [23, 22]. The gap penalty was set to 8 [28}e that indicates the quality of the protein structure. A
In brief, the modeling procedure contained the followingolyprotein was used for the z-score calculation that com-
steps: tertiary structures of similar cysteine proteases wprises 230 proteins of known structures with a total length of
superimposed and SCRs were identified, a framework of cabout 50,000 residues. Tlkenformations of these proteins
served regions was determined as the mean positions of stnave a good stereochemistry and many features of protein
turally equivalent @ atoms. Based on the sequence simildiolds. The set of conformations derived from the polyprotein
ity with cathepsin H the SCRs were selected from the tergpresents a sample of the conformation space of a given
ary structues. Weused the following parameters to defin@rotein. Theamino acid sequence of cathepsin H was com-
the SCRs: the maximal distance between equivalenti€ bined with all conformations in the polyprotein and the ener-
oms was set to 3.5 A since the average virtual bond distagis were calculated. The z-score is derived from the result-
between neighboringaCatoms in a peptide chain is 3.8 A. ling energy distribution.
the parameter is changed to a higher value, this may cause sloreover, the method constructs an energy graph for the
Ca atom from a neighboring residue in a homologue to baergetic architecture of the protein folds as a function of the
included in the construction of the framework for a SCRmino acid sequence position. It represents the energy distri-
The minimum number of residues in a SCR was 3 and thgion of the sequence structure pair in terms of sequence
maximal iterations before the SCRs were set to 50. The frarpesition. In this energy graph positive values point to strained
work must be redefined with the new sets of equivalent Gections of the chain and negative values correspond to sta-
positions if the equivalencies have changed after definiblg parts of the molecule.
average co-ordinates for a SCR that satisfies residual differ-Finally, the tertiary structure model of cathepsin H was
ence critea. Thelimit of the number of such equivalencieshecked with PROCHECK [29]. It produces a Ramachandran
was set to 20. diagram and allows the examination of various structural fea-
The SVRs were chosen from the database of peptide frages such as bond lengths and angles, secondary structures,
ments extracted from the protein data bank in correlationatod exposure of residues to the solvent.
the end-to-end distance of the SCRs which were already po-
sitioned in the framework of the cathepsin H structure [24].
Besides, the program also examined for spatial overlaps ([Decking procedure
a validation was performed to check ift @toms of the loop
fragments are too close taxGtoms in the non-loop (SCR)The mini-chain, the octapeptide EPQNCSAT, was docked in
region of the model). Subsequently, hydrogen atoms weie minimized modeled structure of cathepsin H using the
added and the model of the generated structure was mpndgram FLEXIDOCK [22].
mized to a convergence of the energy gradient less than 0.0Furthermore, the docking studies of specific substrates for
kcal-moft-Al using the TRIPOS force field included in theathepsin H (Arg-NMec; NMec: N-methylcoumarinylamide)
SYBYL / MAXIMIN2 module [22]. The minimization in- and cathepsin L (Z-Phe-Arg-NMec; Z: benzyloxycarbonyl)
cluded electrostatic interactions based on Gasteiger-Marlli30] were also performed with the program FLEXIDOCK.
partial charge distributions using a dielectric constant with a Genetic algorithm based Flexible Docking (FLEXIDOCK)
distance dependent functian= 4r and a non-bonded inter-provides alternative arrangements of docked ligands into the
action cut-off of 8 A [25, 26]. protein active site. The program allows the ligand as well as
The geometry of the minimized structure was inspectgtk receptor binding pocket to ‘flex’ during docking so that
with the program PROSA [27, 28]. The method can be usadinduced fit can be explored. Briefly, the method contains
to identify misfolded structures as well as faulty parts of strug-genetic algorithm (GA) for altering the ligand, the receptor
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Table 3 The resultant SVRSSVR Amino acid Cathepsin H ID Start in Loop homology
in the structulre model of hu- length number code source protein score (%)
man cathepsin H
SVR 1 1 12 - - -

