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The heat shock organizing protein (Hop) is important in modulating the activity and co-interaction of two
chaperones: heat shock protein 70 and 90 (Hsp70 and Hsp90). Recent research suggested that
Plasmodium falciparum Hop (PfHop), PfHsp70 and PfHsp90 form a complex in the trophozoite infective
stage. However, there has been little computational research on the malarial Hop protein in complex with
other malarial Hsps. Using in silico characterization of the protein, this work showed that individual
domains of Hop are evolving at different rates within the protein. Differences between human Hop
(HsHop) and PfHop were identified by motif analysis. Homology modeling of PfHop and HsHop in
complex with their own cytosolic Hsp90 and Hsp70 C-terminal peptide partners indicated excellent
conservation of the Hop concave TPR sites bound to the C-terminal motifs of partner proteins. Further,
we analyzed additional binding sites between Hop and Hsp90, and showed, for the first time, that they
are distinctly less conserved between human and malaria parasite. These sites are located on the convex
surface of Hop TPR2, and involved in interactions with the Hsp90 middle domain. Since the convex sites
are less conserved than the concave sites, it makes their potential for malarial inhibitor design extremely
attractive (as opposed to the concave sites which have been the focus of previous efforts).

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Heat shock proteins (Hsps) are an important class of molecular
chaperones. Hsp70 and Hsp90 are potential drug targets for
inhibitor design to control the increasingly drug resistant
malaria parasite Plasmodium falciparum [1–3]. A less well studied
co-chaperone, the Hsp70/Hsp90 organizing protein, Hop, plays an
important role in modulating the activity and co-interaction of
these two chaperones [4,5].

Hop contains three tetratricopeptide repeat (TPR) domains,
each having three TPR motifs and two DP domains; DP1, between
TPR1 and TPR2A; and DP2, between TPR2B and the C-terminal end
of Hop [4]. DP2 comprises five helices, forming an elongated
V-shape. DP1 consists of roughly the same five helices, but with
a short additional helix near the N-terminus, and is more globular
than DP2 [4]. To date, there is no structure for the whole Hop pro-
tein, however there have been studies to discern Hsp70:Hop and
Hsp90:Hop complexes [4–8].

The surface of each TPR domain has concave and convex regions
[9]. The best understood aspects of Hop interactions are those that
occur at the concave regions: binding to specific C-terminal motifs
in Hsp70 and Hsp90. TPR1 domain binds the C-terminal Hsp70
peptide motif, EEVD [6–8] and Hsp104 [10]; TPR2B domain also
binds the EEVD residues of Hsp70 [4–8]; and TPR2A domain binds
the MEEVD C-terminal residues of Hsp90 [7,8,11,12]. However,
binding and interaction energy studies indicated that the affinity
of the concave interface of TPR2A for Hsp90 C-terminal peptide
does not explain the full affinity of Hop for Hsp90 [13]. Recent
work on Saccharomyces cerevisiae showed that the convex surfaces
of TPR2A and TPR2B interact with the surface of the Hsp90 middle
(M) domain, while the Hsp90 C-terminal (C) domain interacts with
the peptide-binding groove of TPR2A [4]. Interestingly, it is thought
that interaction with convex regions of TPR2 forces Hsp90 into a
conformation that prevents its ATPase activity [4,5]. Protein struc-
tures for the Hop TPR domains and the respective C-terminal
motifs of Hsp70 and Hsp90 in complex are known for only Homo
sapiens [7] and S. cerevisiae [4]. Recently, it was suggested that
Hop forms a complex with Hsp90 and Hsp70 in the P. falciparum
trophozoite (within the infected host erythrocyte), and is overex-
pressed in this infective stage [14]. This shows the importance of
the protein for analysis as a potential drug target.

This work performed detailed in silico characterization and
comparison of human and P. falciparum Hop proteins (HsHop and
PfHop respectively), and relevant interactions with other Hsps, to
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determine prospective inhibitor sites. The research was divided
into two parts. Firstly, Hop was analyzed on a large scale to assess
its variability across species. Secondly, 3D models of HsHop and
PfHop domains and their complexes with cytosolic variants of
Hsp70 and Hsp90 proteins were calculated and studied in terms
of structure and interaction sites. The results, for the first time,
indicated that there are variable sites in the convex regions of
Hop involved in complex formation with Hsp90. As convex sites
are less conserved than concave regions, they are attractive for
malarial inhibitor design.
2. Methods and materials

2.1. Sequence acquisition

PfHop sequence (PF3D7_1434300) was retrieved from
PlasmoDBv9.3 [15], and homolog Hop proteins were searched by
NCBI-BLAST with an E value cut-off of >10�50. The rigid E value
was selected to filter out non-Hop homologs with TPR regions, as
this is a common motif in a number of other proteins as well. 88
sequences were retrieved (S-Data 1). Prokaryote sequences were
not selected, as the focus of this study was eukaryotic organisms.
Further, PfHsp90 (PF3D7_0708400), PfHsp70-1 (PF3D7_0818900),
HsHsp90 alpha (NP_005339.3) and HsHsp90 beta (NP_031381.2)
and HsHsp70-1A (NP_005337.2) were obtained for homology
modeling.

