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Abstract The Hsp90 (for heat shock protein90) and the
Sgt1 (for suppressor of the G2 allele of skp1) are widely
distributed in animals, yeast, and plants. The former func-
tions as molecular chaperon activating a series of client
proteins, the latter functions as an adaptor protein partici-
pating in multiple biological processes such as immunity
response through interactions with different protein com-
plexes. In the present study, we have constructed a homol-
ogy model of Hsp90-Sgt1 complex in rice based on a
recently resolved structure from barley and Arabidopsis to
explore its binding mechanisms and to understand the de-
tailed interaction profile. A total of 20 ns explicit solvent
molecular dynamics simulations combined with MM-GBSA
computations and virtual alanine scanning were performed
for the modeled complex. In the final structure, three strong
salt bridges were found between OsHsp90 and OsSgt1,
D217(OsHsp90) - K186(OsSgt1), D218(OsHsp90) - K237
(OsSgt1) and K161(OsHsp90) - E239(OsSgt1). Besides,
residue Y173 of OsSgt1 played a vital role in the interac-
tions with OsHsp90, the detailed interactions were dis-
cussed. These results would help us understand the critical
features determining the Hsp90-Sgt1 binding process.
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Abbreviations
RMSD Root mean square deviation
MD Molecular dynamics
Rg Gyration radius
Hsp90 Heat shock protein90
Sgt1 Suppressor of the G2 allele of skp1

Introduction

The Hsp90 (for heat shock protein90) is a kind of quite
conserved protein found from prokaryotic cells to eukaryot-
ic cells including humans and plants, which is composed of
three regions: an N-terminal nucleotide binding domain
containing an ATP binding module, a middle client binding
domain, and a C-terminal dimerization domain [1, 2]. As
molecular chaperon, it not only involves identifying mis-
folded proteins under stress situations, but also functions
under normal conditions in many cellular processes includ-
ing protein folding, protein degradation, stability of the
client proteins which are key components for cellular signal
transduction [3, 4]. In human, as many of the Hsp90 client
proteins participate in the tumor cell growth, to find some
new inhibitors on Hsp90 to control cancer cell proliferation
is expected to be an ideal way for cancer therapy [5–8].
Besides, Hsp90 is also found to form complexes with var-
ious proteins such as transcription factors, steroid hormone
receptors, tyrosine and serine kinases to regulate basic cell
process [9–11].

Sgt1(for suppressor of G2 allele of skp1) is also a kind of
conserved protein which is widely distributed in animals,
yeast and plants, and it is composed of three conserved
domains: an N-terminal TPR (tetratricopeptide repeat) do-
main, a central CS (CHORD-Sgt1) domain, and a C-
terminal SGS (Sgt1-specific) domain [12]. In human, two
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isoforms of Sgt1, Sgt1a and Sgt1b, are both important for
the kinetochore assembly as in the yeast [13]. Knockdown
of Sgt1 protein would cause immunodeficiency for humans
to be infected by bacterial PGN [14]. As for plants,
Arabidopsis also contains two Sgt1 isoforms, Sgt1a and
Sgt1b, which double mutant would lead to embryo lethal
in Arabidopsis, suggesting that Sgt1 proteins are essential
for the plant development [15]. Besides, Sgt1 were also
found involved in the immunity responses in Arabidopsis
[16].

Interactions between Sgt1 and Hsp90 are found in a wide
range species and the interactions are required for R protein
accumulation and invoking immunity responses [17]. Both
NMR structural and mutagenesis analysis indicate that only
the CS domain of Sgt1 is sufficient to bind with the N
terminal of Hsp90 in human and in plants [18, 19].
Moreover, the crystal structure of N-Hsp90-Sgt1-CS com-
plex is determined and mutational analysis indicates that the
complex exhibits a vital role in the assembly of SCF ubiq-
uitin ligase complex [20].