2 3 60-62 laec 56 44

3 1 82 laec 78 30

4 10 101-110 1cjl 97 59

5 1 130 9pap 113 100

6 8 155-162 1cjl 125 33

7 5 176-180 1fie 124 59

8 2 203-204 laec 169 72

9 2 219-220 lhuc 233 82

binding site, and their relative fit and an energy evaluatiengy measures the solvation of the ligand by the cavity. This
function for scoring the resulting interactions [31]. In all casesnergy term might be considered as the energy to desolvate
the ligand is prepositioned into the binding pocket of the ee cavity, plus the lipophilic component of the ligand-re-
zyme. We marked the following bonds as rotatable: non-teeptor interaction.
minal single bonds that do not belong to rings or amide bondsA ligand desolvation energy is provided, as an estimate of
as well as the bonds of the amino acid side chains of the free energy required to remove a ligand from aqueous
binding poclet. The electstatic interactions between thesolution to the vapor phase. Ligand aqueous desolvation is
ligand and the receptor were taken into considerations bassdted to an experimental observable, the aqueous activity
on Gasteiger-Marsili partial charge distributions using a dieefficient or log of the concentration of a compound be-
electric constant of = 4r with a distance dependent functween its vapor phase and its dilute aqueous solution. The
tion. Thecut-off distance for non-bonded interactions betweealue used in LEAPFROG comes from QSAR measurements.
the residues was set to 16 A. The experimental data underlying this QSAR were taken from
The obtained enzyme-ligand complexes were minimizéterature compilations [33].
with the TRIPOS force field for the calculation of the non- For the calculation of the binding energies we carried out
bonded interaction energies and for the binding energies thee OPTIMIZE mode. Over a humber of MOVE cycles the
tween the cathepsins and their ligands. average LEAPFROG binding energy tends to improve. Con-
sidering that we performed this method to calculate the bind-
ing score and not to generate new ligands we used the fol-
Calculation of the binding energy lowing different MOVES kinds: TWIST, FLY, and SAVE.
The intent of the FLY move is to seek alternative minimum
The binding energies of the enzyme-ligand complexes werergy orientations for a ligand. The conformation of the lig-
calculated in two relatively independent ways. First, the namad is chosen at random. Each of six rigid body translations
bonded interaction energies between the enzyme and theil rotations are perturbed by random values uniformly dis-
ligands within the optimized complex were calculated usitigputed between —2.0 A and +2.0 A for translations and —45°
the TRIPOS forceiéld. It is clear, it is only an estimation ofand +45° for rotéons. Wth the SAVE option the currently
the real interaction energy between the ligands and the epasidered ligand will be compared with all previously saved
zyme particularly due to neglected of solvation ariands in respect of their energy values. If the binding en-
desolvation effects. Energy contributions of these effects &rgy has improved by more than 0.001 kcal-intie exist-
approximately calculated using the LEAPFROG program i database entry file is replaced. The TWIST option re-
a second method [22]. sembles a conventional minimizer and as a second step, up
Therewith, the binding energy is calculated on a per atdonthree torsional settings are relaxed along with the six rigid
basis and includes a solvation contribution as well as céedy degrees of freedom, so that internal bump checking as
ventional steric and electrostaticrter Although LEAPFROG well as docking of the ligand must be a part of the energy
was designed to rapidly approximate binding energies to @elculation.
sign new ligands, comparisons of binding energy values to
experimental measures of activity are encouraging.
In general, the procedure of calculating binding energi@gs“Its
using the LEAPFROG program is similar in spirit to that o

Goodford’s GRID program [32]. It has three major compo-

nents: the steric, electrostatic, and hydrogen bonding entt&l€ three-dimensional structure of human cathepsin H was
pies of ligand-cavity binding, calculated using the TRIPOB0deled using the program COMPOSER [20]. In a first step
force field, a cavity desolvation energy, and a ligarf database of several proteins with known high-resolution

desolvation energy. The LEAPFROG cavity desolvation effystal structures from the PDB database was created for
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homology modeling (see Table 1). The identify scores of thable 4 Identify score of the cathepsin H to the used pro-
primary structure similarity of the selected proteins to catheins of the database

psin H are listed in Table 4. Than&l model contains 11
SCRs of 9-47 residues and 9 SVRs of 1-10 residues (see Ta-

