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Abstract This paper develops and evaluates large-scale
calculation of 3D structures of protein complexes by
homology modeling as a promising new approach for protein
docking. The complexes investigated were papain-like cyste-
ine proteases and their protein inhibitors, which play
numerous roles in human and parasitic metabolisms. The
structural modeling was performed in two parts. For the first
part (evaluation set), nine crystal structure complexes were
selected, 1325 homology models of known complexes were
rebuilt by various templates including hybrids, allowing an
analysis of the factors influencing the accuracy of the models.
The important considerations for modeling the interface were
protease coverage and inhibitor sequence identity. In the
second part (study set), the findings of the evaluation set were
used to select appropriate templates to model novel cysteine
protease-inhibitor complexes from human and malaria para-
sites Plasmodium falciparum and Plasmodium vivax. The
energy scores, considering the evaluation set, indicate that
the models are of high accuracy.
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Introduction

Protein interactions are crucial for many cellular processes.
The identification and analysis of complexes provide
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biological information with applications from drug design
to understanding the causes of diseases. Diverse approaches
have been used toward understanding which and how
proteins interact, yet the answers are still limited. The
Protein Data Bank (PDB) [1] contains, relative to single
protein structures, only a few complexes due to the
difficulty of isolation and solving complex structures. Thus,
computational methods, such as protein docking, are
important in solving and understanding protein interactions.
However, current methods for protein docking are not easy.
Calculating protein complexes by homology modeling is a
promising new approach for protein docking. Some groups
built 3D databases of templates to analyze the accuracy of
homology based approaches for protein complexes [2—4].
However, previous work is quite limited in scope. In this
paper, we develop the subject further. The general issue is,
given two families of proteins with a number of known crystal
structures of complexes between them, how accurately can we
model complexes for cases with unknown structure? As a
novel feature of this work, a specific protein family, cysteine
proteases and their interactions with protein inhibitors, is
systematically analyzed, both in template selection and model
accuracy.

Cysteine proteases are a diverse family of enzymes found
in all living organisms. They are subdivided into clans, and
then into families. Our interest is Clan CA, papain-like family
C1 proteases (cathepsin-L and cathepsin-B like proteases),
whose members play numerous roles in human and parasitic
metabolisms [5—7]. In humans, they are important in the
immune system, the protein renewal process and the
resorption of bone and cartilage [7]. An imbalance between
these proteins and their natural inhibitors leads to diseases
such as cancer, immune system defects, osteoporosis and
rheumatoid arthritis [8]. In parasites, they have major roles in
physiological processes including immune evasion, diges-
tion, and cellular invasion. Thus, they are crucial for parasitic
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diseases such as malaria [9, 10], Chagas disease [11],
leishmaniasis [12, 13]. They usually function differently
from homologous enzymes in the host, thus many have been
identified as promising drug targets. For example, falcipain-2
of P. falciparum is a validated drug target and functions as a
hemoglobinase [14].

Cystatins regulate endogenous proteases and also defend
against foreign cysteine proteases [15]. Thus, the analysis of
cysteine protease-inhibitor structures to understand enzyme
regulation is important for medical and agricultural applica-
tions. Available crystal structures show how cystatins interact
with the enzyme: interactions are formed by residues from
the N-terminal segment as well as by two [3-hairpin loops,
one in the middle and one in the C-terminal segments of the
molecule. These segments bind in the active site cleft of the
protease and block access of the substrate to the catalytic
residues. In some parasites no cystatin homolog could be
identified. In Trypanosoma cruzi a novel inhibitor protein,
chagasin [16], and in P. falciparum falstatin [17] have been
found. Complexes with chagasin in the PDB show that
chagasin interacts with a protease in a similar fashion to
cystatin [18]. The major difference is that the N-terminal
interaction of cystatin is replaced by another loop interaction.