Exploring the Hsp90-Sgt1 interaction details would give
us new insights of how they act as immunity sensors.
Further more, it might be useful for drug design targeting
Hsp90 against tumor cells in humans. However, the dynam-
ic interactions between Hsp90 and Sgt1 is not clear in
plants. In recent years, molecular dynamics (MD) simula-
tions have been widely used to study protein-protein inter-
actions, which would provide not only the dynamic
properties of complex in solution among large time scales,
but also a wealth of energetic information between protein
interactions [21–23]. In the present study, we aimed to
explore the interaction features about the Hsp90-Sgt1 com-
plex in rice. The complex of Hsp90 N-terminus and Sgt1 CS
domain in rice was obtained by homology modeling.
Reliability of the complex was validated by 20 ns explicit
solvent MD simulations in combination with MM-GBSA
and virtual alanine scanning computational method.
Detailed interaction profile of the complex was further ex-
plored by pairwise distance and energy analysis for critical
residues based on the molecular dynamics trajectory. The
final equilibrium structure and trajectory analysis showed
that the salt bridges and hydrogen bonds played important
roles in the stability of the complex in rice.

Materials and methods

Preparation of the starting structure

Rice Hsp90 (GI: 6863054) and Sgt1 (GI: 6581058) sequen-
ces were downloaded from NCBI website. Coordinates of
Barley Hsp90 N-terminal and Arabidopsis Sgt1 CS domain
were obtained from protein data bank (PDB code: 2JKI)

[20]. Complex of Hsp90-N (75aa-290aa) and Sgt1-CS
(167aa-256aa) from rice (OsHsp90 and OsSgt1) was mod-
eled using SWISS-MODEL based on the structure of 2JKI
as they showed considerably high sequence similarities
through alignment (Supplemental Fig. 1a and 1b). The
alignment was executed by ClustalW [24].

Computational alanine scanning

Molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) method [25] had become a commonly used
approach to estimate binding free energy of protein partners.
MM-GBSA [26], a variant of MM-PBSA, which replaced
PB electrostatics with the generalized Born (GB) approxi-
mate model of electrostatics was faster and had aroused
great interest in binding free energy calculations [21,
27–30]. To verify the quality and validity of the modeled
complex, 100 ps GB (IGB02) molecular dynamics simula-
tions instead of explicit water was performed using
AMBER11 [31] software packages along the 50,000 steps.
Before the 100 ps unrestrained production run, energy min-
imization was conducted using 500 steps steepest descent
method followed by another 500 steps conjugate gradient to
remove spacial clashes. Besides, 100 ps GB MD simulations
were also carried out for the 20 ns refined structure and the
crystal structure of 2JKI in the same way as the modeled
structure. The ff99 forcefield (Parm99) [32] was applied
throughout energy minimization and molecular dynamics
simulations. The time step of molecular dynamics simula-
tions was 2 fs with a nonbond cutoff of 10 Å. Langevin
dynamics with a collision frequency of 2.0 ps-1 was
employed to control the temperature of the system. The
SHAKE algorithm was applied to constrain all bonds in-
volving hydrogen [33]. The relative binding free energy

ΔG
*

binding was calculated by using MM-PBSA module of

amber11 [31]. The binding free energy of A + B → AB was
calculated using the following thermodynamic cycle:
(Scheme1)

Where T is the temperature, S is the solute entropy,ΔGgas

is the interaction energy between A and B in the gas phase,
andΔGA

solv,ΔGB
solv, andΔGAB

solv are the solvation free energies
of A, B, and AB, which are estimated using a GB surface
area (GBSA) method [34, 35]. That is, ΔGAB

solv ¼ ΔGAB
GBSAþ

ΔGAB
GB þΔGAB

SA , and so forth. ΔGGB and ΔGSA are the
electrostatic and nonpolar terms, respectively. The bond,
angle, and torsion energies constitute the intramolecular
energy ΔEintra of the complex, while ΔEelec and ΔEvdw

represent the receptor-ligand electrostatic and Van der Waals
interactions, respectively. Because of the constant contribu-
tion of � TΔSfor each complex, we refer to ΔG*

binding for

ΔGbinding þ TΔSin the discussion. The post processing ten
snapshots from the trajectory were generated to calculate the
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binding free energy of the system. Important residues par-
ticipating in the interactions validated in the Y2H assay [20]
were mutated into alanine, and the relative binding free

energy ΔΔG*
binding

� �
was calculated between the wildtype

and the mutated.