1 0
bles 2 and 3). A multiple sequence alignment including the D code Identify score %
SCRs identified by COMPOSER is shown in Figure 1. In 1cil 441
addition, the Figure presents the resulting secondary struc- ) .
: : 1lgec 40.5
ture elements of the structural model of cathepsin H (cp. Fig- 1ppn 414

ure 2). '
The root-mean square (rms) deviation to the framework 9pap 40.5
: : . 1ppd 40.5

for the known three-dimensional structures is less than 0.40

L . X ; laec 40.0
A. Similarity of the SCRs with the amino acid sequence of 2act 386

cathepsin H was above 46 % with exception of the region of
the amino acid residues 111-119, where the similarity was
only 36 %. Three disulfide bridges were formed between the
cysteine residues Cys23-Cys66, Cys57-Cys99, and Cysliioh 2). In both cases, the mini-chain binds via a disulfide
Cys207. The teiary structure of cathepsin H including thébridge to Cys212 of the mature cathepsin H (cathepsin H
secondary structure elements of the final model obtainedrwmbering). Several complexes of both possibilities were
sequential application of the various procedures describedarmed with different structures and energetic contents. Af-
the Methods section is shown in Figure 2. All these secomer minimization of these complexes, a different docking and
ary structure elements are included in SCRs. Of all SCRgeraction behavior can be observed.
38% amino acid residues adopt conformations of defined secResultant by FLEXIDOCK, the complexes of cathepsin
ondary structures (cp. Figure 1). H with the mini-chain with Thr83P in the S2 subsite are mostly
The resulting model of human cathepsin H was checkaiobut 8 kcal-mdl energetically preferred compared to the
with PROSA. Figure 3 shows the energy graph calculatesimplex with an inverse position of the mitiain. The re-
from the modeled structure of this enzyme. This energy gragqliting most favorable non-bonded interaction energies are
of the observed sequence structure pairs has negative val2s87 kcal-mot (1) and —34.49 kcal-mdlin the case the
which corresponds to stable parts of this molecule. Thenzini-chain is rotéed 180°(2), respectively. The differences
score of this structure is —7.79. of binding energies for both possibilities obtained using
The Ramachandran plot for the model of cathepsin H ceBEAPFROG are in correlation to the calculated non-bonded
culated with PROCHECK, shown in Figure 4, revealed god@rteraction energies (binding scores: -32.94 kcatrfml (1)
quality stereochemistry. The, W torsion angles of 73 % of and —25.61 kcal-mdlfor (2)).
the residues had values within the most favored areas and 2Based on the interactions of the mini-chain with the model
% of the residues had values within additionally allowed ref the tertiary structure of cathepsin H we can explain the
gions of the Ramachandrafot. Theenergy graph and thedifferent affinity of this octapeptide with the enzyme when
results from the PROCHECK procedure support the printite position of this molecule in the binding pocket of cathe-
pal correctness of the model of human cathepsin H. psin H changes. The mini-chaih) binds into the active-site
cleft through the side chains of GIn78P, Cys80P, Ser81P, and
Thr83P (see Figure 5a). Attractive interactions can be formed
The position of the mini-chain into the active-site cleft of between the methylen groups of the GIn78P side chain to the
cathepsin H residue lle118 of hCatH as well as between the Thr83P side
chain and Val164 (cathepsin H numibg). Theside chains
The octapeptide EPQNCSAT was docked into the bindin§jthe residues Ala82P, Asn79P, and Pro77P point away from
cleft of the calculated model using FLEXIDOCK. the bottom of the active-site cleft of cathepsin H. Moreover,
Structures of related zymogens of procathepsin B [34-3@jveral hydrogen bonds between the residues of the mini-
and procathepsin L [37] have revealed that the propeptidecb&in Glu76P, GIn78P, the negatively charged C-terminus
these cathepsins binds along the active-site cleft in the dirf€br83P and the enzyme contribute to the energetic
tion opposite to that of the substrate. However, Guncar etsédbilization of the mini-chain into the cleft of cathepsin H.
described that the mini-chain in porcine cathepsin H (PD¥® main chain interactions with the underlying enzyme sur-
entry: 8pch) binds in the active-site cleft in the direction offace, other than Thr83P are observed.
bound substrate with negatively charged carboxylic group of The interaction behavior to the active site is clearly di-
its C-teminal Thr83P attracting the positively charged Nminished if the mini-chain in cathepsin H is rotated 1g0°
terminus of a substrate (propeptide numbering) (orientati@ee Figure 5b). Attractive hydrophobic interactions can only
1) [18]. The Thr83P binds in the place which is in the relatée observed between Pro77P and the sidéncof \al164.
enzyme the S2 binding site, thereby mimicking a substrdtee tendency to hydrogen bonds formation between the cathe-
P2 residue. For the validation of this approach the mini-chgsin and the mini-chain is reduced. Only one hydrogen bond
was also docked rotated to 180° into the active site of catban be detected between the carbonyl oxygen atom of Ser81P
psin H whereas the Glu76P occupied the S2 subsite (orieatsd the side chain of Asn115.
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Comparative investigations to pCatH Cys25 typical for all other known structures of cysteine
proteases. Its &proton is involved in a salt bridge with the
During our studies on human cathepsin H the data of theG«terminal carboxyl gwup of \al212 from a neighboring
ray structure of porcine cathepsin H were not yet availablersolecule in the crystal. In the case of our model of human
that we could not use this enzyme for the generation of ttaghepsin H the orientation of the active site residues is suit-
model. The sequence homology of hCatH to pCatH is 918&ble to form the right ion pair state (see Figure 1). The dihe-
There are 18 different amino acid residues. Mostly these real anglex, of His159 is rotated about 90° in our model in
dues are on the surface of the cathepsin and have no influmparison to that one in the X-ray structure of porcine cathe-
ence on the active site characteristics. psin H. The distances Cys28(S-His166(Im) (3.78 A) and
The backbone of the catalytic triad is found at the po$is166(ImH)---Asn186(C=0) (3.37 A) in the modeled struc-
tions usual for a papain-like enzyme. But there is one Keye are in the range observed in X-ray structures of cathepsins
difference between the crystal structure and the modeled stiicK, papain, and actinidin (PDB entries: 1huc, 1mem, 9pap,
ture of cathepsin H. The imidazole ring of the active His19%ec).
(pCatH) does not form the thiolat-imidazolium ion pair with