This conserved interaction between cysteine proteases
and inhibitors, and the availability of crystal structures,
made it possible to apply homology modeling as a
promising new tool to obtain many protein complex
structures and analyze their accuracy.

Methodology

The study comprises two parts. In part 1 (evaluation set),
homology models of complexes with known crystal
structures were built to evaluate modeling accuracy. In
part 2 (study set), models of novel homolog complexes
were built using templates that, according to the evaluation
set results, were appropriate. The model accuracy was
estimated using results from the evaluation set. Fig. 1 gives
a schematic overview.

Data retrieval

Nine crystal structures were identified that contain a cysteine
protease in complex with either chagasin or a cystatin by using
BLAST [19] and keyword searches in the PDB. For the
study set, proteases and inhibitors that occur in humans and
in human malaria parasites, P. falciparum and P. vivax, were
chosen. Sequences belonging to Carica papaya, Gallus
gallus and T. cruzi were also included. The sequences were
retrieved from the UniProt database [20] (Table 1).

Sequence alignment

A multiple sequence alignment was constructed for the
proteases, cystatins and chagasin-like inhibitors using the
Promals3D [21] web server. Sequences from UniProt and
PDB files were included. Promals3D pre-groups similar
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Table 1 Dataset of cysteine
proteases and their inhibitors Protease Organism Inhibitor Organism PDB ID Accession
used in this study. The PDB ID
of the nine complexes, the Uni- Cathepsin-B H. sapiens Cystatin-A H. sapiens 3KOM
Prot protein sequence accession Cathepsin-B H. sapiens Chagasin T cruzi 3CBJ
numbers of the individual pro-  capenin | S. Serofa Cystatin-A H. sapiens INBS5
teins as well as the name of the . .
organisms to which proteins Cathepsin-L H. sapiens Chagasin T. cruzi 2NQD
belong are given. Cystatin refers Falcipain-2 P. falciparum Cystatin G. gallus 1YVB
to egg-white-cystatin in the text Falcipain-2 P, falciparum Chagasin T cruzi 20UL
Papain C. papaya Chagasin T cruzi 3E1Z
Papain C. papaya Cystatin-B H. sapiens ISTF
Papain C. papaya Tarocystatin C. esculenta 3IMA
Cathepsin-B H. sapiens P07858
Cathepsin-H H. sapiens P09668
Cathepsin-L H. sapiens PO7711
Cathepsin-S H. sapiens P25774
Falcipain-2 P. falciparum QIN6S8
Falcipain-2’ P. falciparum Q8I6US
Falcipain-3 P. falciparum QINAW4
Vivapain-2(a) P. falciparum Q6J131
Vivapain-2(b) P. falciparum Q51ZD8
Vivapain-3 P. falciparum Q720B2
Papain C. papaya P00784
Cystatin-A H. sapiens P01040
Cystatin-B H. sapiens P04080
Cystatin-C H. sapiens P01034
Kininogen-1 H. sapiens P01042
Kininogen-2 H. sapiens P01042
Kininogen-3 H. sapiens P01042
Falstatin P, falciparum Q2PZBI1
Cystatin G. gallus P01038
Chagasin T cruzi Q966X9
Tarocystatin C. esculenta Q8LSJ8

sequences, thus dealing with redundancy. The double
inclusion was used because sometimes there are minor
differences between UniProt and PDB sequences, and the
evaluation set models used the exact sequence as in the
crystal structure. Errors in the alignment of cathepsin-B
relative to other proteases, due to the extra occluding loop,
became apparent later when comparing models to native
structures. The errors were left however since they would not
have been discovered without the native structures and thus
their presence represents part of the unavoidable errors
associated with high throughput homology modeling and
should form part of the error estimation for the models. This
error does not affect any models in the study set as better
templates were selected in all cases.