Molecular dynamics simulations

GROMACS4.5.3 [36] software package with OPLS/AA
forcefield [37] was used to perform a total of 20 ns explicit
solvent molecular dynamics simulations for the modeled
complex to introduce the solvent effect. The simulation
steps were carried out as follows.

Firstly, the system was solvated in the single point charge
(SPC216) water in a cubic box with a 1.0 nm solute-wall
minimum distance. Counterions were added to compensate
the net charge of the system to a final concentration of
0.1 M. Secondly, 1000 steps energy minimization was per-
formed to remove spacial clashes of the complex using
steepest descent method. Then 100 ps molecular dynamics
simulations with position restraints with a force constant of
1000 kJ mol-1 nm-2 on the complex were applied, which
enables the water to pack around the protein. Lastly, three
independent 20 ns molecular dynamics simulations (Q1, Q2,
Q3) were carried out with the same conditions except that all
position restraints were removed.

The system was coupled to an external bath by the
Berendsen [38] temperature and pressure method with a

time constant of τT00.1 ps and τP01 ps respectively.
Long-range electrostatic interactions beyond the cutoff were
treated with the Partical-mesh Ewald (PME) algorithm [39]
and van der Waals was applied with a cut-off distance of
1.0 nm. The linear constraint (LINCS) [40] algorithm was
used to constrain all bond lengths to their equilibrium posi-
tions. All MD simulations were with a time step of 2 fs. The
final trajectory was analyzed by the standard tools provided
by GROMACS software package. Structure visualization
and manipulation was performed using VMD1.8.7 [41]
and PyMOL (http://www.pymol.org/). The pairwise dis-
tance and energy analysis was accomplished using R lan-
guage (http://www.r-project.org/).

Results and discussion

Homology modeling of rice Hsp90 and Sgt1 complex
and its structure characteristics

Sequence alignment between OsHsp90-N(75-290aa)-
OsSgt1-CS(4-217aa) and 2JKI showed 60 % sequence sim-
ilarity (Supplementary Fig. 1a, 1b). Thus we modeled the
OsHsp90-N-OsSgt1-CS complex in rice based on the struc-
ture of 2JKI using Swiss-model online service, and the
complex was obtained as shown in Fig. 1b. For the modeled
structure (Fig. 1b), OsSgt1 bound with OsHsp90 using its
four anti-parallel β sheets as displayed in the structure of
2JKI (Fig. 1a). Comparing the modeled structure with the

Scheme 1 Thermodynamic
cycle scheme for binding free
energy calculations between
OsHsp90 and OsSgt1
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structure of 2JKI, the most obvious difference was that the
first eight residues in OsHsp90 were shown as a coil in the
modeled structure but it displayed as a β-sheet in 2JKI.

Stability analysis during explicit solvent molecular
dynamics simulations

To validate the stability of the structure and to introduce the
solvent effect, we performed 20 ns explicit solvent molecu-
lar dynamics simulations for the modeled complex. Here,
the equilibration of the MD trajectories was monitored from
the convergence of the Cα root mean square deviation
(RMSD) with respect to the equilibrium structure just prior
to the production molecular dynamics simulations (Fig. 2a).
From Fig. 2a, it could be seen that the relative fluctuation

was small and the system had reached equilibrium around
2.7 Å after 6 ns simulations. Potential energy was important
for the complex stability. The lower the energy and fluctu-
ation, the more stability for the complex. Thus the potential
energy of our modeled complex along the trajectory was
checked. It showed a rather favorable low value with an
average of -696000 kJ mol-1 (Fig. 2b). The gyration radius
(Rg) of the complex was calculated because the gyration
radius of a protein was a measure of its compactness, which
maintained a relatively steady value around 2.15 nm along
the simulations (Fig. 2c). The Cα RMSD and Rg for Q2 and
Q3 simulations were shown in Supplementary materials
(Supplementary Fig. 2). In addition, we also had gauged
solvent accessible surface area of the complex, OsHsp90,
OsSgt1 and the difference between them, which all showed