hCatHYPPSVDWRKKGNFVSPVKNQGACGSTFSTTGALESAIAIATGKMLSLAEQQLVDCAQDFNNYGCQGGL
1) APRSVDWREKG-YVTPVKNQGQCGSNAFSATGALEGQMFRKTGRLISLSEQNLVDCSGPEGNEGCNGGL
1gec LPESVDWRAKG-AVTPVKHQGYCESVAFSTVATVEGINKIKTGNLVELSEQELVDCDLQ--SYGCNRGY
1ppn IPEYVDWRQKG-AVTPVKNQGSCEAFSAVVTIEGIIKIRTGNLNEYSEQELLDCDRR--SYGCNGGY
9pap IPEYVDWRQKG-AVTPVKNQGSCEWAFSAVVTIEGIIKIRTGNLNQYSEQELLDCDRR--SYGCNGGY
1ppd IPEYVDWRQKG-AVTPVKNQGSCENAFSAVVTIEGIIKIRTGNLNQYSEQELLDCDRR--SYGCNGGY
laecc LPSYVDWRSAG-AVVDIKSQGECGWAFSAIATVEGINKIVTGVLISLSEQELIDCGRTQNTRGCNGGY
2act LPSYVDWRSAG-AVVDIKSQGECGGWAFSAIATVEGINKITSGSLISLSEQELIDCGRTQNTRGCDGGY
------- HHHH - oo oo - HHHHHHHHHHHHHHHHHH---- HHHHHHH------  HHH---