Structural alignment

Non-protein atoms were removed from coordinate files.
Where multiple copies of protein complexes were present

in one asymmetric unit, the one with the fewest missing
residues was chosen and the others deleted. All crystal
structures were simultaneously superimposed using Mul-
tiProt [22]. MultiProt produces various possible solutions.
The solution with the largest number of aligned residues
(178 residues) that contained all crystal structures was
chosen. From nine superimposed structures, each con-
taining one protease and one inhibitor, 81 complexes
were extracted by selecting the protease and inhibitor
independently (Fig. 1).

Homology modeling

Homology models were generated using Modeller 9v6 [23]
in high throughput fashion. For each target-template pair,
the alignment was automatically extracted from the Pro-
mals3D alignment. For every template-target combination
five models were built using standard ‘automodel’ routine
of the program with very slow refinement option.
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Evaluation set

Homology models were built in three ways: Self, single
template and hybrid (Fig. 1). In “self”, target complexes
were modeled based on their own crystal structure to
estimate the modeling error. In “single template”, target
complexes were modeled from a single homolog crystal
structure complex. In “hybrid” target complexes were
constructed based on templates generated by combining a
protease and an inhibitor from different crystal structures.
Hybrid templates were constructed by copying coordi-
nates for protease and inhibitor from the superimposed
structures.

Every crystal structure complex was modeled using every
combination of protease and inhibitor templates in the
superimposed complexes (excluding itself). The crystal
structures containing cystatin were modeled based on 33
different templates, and those containing chagasin on 25
different templates. Five models were built for each template,
making a total of 1325.

Study set

Models were built for every combination of protease and
inhibitor sequences. Eleven proteases and 10 inhibitors
gave 110 target complexes. The templates were constructed
by selecting the protease and inhibitor independently as no
systematic differences between the quality of the single
template and hybrid models were detected. The proteases
were selected on the basis of sequence coverage and the
inhibitors on sequence identity. If more than one structure
of the same inhibitor was present then the one in the
complex with the protease showing the highest sequence
identity to the target protease was chosen.

Model evaluation

The quality of models was evaluated by calculating several
parameters. Two energy scores, the DOPE Z score and
Rosetta energy score were calculated for models of both
sets. Additionally, i-RMSD, C,-RMSD (RMSD), GDT-ha
[24] and Tm-score [25] were calculated for the evaluation
set models.

Results and discussion

Global accuracy measures in the evaluation set

The evaluation set models were built to investigate
parameters that can be used to estimate the accuracy of a

model. For this purpose, homology models of complexes
were calculated for known crystal structures in a variety of
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ways as described under Methodology. Later, we applied
our conclusions to the study set models.

Percentage sequence identity is an often used measure of
evolutionary distance between proteins. The sequence
identity values between the proteases and inhibitors in the
crystal structures are given in Table 2. There are cases
where the template and target sequences are identical;
however this is not redundancy since these provide
information about conformational changes upon binding
due to different spatial conformations. This can give
detailed insights about interactions between cysteine pro-
teases and the inhibitor proteins.

Energy versus RMSD

The models were superimposed on corresponding
crystal structures and RMSD values were found.
Median energy values for DOPE Z score and Rosetta
energy score of the five models of every template were
plotted against median RMSD values (Fig. 2), and so it
is not necessarily the energy and RMSD of the same
model that are plotted (see online resource 1 for the
complete dataset containing the values for every single
model). As expected, the self models had very small
energy and RMSD values. The single template and
hybrid models were distributed throughout the graph.
According to Shen and Sali [26] the DOPE score has
higher discriminatory power when the models are close
to the native state than when they are distant; while the
Rosetta energy retains its discriminatory power better for
distant models. The scope of that paper was monomers,
but our results suggest it applies to protein complexes
too. The figure shows that for a given DOPE Z score or
Rosetta energy, there is a wide range of possible RMSD
values and vice versa, especially at Rosetta energies
above 2000 and DOPE Z scores above -0.5. At lower
values of RMSD (<4 A), the correlation between RMSD
and energy functions is better. Thus, energy functions
can be used to distinguish near native models from
distant models.