Fig. 1 Structure information of
the Hsp90-Sgt1 complex. Crys-
tal structure of 2JKI (a); The
modeled OsHsp90-OsSgt1 com-
plex from rice based on the
structure of 2JKI and the final
refined structure after 20 ns mo-
lecular dynamics simulations (b)

Fig. 2 Structure stability
during 20 ns Q1 molecular
dynamics simulations. The Cα
RMSD (a), potential energy (b),
gyration radius (c) of the system
as a function of time. Root
mean square fluctuations
related to the average positions
of the Cα atoms as a function of
residue numbers. Critical
residues numbers are labeled
with star symbols (d)
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a steady value (Supplementary Fig. 3). The above results
confirmed that our simulation had obtained convergence
along the 20 ns production run.

Secondary structure analysis

To further monitor the stability of OsHsp90-OsSgt1 com-
plex and obtain more detailed information of the structure
transformation during the simulations, the variation in sec-
ondary structure was calculated (Fig. 3), which showed that
most of the secondary structure remained quite stable with
only little fluctuations except for the first eight residues. As
illustrated above, in our modeled structure (Fig. 1b), the first
eight residues were shown as a coil, but they immediately
transformed to β sheets since the simulations began and
became rather stable after 2 ns simulations (Fig. 3). Such
change was also validated by the results of per-residue root
mean square fluctuation (RMSF) (Fig. 2d), as the first ten
residues showed a considerably high value of RMSF. While
little fluctuation was monitored for residues E80, K161,
E162, I165, and D218 of OsHsp90 as well as residues
Y173, F184, K237 and E239 of OsSgt1 displayed with a
star symbol in Fig. 2d. In the previous study [20], the above
residues were all on the interface of both proteins and
involved in the interactions either in hydrophobic or polar
interactions between the protein partners, thus our RMSF
results agreed well with the previous experimental results.
Therefore, it validated that our structure was equilibrated
enough and quite stable along the trajectory.

Structure validated by computational alanine scanning

Site-directed mutagenesis had been widely used to identify
the critical residues which were responsible for binding
between the receptor and ligand [21, 27, 28, 30]. In this
study, we performed virtual alanine scanning for either
OsHsp90 or OsSgt1 residues for the crystal structure
(2JKI), the modeled complex and the 20 ns refined struc-
ture. Three sets of computational alanine scanning results
from the three individual 20 ns molecular dynamics simu-
lations were obtained and averaged.

In the crystal structure of the 2JKI, the residues Tyr157
and Phe168 on strand one and strand two of Sgt1 formed

two core hydrophobic interactions with Hsp90 [20]. In our
modeled structure, Tyr173 and Phe184 correspond to the
above two residues. As for Tyr173, binding free energy
ΔΔG*

binding showed a large value increase of 9.8 kcal mol-1.

However, a slower value was observed for the Phe184 with a
value of 1.31 kcal mol-1 when mutated into alanine.
Interestingly, similar results were also obtained for the crystal
structures (Fig. 4). Subsequent analysis showed that Tyr173
participated in polar interactions with OsHsp90. Reports
showed that the Lys221 and Glu223 mutation disrupt the
interactions of Hsp90 and Sgt1 in the Y2H assay [20]. In
our computational method, the binding free energy showed a
great increase of 15.12 kcal mol-1 and 8.1 kcal mol-1 when the
homologous residues Lys237 and Glu239 mutated to alanine
respectively, which correspond well with the Y2H assay. In
our model, the Tyr214 and Thr236 (corresponding residue
Y199 and T220 respectively in 2JKI) resided beyond the
binding interface of OsSgt1 and they had no effect on
the Y2H assay, which corresponded to our computation-
al mutation results with a considerably low value of
0 kcal mol-1 and 0.1 kcal mol-1 when mutated into
alanine respectively. These results were all in agreement
with the Y2H experiments.