hCatHPSQAFEYILYNKGIMGEDTYPYQGKDGYCKFQPGKAIGFV-KDVANITIYDEEAMVEAVALYNPVSFAFE
lc MDYAFQYVQDNGGLDSEESYPYEATEESCKYNPKYSVAND-AGFVDIPK-QEKALMKAVATVGPISVAID
lgec QSTSLQYVAQN-GIHLRAKYPYIAKQQTCRANQVGGPKVKTNGVGRVQSNNEGSLLNAIA-HQPVSVVVE
1ppn PWSALQLVAQY-GIHYRNTYPYEGVQRYCRSREKGPYAAKTDGVRQVQPYNEGALLYSIA-NQPVSVVLE
9pap PWSALQLVAQY-GIHYRNTYPYEGVQRYCRSREKGPYAAKTDGVRQVQPYNQGALLYSIA-NQPVSVVLQ
lppd PWSALQLVAQY-GIHYRNTYPYEGVQRYCRSREKGPYAAKTDGVRQVQPYNQGALLYSIA-NQPVSVVLQ
laec ITDGFQFIINNGGINTEENYPYTAQDGECNVDLQNEKYVTIDTYENVPYNNEWALQTAVT-YQPVSVALD
2act ITDGFQFIINDGGINTEENYPYTAQDGDCDVALQDQKYVTIDTYENVPYNNEWALQTAVT-YQPVSVALD
-- HHHHHHHHH --------cc-emece e ceccececncec e e e e e - HHHHHHHHH - EEEE--

hCatHVT-QDFMMYRTGIYSSTSCHKTPDKWNAVLAVGYGEKNGIPYWIVNKSWGPQWGMNGYFLIERGK----
lcj AGHESFLFYKEGIYFEPDCSSE--DMDHGVLVVGYGFESNK-YWLVKSWGEEWGMGGYVKMAKDRR---

lgec SAGRDFQNYKGGIFEGSCGT----KVIHAVTAVGYGKSGGKGYILINKSWGPGWGENGYIRIRRASGNSP

1ppn AAGKDFQLYRGGIFVGPCGN----KVIHAVAAVGYGPN----YILIK NSWGTGWGENGYIRIKRGTGNSY

9pap AAGKDFQLYRGGIFVGPCGN----KVIHAVAAVGYGPN----YILIK NSWGTGWGENGYIRIKRGTGNSY

lppd AAGKDFQLYRGGIFVGPCGN----KVIHAVAAVGYGPN----YILIK NSWGTGWGENGYIRIKRGTGNSY

laec AAGDAFKQYSSGIFTGPCGT----AIDHAVTIVGYGTEGGIDYWIVINSWDTTWGEEGYMRILRNVGGA-

2act AAGDAFKQYASGIFTGPCGT----AVDHAIVIVGYGTEGGVDYWIVINSWDTTWGEEGYMRILRNVGGA-
---- HHHH--------c-ccecnann-- EEE-- EEEE-- EEEE------c-cecmccncncncncnnn-

hCatHNMCGLAACASYPIPLYV
lcj NHCGIASAASYPTV--

lgec GVCGVYRSSYYPIKN -
lppn GVCGLYTSSFYPVKN -
9pap GVCGLYTSSFYPVKN -
lppd GVCGLYTSSFYPVKN -
laec GTCGIATMPSYPVKY -
2act GTCGIATMPSYPVKY -