2.2. Sequence and motif analysis

Multiple sequence alignment (MSA) was done by MAFFT’s
E-INSi’s protocol [16]. All versus all pairwise sequence identity
scores were calculated for each domain, and the distribution was
displayed using MATLAB scripts.

The protein sequences were submitted to the MEME web-server
[17] to search for conserved motifs. Motifs with length range
2–150 amino acids were searched as this is the approximate length
of the longest domains in Hop (TPR domains).

2.3. Homology modeling and validation

Initial modeling was done to investigate the interaction
interface between the convex regions of the Hop TPR2A and TPR2B
domains (HopTPR2AB) with Hsp90 M domain, based on S. cerevisi-
ae work by Schmid et al. [4]. The template used to model this
interaction was the structure of ScHopTPR2AB domain complexed
with ScHsp90 M and C domains (ScHopTPR2AB-ScHsp90MC). The
coordinate file was kindly supplied by Schmid et al. [4] and was
calculated via docking an ScHopTPR2 fragment (PDB ID: 3UQ3)
to a low-resolution spin-labeled model ScHsp90 M and C domain
fragment. In this structure, Schmid et al. exchanged Hsp90 residues
S-184, S-411 and S-422 with CXM residues (Cysteine with an addi-
tional proxyl group). For modeling, two templates were prepared:
Firstly, the CYS-template, where CXM residues were converted to
Cysteine residues; and secondly, a SER-template, where each of
these residues in the CYS-template was converted to Serine, using
MODELLER’s mutate-function. Multi-chain homology modeling
employed MODELLER 9.12 [18] according to [19]. For each protein
(or protein complex) 100 models were built. The best 5 models
from each set were chosen based on DOPE Z-score, and submitted
to MetaMQAPII for further evaluation, yielding the top model for
each set based on the GDT_TS score and the local structural quality
at the predicted interaction interface (based on the ScHopTPR2AB-
ScHsp90MC template).

Interactions between concave regions of Hop TPR domains with
the C-terminal peptides of Hsp70 and Hsp90 were also modeled,
using templates 1ELW, 3UQ3 and 3UPV. 1ELW was used to model
HopTPR1 with residues GPTIEEVD from the C-terminus of Hsp70
(HopTPR1-Hsp70GPTIEEVD). 3UQ3 was used to model HopTPR2AB
with both MEEVD from the Hsp90 C-terminus, as well as EVD from
the Hsp70 C-terminus (HopTPR2AB-Hsp70EVD-Hsp90MEEVD). In this
complex, HopTPR2A interacts with Hsp90MEEVD and HopTPR2B
interacts with Hsp70EVD. 3UPV was used to model HopTPR2B
with C-terminal residues PTVEEVD from Hsp70 (HopTPR2B-
Hsp70PTVEEVD). Modeling was performed as with the complexes
used to study the Hop convex interactions.

2.4. Protein–protein docking

Since the ScHopTPR2AB-ScHsp90MC template, used to model
the complexes, was determined by docking [4], each complex
(including the template) was resubmitted to HADDOCK [20] for
docking to confirm the orientation of the interaction interface.
Active residues set when docking were those that formed interac-
tions in the ScHopTPR2AB-ScHsp90MC template, with passive
residues being assigned by the server.

2.5. Identification of important residues in complexes

Complexes were submitted to the Protein Interaction Calculator
(PIC) web-server [21], and Python scripts were written to extract
the conserved interacting residues (defined as those that inter-
acted in more than half of the complexes observed). Then for each
conserved residue, the script used the PIC results and recorded
which residues it interacted with. Using the same conservation
level cut-off, conserved interaction networks for the different
groupings were created.