Correlation between metrics

The correlation coefficients between various measurements
were calculated (Table 3). Since correlation coefficient
requires linear relationship, the usage of it here, is merely to
get an overall idea. As expected there is very low
correlation between independent quantities such as protein
identity against inhibitor identity. On the other hand, some
interesting observations can be made. There is a high
correlation (0.78) between Rosetta energy and DOPE Z
score, and good correlation between DOPE Z score and
RMSD (0.68) as well as Rosetta energy and RMSD (0.69).
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Table 2 Percent sequence identity between proteins in crystal structures. The percentage sequence identities between the proteins in the crystal structures are shown. The proteases are shown in

the top-left half while the inhibitors are shown in the bottom-right. Cystatin refers to egg-white-cystatin in the text

INB5 3KOM 2NQD 3E1Z 1STF
Papain

1YVB

20UL

3CBJ

3IMA

Papain

Falcipain-2 Cathepsin-H Cathepsin-B Cathepsin-L

Falcipain-2

Cathepsin-B

Papain

Cystatin-B
Chagasin

100.00
0.00
0.00

29.13 39.61 98.58

40.29

37.02
37.02
35.98

25.36

37.02
37.02
35.98
25.36
37.80
100.00

98.58 29.13

Papain

ISTF
3E1Z

29.61 39.61 100.00

41.26
46.26

100.00 29.61

39.61

Papain

Chagasin

100.00

NA

100.00
NA
NA

29.58

29.44
99.21

Cathepsin-L

2NQD
3K9M
INB5
1YVB
20UL
3CBJ

Cystatin-A

53.06
53.06
19.77
0.00
0.00

100.00

30.09
100.00
13.95

NA

29.61

Cathepsin-B

Cystatin-A

NA

100.00
13.95

NA

37.80
100.00

NA

30.09
25.12

41.26
37.02
37.02

29.61

Cathepsin-H

Cystatin

NA

NA

Falcipain-2

Chagasin

100.00

100.00

100.00

25.12

Falcipain-2

Chagasin

100.00

NA

100.00

100.00 100.00 NA NA NA
NA NA

NA

Cathepsin-B

Tarocystatin

19.51

19.51

19.51

31.76

100.00

Papain

3IMA

Cystatin-B

Cystatin-A Cystatin-A Chagasin Chagasin

Chagasin Chagasin Cystatin

Tarocystatin

This conclusion can be made at least for the low RMSD
models (<4 A), since data shows linearity (Figs. 2A and B).
Energy scores seem to correlate with Tm-score and GDT-ha
as well (Fig. 3). There is a clear correlation observed
between protease sequence identity and GDT-ha, although
the identity range from 50% to 90% is badly sampled. Of
particular interest is any indicator that correlates well with
RMSD and which can be calculated independently of the
structure of the complex. The indicator of this type with the
highest correlation coefficient was total coverage. Sequence
coverage is defined as the percentage of the target sequence
that is aligned to the template. We defined a weighted
combination of inhibitor and protease values as total
identity and total coverage. We gave the protease double
the weight of the inhibitor as it is roughly double the size.
The correlation between identity and coverage is higher for
the inhibitors than for proteases, which is possibly because
of chagasin biasing the dataset. In conclusion, total
coverage is the best parameter to estimate the RMSD at
high RMSD (>4 A) and the energy functions can be used at
lower RMSD. We suggest using energy functions when the
protease coverage is above 92% and the inhibitor coverage
over 95% (Online Resource 2).