Figure 1 Multiple sequence alignment of hCatH with catheheir related X-ray structs. TheSCRs are highlighted in
psin L (1cjl), glycylen-dopeptidase (1gec), papain (1ppgrey, the residues forming the catalytic triad are marked bold
9pap), 2-hydroxy-ethylthiopapain (1ppd), and actinidin (Laeonsider in the X-ray structure of cathepsin L the active site
2act). Theamino acid sequences have been extracted froesidue Cys has been mutated to Ser). The secondary struc-
the Swiss Prot data bank (hCatH, accession no. P09668) ame elements are coloured red (Bsheet, Hm-helix)
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Figure 2 Representation of
the tertiary structure model of
human cathepsin H. The S1’
and S1 of the active site
subsites are labelled. The
amino acid residues of the
catalytic triad and the amino
acid residue Met145 are dis-
played. This residue is the
only one which is different in
the active site cleft in com-
parison to pCatH (Leul45).

Moreover, we have to consider that there are also differ- Furthermore, we can observe a strong correlation between
ences in the S1’ subsite. The amino a@didues Tpl88, our modeled protein structure of hCatH and the X-ray struc-
Val140, Met145, His166, Asnl165 form the S1’ subsite tdire of pCatH. The low rms devian of all backbone atoms
hCatH (hCatH numbering). In pCatH Met145 is substituté@tween hCatH and pCatH of 2.24 A supports the principal
to Leul45 whereby the hydrophobicity of the S1’ subsite widbrrectness of the model of human cathepsin H determined
be changed. Based on the varied orientation of the side chsing COMPOSER.
of Leu145 which is less exposed in comparison to the Met145In a next step to evaluate the first model we used only the
side chain attractive hydrophobic interactions to a ligand dater available co-ordinates of the X-ray structure of pCatH
be expected to be reduced. as template to generate another tertiary structure model of
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Figure 3 Energy graph of the tertiary structure model ofigure 4 Ramachandran plot of the predicted structure of
cathepsin H. The graph is smoothed by a window size ofcafhepsin H. Theapd stereochemical quality is shown by
residues. In this energy graph negative values correspondtie presence of 73 % of the residues in the most favoured
stable parts of the molecule. regions.
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hCatH. The rther small deviations between the first moddicjl) [37]. The propeptide of cathepsin L was removed and
generated without knowledge of the structure of pCatH atigt mutations occurring in comparison to the mature sequence
the model based on the X-ray structure of pCatH (rms deuvi@ve been replaced by the correct amino aesitiues. Ap-
tions are 2.26 A and 1.17 A, considering all atoms except fitepriated side chain conformations where obtained by align-
hydrogen atoms, and amino acid residues of the secondagnt with the original X-ray structure and energy optimiza-
structure elements only, respectively) indicates the high quidn of these residues. Furthermore, a loop (Thr271 toAsn275,
ity of the model discussed in this paper. cathepsin L numbering) is missing in the PDB-structure. This
loop has been formed using the LOOP-SEARCH option of
SYBYL and the energetically more favored one was used for
Substrate specificity of cathepsin H compared to further considerations.
cathepsin L After minimization of all obtained enzyme ligand com-
plexes the resulting structures were checked in their interac-
For the examination of the modeled tertiary structure of catitien behavior considering non-bonded interaction energies
psin H with the mini-chain within the active-site cleft wend binding energies (see Table 5). In comparison with cathe-
studied the substrate specificity in comparison with cathdsin L the interaction of the substrate Arg-NMec with cathe-
sin L. For this purpose, Arg-NMec was used as a specifigin H is significantly energetically preferred. The lost of the
substrate for cathepsin H because Barrett and Kirschke foaffthity of the ligand to cathepsin L is expressed by the re-
that cathepsin H hydrolysis this substrate more efficiently dgced interaction energy of this complex compared to cathe-
cathepsin L [2]. This substrate was docked into the bindipgin H (about 10 kcal-mé) (Table 5). Furthermore, the po-
pocket of cathepsin H using FLEXIDOCK. For cathepsin $ition and conformation of the substrate docking in both
the high-resolution crystal structure was used (PDB entgathepsins show differences. The arginine in the P1 position