Each HopTPR2AB-Hsp90MC complex was also submitted to the
Robetta Alanine Scanning web-server [22]. Python scripts recorded
the conserved ‘‘hot spot’’ residues for each grouping. The binding
hot spot cut off value used was a DDGbind P 1.0 kcal mol�1 [23].
3. Results and discussion

3.1. Individual domains evolve at different rates within Hop

Sequence identities for each possible pair of 88 sequences for
each of the Hop domains are shown in Fig. 1, both as matrices
and histograms. In the histograms, the pairwise alignment score
of each sequence against itself was not represented. Overall, the
results showed that Hop domains are highly diverse and individual
domains evolve at different rates within the protein. DP1 was the
least conserved region with most pair identities between 0.2 and
0.4, which was followed by DP2 (0.3–0.5). TPR1, TPR2A displayed
most pair identities between 0.4 and 0.6, while the most conserved
domain was TPR2B, with most pair identities above 0.5. The
matrices demonstrated some phylogenetic clustering; e.g., the well
conserved block (red and yellow) in the middle of each matrix rep-
resented the Kingdom Animalia, and the extremely well conserved
block (red) representing the mammals.

3.2. Motif analysis reflected domain separation

Motif analysis was applied to the full-length Hop sequence
dataset, and up to 30 motifs were searched. TPR domains are rela-
tively well described in the literature [4–8]. MEME results reflected
this separation clearly (S-Data 2A). Each domain was represented
either by one long motif or by a combination of smaller motifs.
The conservation of the motifs throughout sequences is presented
in Fig. 2. Motifs 1, 2, 3, 5 and 6 were present in all sequences. The
most conserved region of Hop, TPR2B was represented by a single



Fig. 1. Distribution of pairwise identity scores per each Hop domain. The top row displays scores as a matrix (identity scores for every sequence versus every sequence
represented as a fraction as per the scale), bottom row as histograms, where the x-axis represents sequence identity as a fraction and the y-axis represents number of
sequence pairs. (A) TPR1, (B) DP1, (C) TPR2A, (D) TPR2B and (E) DP2.

Fig. 2. Motif conservation presented as a heat map. Conservation increases from blue to red while white color represents the absence of a motif. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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motif, motif 1. Motif 2 was part of the TPR1 domain. Interestingly,
DP2 was also represented by a single motif, motif 3. On the other
hand, TPR2A and linker region were presented by more than one
motif (4, 5, 6), but conserved in all organisms. The motif conserva-
tion of DP2 may reflect the functional importance of this domain,
as previously demonstrated [4,24–26]. Conversely, the DP1 domain
and linker region connecting DP1 appears to be the least well con-
served region in the protein. DP1 was represented with different
motifs (e.g., 7, 9, 10, 12, 16 and 18) in different organisms, which
explains why it was the least conserved in sequence identity calcu-
lations. In most species, the DP1 domain possesses recognizable
‘‘DP/NP’’ repeats (as are found in the DP2 domain) and the long
linker contains proline repeats. However this is not so in the
apicomplexan taxa (particularly in the Plasmodium genus), and
DP1 has yet to be characterized experimentally in PfHop. All Plas-
modium sp. sequences and a few protozoan Hop sequences
uniquely lacked DP1 motifs 7 and 10, which were present in the
other sequences, including human Hop. Motif 7 is located in the
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DP1 domain while motif 10 is shared by DP1 and linker regions. In
addition, motif 11, 13, 16 and 20 were present in the HsHop
sequence while absent in the Plasmodium sp. Motif 12, 14, 23,
and 30 were observed to be present in Plasmodium sp. but absent
in HsHop.

Even though motif analysis of the TPR2 domain shows this
region is highly conserved, at a residue level there are striking dif-
ferences between human and P. falciparum Hop sequences, and
especially in the convex regions where the protein is interacting
with Hsp90, as discussed later in this article.
3.3. Convex regions of TPR2 are potential target sites for inhibitor
design

The concave and convex regions of TPR2 (Fig. 3) and their
interactions with Hsp70 and Hsp90 are of great interest. As part
of the analysis, Hsp90MC-HopTPR2AB complexes were generated
by modeling and HADDOCK docking for PfHsp90 (PfHsp90MC-
PfHopTPR2AB), HsHsp90-alpha (HsHsp90aMC-HsHopTPR2AB) and
HsHsp90-beta (HsHsp90bMC-HsHopTPR2AB), with their respective
potential Hop counterparts (see S-Data 3 for model quality and
docking quality assessments). The orientation of the template com-
plex used for modeling was reproduced when the monomers of
each complex were re-docked, with HADDOCK scores comparable
to the re-docked templates (S-Data 3). Interactions calculated
between the complexes are displayed in Fig. 4. The residues are
numbered to allow comparison of the proteins. For actual residue
numbers, refer to S-Data 4A.