Models with low RMSDs

Since we know that models with low RMSD values are
accurate models, we investigated them in detail. The
analysis is in two categories: High accuracy models
(RMSD<1.5 A), and medium accuracy models (1.5 A<
RMSD<4.0 A). The whole data set with five models for
each complex was used. The high accuracy models consist
of all self models and 90 hybrid models. Interestingly,
RMSD values ranged between 0.13 (3IMA; papain—
tarocystatin) to 0.45 A (1YVB; falcipain-2—egg-white-
cystatin) for the self models illustrating the error range of
homology modeling. Most hybrid models were built with
very high template sequence identity either to the protease
or inhibitor or both. The two lowest sequence identity cases
are (a) INBS5, with cathepsin-L of 2NQD (46.26% sequence
identity and 97.27% sequence coverage to cathepsin-H) and
cystatin-B of ISTF (53.06% and 100% to cystatin A); and
(b) ISTF, with cathepsin-L of 2NQD (39.61% and 97.64%
to papain) and cystatin-A of INB5 (53.06% and 100% to
cystatin-B). The medium accuracy models contained a
mixture of 548 single template and hybrid models. One
example of a single template model with low sequence
identity is model of 3IMA by template INBS5 (cathepsin-
H with 41.26% and 97.17% sequence identity and
coverage respectively; cystatin-A with 19.51 and
96.47%) giving 2.12 A RMSD. In all cases, we observed
high sequence coverage demonstrating the correlation
between RMSD and coverage.
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Fig. 2 Energy scores as func-
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Interface accuracy in the evaluation set by i-RMSD

The i-RMSD is the backbone RMSD between the model and
native structures using only interface residues. Residues are
classified as being in the interface if they have at least one
atom within 10 A of the interaction partner. The models were
categorized into four groups with i-RMSD values: (A) 0.62 to
2.13A,(B)1.47t02.89 A, (C) 1.63 t03.72 A, and (D) 2.40 to
8.43 A (Fig. 4). The models in group D are all the models
where the target protease was cathepsin-B and the template
protease was a cathepsin-L like protease. The large error in

this group is due to the incorrect modeling of the occluding
loop. Group C contains all models where the target protease
is a cathepsin-L like protease with a cathepsin-B template. A
slight alignment error at the borders of the occluding loop
was identified as the main reason for the increase in i-RMSD
value. Group B contains all models excluding group C and D
where the target inhibitor was cystatin-A or cystatin-B and
the template inhibitor egg-white-cystatin or tarocystatin. The
increased i-RMSD is due to a C-terminal extension in the
interface in the target inhibitors. All self models and models
not falling in the other groups fall in Group A.

Table 3 Pearson correlation coefficients between model parameters and evaluation metrics. The values were calculated using the median value of
each metric for the five models of all template-target combinations. Detailed explanation of the parameters is given in the text

A B C D E F G H I J K L M

DOPE  Rosetta Protease id Protease Inhibitor id Inhibitor Total id Total RMSD Tm- Tm GDT-ha i-RMSD