Glu76P ‘

Thr83P

Figure 5 lllustration of the model of cathepsin H includinghain is rotated 180° in the active site of cathepsin H, whereas
the mini-chain:(a) Themini-chain binds within the active-the Glu76P occupies the, Subsite(2). Only the hydrogen
site cleft in the direction of a bound substrétg The nega- atoms involved in hydrogen bonds are displayed. The carbon
tively charged carboxylic group of its C-teinal Thr83P atoms of the mini-chain are highlighted bold.

binds into the Sbinding site of cathepsin H. (b) The mini-



J. Mol. Model.1999 5 185

has a varied docking behavior in both cathepsins. For cattleain of hC#. Thereforethe hydrophobic interaction be-
psin H a number of interactions has been detected to thevden the aromatic ring of the substrate leaving group to
subsite (Gly68, Gly69) as well as to Gly24 (cathepsin H nuireu144 is reduced. These results explain why the substrate
bering) (see Figure 6). Hydrogen bonds were formed betwéeg-NMec has a stronger affinity to cathepsin H. This effect
the Arg side chain to the carbonyl oxygen atom of Cys66 aisdalso reflected by the calculated non-bonded interaction
from the carbonyl oxygen atom of the backbone of Arg to teaergies and binding energies (Table 5).

GIn20 side chain of cathepsin H which forms the oxyanion Moreover, Tchoupé et al. have studied a high specific sub-
hole of hCatH. The formation of the hydrogen bond betwestnate for cathepsin L (Z-Phe-Arg-NMec) [30]. With the in-
the positively charged N-terminus of this substrate and testigations of the docking and interaction behavior of this
negatively charged C-terminus of the mini-chain is very inigand in comparison with ArgNMec in cathepsin L we tried
portant for further stabilization of the enzyme-ligand conte explain the decrease of the affinity of the Arg-NMec sub-
plex. strate into the active site of cafisin L. Wecalculated sev-

In the case of cathepsin L, the attractive hydrophobic &ral complexes of cathepsin L with the substrate Z-Phe-Arg-
teractions of the substrate residue Arg in the P1 position Biidec (see Methods section). Based on the resulting attrac-
diminished (Gly67) (cathepsin L numbering). For the tetive interactions of cathepsin L the different affinities of both
dency to form hydrogen bonds the same statement is valglibstrates (Arg-NMec and Z-Phe-Arg-NMec) to cathepsin L

In both cathepsins attractive hydrophobic interactions deee also Table 5) can be explained. Stable hydrophobic in-
cur between the phenyl ring of the leaving group NMec witbractions can be detected between the aromatic ring of the Z
the side chain of Trp188 (hCatH numbering). In cathepsingrbup and of the side chain of phenylalanine of the substrate
an additional interaction can be formed between this gragpthe side chains of Leu69, Ala214, Alal35, and Met70 that
and the side chain of Met145. In cathepsin L Leul44 is form the S2 subsite (see Figure 7). The side chain of arginine
cated in this position. However, the side chain of this amiitothe P1 position is oriented to the conserved amino acid
acid residue is rotated to 90° compared to the Met145 sidsidues of the S1 subsite. Between the leaving group NMec

Figure 6 Presentation of the
binding pocket model of
cathepsin H with the specific
substrate Arg-NMec. The car-
bon atoms of the substrate are
coloured orange. The amino
acid residues of the min-
chain Thr83P, Ala82P, and
Ser81P are displayed green.