Although both the M and C domains of Hsp90 were present in
these models, the interaction interface was limited to Hsp90 M
domain only. The common interactions between HopTPR2AB and
Fig. 3. Cartoon representation of convex and concave interaction sites of the TPR2
domain. (A) Hsp90 M and C domains are shown in red (cartoon representation);
HopTPR2 domain is shown in green (cartoon representation); Hsp90 (red) and
Hsp70 (blue) C-terminal peptides are presented as spheres. (B) The TPR2 domain is
rotated 90� in order to show the concave interaction sites more clearly. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
the Hsp90 M domains across the different sets of complexes are
tabulated in S-Data 4B and summarized in Fig. 4. When comparing
the human models to the yeast template, there was a great deal of
overlap, with 18 interactions common to these three sets of com-
plexes, with 3 specific to the human complexes and 7 that occurred
in the yeast template complexes only. When comparing the human
complexes to those of P. falciparum, the number of common
interactions drops to 12, with 9 interactions found in both human
complexes, but not in the P. falciparum complexes and 11 found
only in the P. falciparum complexes. It was found that the human
complexes seemed to be stabilized by a number of hydrophobic
interactions between residue W28 of HsHsp90 and M156, Y180
and L188 of HsHop. All three residues differed in PfHop and only
L180 formed hydrophobic interactions with W28 of PfHsp90.
Another interesting difference is the ionic interaction observed
between HsHsp90 E140 and HsHop K123 (present as E123 in
PfHop). In the P. falciparum complexes this ionic interaction was
shifted, causing K143 of PfHsp90 to form ionic interactions with
both E119 and E123 of PfHop. PfHsp90 K177 formed hydrogen
bonds with PfHop R109. These residues differed in both HsHsp90
and HsHop, so there was no observed hydrogen bonding between
these residues. Similarly, PfHsp90 D180 interacted ionically with
PfHop K116, but this was not seen in the human models due to
HsHop having residue Q116 in this position. PfHsp90 D187 formed
both ionic interactions and hydrogen bonds with PfHop R112
(L112 in the HsHop models). Finally, ionic interactions between
D190 of PfHsp90 and R112 of PfHop were not observed in their
human counterparts, as these Hsp90 residues were present as
T190 in HsHsp90-alpha and S190 in HsHsp90-beta. This final inter-
action pair may be significant. The results of computing alanine
scanning (S-Data 4C), indicated that R191 of Hsp90 was the only
hot spot residue consistently identified across all complexes, even
though it was not directly involved in any interactions. Hsp90 res-
idue W28 has been shown to be important to Hsp90-Hop interac-
tions in yeast [27], and was identified as a hot spot residue in yeast
and human complexes, but not in P. falciparum. In P. falciparum
complexes, there appeared to be fewer hydrophobic interactions
with this residue (Fig. 4). For the Hop residues, R176 was the only
hot spot residue identified in all complexes. This formed a cation-p
interaction with W28. Residue N108 of PfHop (T108 in HsHop) was
found to be a hot spot residue exclusively in P. falciparum. This res-
idue forms hydrogen bonds with E194 of PfHsp90, which was also
identified as a hot spot residue in P. falciparum and not human
Hsp90s. PfHop residue R112 (L112 in HsHop) was identified as a
hot spot residue in PfHop exclusively. This formed interactions
with E187 and D190 of PfHsp90, neither of which was found in
human complexes. Both residues N108 and R112 of PfHop were
found to be hot spot residues exclusively in P. falciparum com-
plexes and both these residues differ in HsHop. These may be good
candidates for further investigation as target sites for potential
inhibitor design.

3.4. Motifs 1, 6 and 20 form the convex interaction interface

To further investigate evolutionary conservation, especially
between human and P. falciparum, motifs representing the TPR2
domains (in both organisms) were mapped to the PfHsp90MC-
PfHopTPR2AB interaction interface and analyzed (S-Data 2C). Motif
1 (TPR2B domain) is 113 residues long (S-Data 2B), covering posi-
tions 127–240 in our models. HsHop and PfHop share 57% sequence
identity along this region and these identical residues were mapped
to the complex structure (S-Data 2C). Although the interface
between Hop and Hsp90 has a large number of identical residues,
some differences were observed. In spite of its large size, only four
residues from motif 1 of PfHop (residues 156, 157, 176 and 180)
interacted with PfHsp90. These residues formed interactions in