Z Score coverage Coverage coverage RMSD score
A 1.00 0.78 -0.62 -0.52 -0.45 -0.59 -0.79 -0.71 0.68 0.79 -0.82 -0.83 0.27
B 078 1.00 -0.71 -0.56 -0.36 -0.48 -0.80 -0.69 0.69 0.77 -0.82 -0.86 0.63
C -0.62 -0.71 1.00 0.54 -0.06 0.02 0.76 0.44 -0.47 -0.71 0.59 0.80 -0.41
D -0.52 -0.56 0.54 1.00 -0.12 0.15 0.35 0.87 -0.88 -0.42 0.77  0.63 -0.59
E -045 -0.36 -0.06 -0.12 1.00 0.72 0.60 0.26 -0.19 -0.48 0.36  0.35 -0.07
F -0.59 -0.48 0.02 0.15 0.72 1.00 0.49 0.61 -0.46 -0.54 0.56 0.48 -0.08
G -0.79 -0.80 0.76 0.35 0.60 0.49 1.00 0.52 -0.50 -0.89 0.71 0.87 -0.38
H -0.71 -0.69 0.44 0.87 0.26 0.61 0.52 1.00 -0.93 -0.61 0.90 0.74 -0.51
I 0.68 0.69 -0.47 -0.88 -0.19 -0.46 -0.50 -0.93 1.00 0.60 -0.94 -0.76 0.65
J 0.79 0.77 -0.71 -0.42 -0.48 -0.54 -0.89 -0.61 0.60 1.00 -0.80 -0.94 0.39
K -0.82 -0.82 0.59 0.77 0.36 0.56 0.71 0.90 -0.94 -0.80 1.00  0.90 -0.62
L -0.83 -0.86 0.80 0.63 0.35 0.48 0.87 0.74 -0.76 -0.94 0.90 1.00 -0.55
M 0.27 0.63 -0.41 -0.59 -0.07 -0.08 -0.38 -0.51 0.65 0.39 -0.62  -0.55 1.00
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Fig. 3 Energy scores of models
at different GDT-ha and Tm- ) 6000
score values for all target com-
plexes in the evaluation set. The 0.5 3000
Rosetta energy is indicated with
red triangles and the values 0 " 2000
shown on the right axis. The
DOPE Z scores are indicated o =000
with blue circles and the values 03 3 S0
shown on the left axis. Values
)
for all models are shown 1 2 1000
. L]
15 o0
0.2 03 1 11
1 - 6000
05 | 5000
I 4000
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- 3000
0.5 | |
- 2000
2 - 1000
-15 Lo
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Tm-score
Energy functions
The correlation coefficient between energy functions and i-
RMSD was calculated (Table 3). Although a good
= correlation was observed between Rosetta energy and i-
RMSD (0.63), strangely it was not the case for DOPE Z
score (0.27). Median energy values of models were plotted
15 against their median i-RMSD values (Figs. 2C & D). Both
graphs show a similar pattern. A Rosetta energy below
2000 and DOPE Z score below -0.5 typically correspond to
models with i-RMSD below 2.5 A. According to CAPRI
assessment, high accuracy and medium accuracy models
can be defined as, among other parameters, models which
show i-RMSD within 1.0 A and 2.5 A respectively [4]. It
seems that Rosetta energy is better at identifying models
with low i-RMSD but that the correlation is not fine enough
to differentiate between close models.
| |
7 8 9 Sequence identity and coverage

Fig. 4 Histogram showing the distribution of i-RMSD values of
models in the evaluation set. The median i-RMSD value of the 5
models for each template for each target complex is shown. Frequency
is shown on the Y-axis and i-RMSD on the X-axis

There are some excellent models (i-RMSD <2 A) with
sequence identity as low as 20% for the inhibitor (Online
resource 3). There are also models below 5 A with inhibitor
sequence identity below 20% and protease sequence
identity below 35%. In general higher sequence identity
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corresponds to better models but the relationship is not
simple. Sequence identity above 50% almost guarantees a
good model for that component of the complex.

There is a clear trend that higher coverage values
correspond to lower i-RMSD values but there are some
models with low i-RMSD values in spite of weighted total
coverage values of only 250. The total coverage provides a
good idea of the upper limit that can be expected for the i-
RMSD of a model. The results make sense for both identity
and coverage since the interface region is the most
conserved area. Thus even if the sequence identity or
coverage is low, the interface may be similar. Only
occasionally, namely in modeling the cathepsin-B occlud-
ing loop and in modeling cystatin-A or cystatin-B based on
egg-white-cystatin or tarocystatin, does coverage come into
play for i-RMSD.

Overall, picking templates with the highest identity and
coverage values yields good models. However, this will not
guarantee that the best template is used. If there are multiple
templates with similar levels of identity and coverage
models should be built for all of them and the Rosetta
energy calculated.

Accuracy of the study set models

Our interest here is proteases and inhibitors that occur in
human, and in human malaria parasites, P. falciparum or P.
vivax. Sequences belonging to C. papaya, G. gallus and T.
cruzi were also included. Eleven proteases and 10 inhibitors
of this set gave 110 different target complexes. For each
target five models were calculated.