Thr83P
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additional attractive interactions can be observed to the sigisteine proteases like papain [38], actinidin [39], cathepsins
chains of GIn19 and Trp188. The number of hydrogen borid$40], and K [41] is unoccupied and is able to bind sub-
from the substrate to cathepsin L emphasizes the energstates along its full length, whereas the active-site cleft of
cally favorable position of this ligand into the active-site cleftathepsin H is partially filled, thereby limiting the free sub-
of this enzyme. Since in cathepsin H the mini-chain occstrate-binding sites [18].
pies the S2 and S3 subsites the amino acid residue Phe arithe model of human cathepsin H that we constructed is
the Z group of the substrate cannot form a stable enzynmegood agreement with the known high-resolution crystal
ligand complex. In this case the position of the ligand is estructures of cathepsins B [34], L [37], and K [41]. The va-
ergetically unfavorable. lidity of the model is supported by a mostly negative energy
Besides, the values describe also the different kinetic daf@aph of cathepsin H obtained by ®®A. Wecould estab-
The K, value of Arg-NMec with cathepsin H is significantlylish that the structure corresponds to stable parts of this mol-
higher compared to cathepsin L complexed with Z-Phe-Argeule (Figure 3).
NMec (Table5). These findings are in agreement with the By the determination of the position of the so called mini-
calculated non-bonded interaction energies and behaviocloéin within the active site-cleft of cathepsin H it could be
the complexes of the cathepsins H and L. shown in agreement to the described X-ray structure of por-
cine cathepsin H that the mini-chain runs in an extended con-
formation in the substrate binding direction along the front
side of the active-site cleft (see Figsa. Thedisulfide bridge
between Cys80P of this octapeptide EPQNCSAT and Cys212
o ) i of cathepsin H could be detected as an anchor. The model of
All papain-like cysteine proteases have the same basic me¢ignan cathepsin H shows that the S2 and S3 subsites are
nism of action, but th'eir substrate specificity _differ.s from ORf:cupied with the amino acid residues of the mini-chain and
member of the family to another. The active-site cleft @fyn 5 |Jarge number of attractive hydrophobic interactions

Discussion

Figure 7 Presentation of the
active-site cleft of cathepsin
L with the specific substrate
Z-Phe-Arg-NMec (orange)
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Table 5 Characteristics of cathepsins H and L interactions with their ligands [2, 30]

Substrate Cathepsin H Cathepsin L
K., AE [a] AE [b] K., AE [a] AE [b]
(mM) (kcal-mott)  (kcal-mot?) (mM) (kcal-mot*)  (kcal-moit)
Arg-NMec 0.150 -52.03 -129.34 - -39.19 -101.96
Z-Phe-Arg-NMec - - - 0.006 -54.09 -138.59

[a] non-bonded interaction energies
[b] binding energies calculated using LEAPFROG

and hydrogen bonds. The amino acid residues Cys80P, Ala@2® experimental results (K Probably, contributions of hy-
and Thr83P fill mainly the S2 binding site, GIn78P the S@8rogen bonds are overestimated in this method [33].
subsite of cathgsin H. With these docking studies we con- Based on these results of our theoretical studies presented
firm that the mini-chain as a part of the cathepsin H propeptidethis paper it can be concluded that the modeling of the
binds in the mature enzyme along the active-site cleft in tiegtiary structure of cathepsin H including the mini-chain and
substrate-binding direction. the docking studies of specific ligands is an effective way to
The results of our investigations show the model of hdetermine the specificity of the binding pocket of cathepsin
man cathepsin H correlates with the X-ray structure of pét-
cine cathpsin H. Although the sequence identity of hCatH This model of human cathepsin H together with our re-
to pCatH is very high (91%) some differences between batntly developed model of cathepsin S [19] and known X-
enzymes were found. In contrast to the X-ray structureraf/ structures of cathepsins (B, K, L) will be subject for fur-
pCatH the thiolat-imidazol ion pair between His159 artter investigations to develop more specific substrates and
Cys26 can be formed in the model due to altered orientatiomsibitors for these enzymes.
of the side chains of the active-site residues in accordance to
other related cysteine protease. AcknowledgementsWe are grateful for research support
Based on this model of the tertiary structure of hum#mm the Deutsche Forschungsgemeinschaft (SFB387/ TP A8).
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