Fig. 4. Consensus interaction network diagram of human, P. falciparum and yeast HopTPR2AB-Hsp90MC interfaces studied. Hsp90 residues are shown as blue ovals, mapped
to their positions on the cartoon structure segments, rendered in PyMOL. Hop residues are displayed as red squares. Residue interaction types are displayed as follows: solid
line – ionic or cation-p interaction; dotted line – hydrogen bonding; faded triangle – hydrophobic interactions. Residues without interaction lines displayed non-specific
interactions. Each panel represents the following complexes: (A) HsHsp90aMC-HsHopTPR2AB; (B) HsHsp90bMC-HsHopTPR2AB; (C) PfHsp90MC-PfHopTPR2AB; (D) Schmid
et al. template (ScHopTPR2AB-ScHsp90MC). Residue numbers are shown based on their positions in the models created, to make them comparable. For actual residue
numbers, refer to S-Data 4A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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HsHop, in addition to five other flanking residues (Fig. 4). Only two
of the four common residues were found to be identical in both
HsHop and PfHop. These residues formed similar interactions with
Hsp90 (Fig. 4). Interestingly, analysis of motif 6 (part of TPR2A) gave
the opposite result. This motif is 29 residues long (S-Data 2B) and
only 9 residues are identical (31%) between human and P. falcipa-
rum. The identical residues are mostly located away from the inter-
face. In fact, S-Data 2C shows a portion of the interface in which
there are no conserved residues between human and P. falciparum.
Of the interacting residues described above, eight corresponded to
this motif in PfHop and seven to HsHop (positions 92–120 in our
models). Of these residues, five interacted in the same position in
both PfHop and HsHop (residues 108, 113, 116, 119 and 120;
Fig. 4) only one of which, E119, was identical in both PfHop and
HsHop (S-Data 4A). Finally, motif 20 was only identified in human
Hop and covered positions 121–126 in our models. As discussed
above, residue 123 interacts in both PfHop and HsHop, but the dif-
ference in residue type, seems to have shifted this interaction down
in PfHop, so that residues 119 and 123 interact with residue 143 of
PfHsp90, rather than residues 139, 140 and 143, as seen in the
human counterpart (Fig. 4). Overall, it appears that Hop motifs 1,
6 and 20 are adjacent motifs that combine to form the convex inter-
action interface with Hsp90.

3.5. Interactions in the concave regions of Hop TPR domains are
conserved

As much work has focused on interactions in the concave
regions of TPR1 and TPR2B (with Hsp70 C-terminal peptide) and
TPR2A (with Hsp90 C-terminal peptide), these were also analyzed.
The results are summarized in S-Data 5A. It was found that in each
TPR domain, there were many interactions common to both
human and P. falciparum and relatively few that were specific to
only human or P. falciparum. The closest exception to this was
the TPR1-Hsp70GPTIEEVD interaction, which involved more hydro-
phobic interactions in the human set; however, even with these,
there were still more interactions common to both human and P.
falciparum. Even when comparing results from different TPR
domains, there were a number of interactions conserved in all
three domains (TPR1, TPR2A and TPR2B) (S-Data 5B and C). The
results indicate that the way Hop TPR domains interact with
Hsp70/Hsp90 C-terminal residues is somewhat conserved even
across different TPR domains.

To date, attention in the literature has been mainly focused on
these concave sites shown in Fig. 3. Here, for the first time, interac-
tions between the convex regions of HopTPR2AB and the Hsp90 M
domains (Fig. 3) were identified for both human and parasite, and
were shown to be less conserved, making these regions potential
sites for inhibitor design (Fig. 4, S-Data 4).

4. Conclusion

Hop plays an important role in modulating the activity and
co-interaction of two chaperones, Hsp90 and Hsp70, yet little is
known about it. In this study a number of novel results were
obtained. In silico studies showed that Hop is highly conserved in
overall structure, and that the individual domains of Hop evolve
at different rates within the protein. Overall, the most well



R. Hatherley et al. / Biochemical and Biophysical Research Communications 456 (2015) 440–445 445
conserved region of Hop was the TPR2B domain, both at sequence
and motif levels. Other than the TPR2B domain, DP2 was the only
domain represented by a single motif, reflecting the known func-
tional importance of this domain. Conversely, the DP1 domain
and linker region connecting DP1 and TPR2A domain, together,
formed the least well conserved region. MSA indicated that this
region may form a structurally and functionally distinct part that
is unique to apicomplexan taxa, and has yet to be characterized
experimentally in PfHop. Comparative interaction studies in both
Pf and HsHop suggested that the concave site TPR residues involved
in interaction with C-terminal partner peptides are far more evolu-
tionarily stable than those at the convex sites on TPR2 that interact
with Hsp90 M domain. Previous work on Hop has investigated the
concave sites for drug targeting; but the convex Hsp90 interacting
sites are less conserved than the concave ones, thus making them
particularly attractive for malarial inhibitor design.
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