In the study set, protease identity varies from 54% to
100% and inhibitor identity from 12% to 100%. Protease
targets below 90% identity are Plasmodial proteases apart
from falcipain-2 and falcipain-2” which range from 54% to
66% and cathepsin-S at 57%. The inhibitor with the lowest

identity is falstatin at 12%. The other inhibitors modeled
below 90% identity are cystatin-C at 46%, kininogens at
26%, 21% and 28%. Protease coverage varies from 98% to
100%. Inhibitor coverage is from 87% to 100%. In the case
of falstatin, the coverage is artificially high at 97.25%
because large inserts were removed to make modeling
possible. These inserts constitute more than half the protein
so the part that was modeled is just one domain of a multi-
domain protein. Other inhibitors below 95% coverage are
cystatin-C at 92.5%, the kininogens at 92%, 88% and 88%
and tarocystatin at 93%. The crystal structure containing
tarocystatin has six unresolved residues, causing the
incomplete coverage.

Overall, the models of the Study Set show good energy
function scores. The DOPE Z scores and Rosetta energies
of the models are presented in Fig. 5: the measures are
reasonably correlated, and most of the models have both
DOPE Z score <-0.5 and Rosetta energy <2000. The mean
values of the energy functions for each target complex are
summarized in Table 4. For most models, according to the
Evaluation Set results, the correlation between energy
functions and RMSD and i-RMSD in this range is strong:
The number of models, out of a total of 550, in this
category is 396 for DOPE Z score <-0.5, 380 for Rosetta
energy <2000.

The lowest scoring model according to Rosetta energy is
the complex of cathepsin-L with tarocystatin. It has a score
of 322 which is better than many self models. The worst is
3462 for a model of falstatin with vivapain-3, for which
case coverage and identity are better indicators of accuracy.
In fact, the inhibitor, falstatin, shares only 12.26% sequence
identity with chagasin making alignment very difficult, and
several big inserts had to be removed. Still, this energy is
lower than some models in the evaluation set and when
looking at the graph of Rosetta energy versus RMSD, the
RMSD is at a minimum four and probably closer to about

Fig. 5 Study Set energy distri- A B
butions. (A) The relation be-
tween Rosetta energy and DOPE 4000
Z score for the models in the
study set. Models falling into the 3500 = .
yellow area have Rosetta energy 3000 L PRSI £
below 2000 and DOPE Z score ~ = . -
below -0.5. Models falling in the 2 2500 R o, N "
. . -] . SAS a H{ +
pink area satisfy one of the two & % DORY H -,
criteria. (B) Cartoon representa- & 2000 < i A :"
tion of falcipain-2 (blue, below) T - e f:g 2 vyt ‘!‘.
and cystatin-A (green, above) é 1500 | e A .;; ,é'q" . ~
model as an example 1000 . :‘ 2. % "a R )
0y AR o -
500 X
0
-1.5 -1 0.5 0
DOPE Z-score
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Table 4 Average DOPE Z scores and Rosetta energies for study set models. The proteases of the complexes are given on the left and the inhibitors are given on the top. The DOPE Z scores are on

the left and Rosetta energies on the right in bold italic

Falstatin

Chagasin

Cystatin-B Cystatin-C Cystatin Tarocystatin Kininogen-1 Kininogen-2 Kininogen-3

Cystatin-A

2712

-0.73
-0.65
-0.87
-0.86
-0.77
-0.71
-0.46
-0.64
-0.50
-0.46
-0.94

1687
981
699

-1.09
-1.04
-1.24
-1.26
-1.03
-1.00
-0.80
-0.91
-0.80
-0.85
-1.36

2117

-0.59
-0.48
-0.67
-0.64
-0.45
-0.43
-0.32
-0.33
-0.21
-0.36
-0.84

2101

-0.59
-0.38
-0.61
-0.62
-0.38
-0.37
-0.24
-0.33
-0.22
-0.26
-0.73

1932
1752
1282
1746
1369
1367
1973
1858
2417

-0.71
-0.56
-0.76
-0.78
-0.55
-0.56
-0.36
-0.42
-0.30
-0.36
-0.91

1218
1162
619

-0.95
-0.78
-1.04
-1.04
-0.76
-0.76
-0.62
-0.65
-0.55
-0.66
-1.16

1983
1272
971

-0.90
-0.83
-1.05
-1.05
-0.76
-0.75
-0.53
-0.66
-0.55
-0.63
-1.10

1923
1835
1227
1727
1480

-0.79
-0.58
-0.85
-0.89
-0.64
-0.61
-0.44
-0.41
-0.42
-0.52
-0.96

1498
1077
651

-1.09
-1.03
-1.26
-1.25
-0.96
-0.93
-0.76
-0.85
-0.68
-0.81
-1.36

1652
1379
1053
1459
1039
1410

-1.25
-1.09
-1.30
-1.33
-1.05
-1.00
-0.94
-0.91
-0.85
-0.82
-1.43

Cathepsin-B

2049
1664
2241

1369
1351

2021

Cathepsin-H

1518
2014

Cathepsin-L

1070
651
847

1786
1547
1683

1283
787
847

1391

1053
1138
1285
1762
1518
2196
1540
795

Cathepsin-S

1420
1720
2328
1851

1414 1697
1352

1942
1825

Falcipain-2

1679
2133
2039

1467

Falcipain-2p

1563
1209
1630
1533
673

1857

1225
1450
1557
1396
744

1977

1495
1604
2012

Falcipain-3

2226

2249

Vivapain-2a

2616

2540
2048
1015

2344
2261

2207

2330

Vivapain-2b

2905

2332
1019

2047
991

2075

2091
909

Vivapain-3

1877

1325

1168

Papain

10. Using the DOPE Z score the best model is of papain
with cystatin-A with a score of -1.475 which again is better
than some of the self-models. The worst score is 0.069 for a
model of kininogen-2 with vivapain-3. Figure 5SA shows
that both metrics should be calculated as they measure
different aspects of model quality.

Conclusions

Reliable prediction of protein complexes is not easy and
current high accuracy protein-protein docking methods are
computationally expensive. Homology modeling is a
promising new approach for predicting protein complex
structures. In this study, homology based docking approach
was applied and detailed accuracy analysis was done for
cysteine proteases and their inhibitor structures as a case
study. The conserved interaction between cysteine proteases
and inhibitors, and the availability of crystal structures
within the family, were important factors making the
method feasible. Thus, this approach would be applicable
to other families of protein complexes satisfying these
conditions.

The study was performed in two parts. In the evaluation
set, we constructed models of complexes with known
crystal structures, and identified factors indicating model
accuracy, namely sequence coverage, sequence identity and
energy scores. It was also found that hybrid models are as
good as those using a simple template. This is important
since it gives a much wider choice of template, making it
easier to meet the criteria for a high accuracy model.

In the study set, we constructed novel models of human
and malaria parasite cysteine protease-inhibitor complexes.
Cysteine proteases are crucial for the survival of the malaria
parasite as well as of other parasites. Since they function
differently from homologous enzymes in human, the
comparative analysis of cysteine protease-inhibitor struc-
tures between human and malarial parasites would help to
understand the function of parasite cysteine proteases and
how they differ from human ones. Falcipain-2 of P
falciparum is a validated drug target. Available crystal
structures of falcipain-2 with cystatin and chagasin, made it
possible to calculate vivapain-2, homologous enzyme in P,
vivax, complexes with high accuracy. Some other examples
of novel high accuracy complexes are falcipain-2 with
human cystatin-A (Fig. 5B) and human cathepsin-L with
human cystatin-A. The detailed analysis of all high
accuracy complexes of the study set will be reported
elsewhere.
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