Extensive network of polar interactions between E80,
K161, D218 from OsHsp90 and K186, K237, E239 from
OsSgt1 were formed around the hydrophobic interactions,
which were validated by the alanine scanning results.
Binding free energy all showed an increase when these
residues mutated into alanine (Fig. 4). Some other residues
from both OsHsp90 and OsSgt1 were mutated, most of them
were consistent with each other. It was interesting to note
that mutation results on D217 from OsHsp90 and R169
from OsSgt1 in the 20 ns refined structure was much closer
to the crystal structure mutation, which indicated that our
model had improved after 20 ns simulations. To our great
interest, the mutation on E80, K161, E162 from OsHsp90
and Y173, K237, E239 from OsSgt1 in our modeled struc-
ture led to a greater increase in the binding free energy
compared with the crystal structure of 2JKI, which implied
that these residues might play key roles in the binding
affinity in rice. Overall, very good agreements were found
among the modeled structure, the 20 ns refined structure and
the crystal structure.

Fig. 3 Secondary structure
variation during 20 ns Q1
molecular dynamics
simulations for the modeled
OsHsp90-OsSgt1 complex
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Polar interactions were critical in the complex recognition

The above alanine scanning results indicated that residues of
E80, K161, D217, D218 from OsHsp90, and Tyr173,
Lys186, Lys237, Glu239 from OsSgt1 might play crucial
roles during the interactions of the protein partners. Among
these residues, we found that there were three basic amino
acids from OsHsp90 and four acidic amino acids from
OsSgt1. These basic amino acids and acidic amino acids
constitute the key salt bridge interactions during the simu-
lations as shown in Fig. 5a.

Alanine scanning results for Lys186, Lys237 and Glu239
of OsSgt1 all showed a drastic increase for the binding free
energy (Fig. 4), which indicated these residues might play
key roles in the interactions. Thus relevant adjacent residues
analysis showed that three salt bridges among D217-K186,
D218-K237, K161-E239 were formed in the modeled struc-
ture (Fig. 5a). As was expected, mutation on K161, D218
from OsHsp90 showed a large increase for the binding free
energy, while D217 mutation displayed a much lower value
(Fig. 4). As for D217-K186, the distance varied greatly
which implied that this interaction might be weaker, but
the average distance was below 0.2 nm for D218-K237,
K161-E239 after 7 ns simulations (Fig. 5c). Subsequently,
we monitored the SR-Coulomb energy variation for these
salt bridges during the simulations. As for K161-E239 and
D218-K237, SR-Coulomb energy was maintained with an
average value of -101.507 kJ mol-1 and -122.052 kJ mol-1

respectively. A slightly lower SR-coulomb energy was
found for D217-K186, with an average value of -

71.1787 kJ mol-1 (Fig. 5d). The above large binding free
energy in combination with the alanine scanning results
further demonstrated that these salt bridges played crucial
roles in the complex stability.

As one of the most important forces that maintains the
binding between ligand and receptor, hydrogen bonding can
also reflect complex stability. We analyzed the changes in
the hydrogen bonding in the binding domain of the com-
plex. In the crystal structure of 2JKI, it had reported Y157
from Sgt1 formed hydrogen bonds with E6 and K88 of
Hsp90 [20]. In our modeled structure in rice, corresponding
hydrogen bond Y173(OsSgt1) - E80 (OsHsp90), Y173
(OsSgt1) - K161 (OsHsp90) was also found (Fig. 5c). The
minimum distance for Y173 - K161 was rather stable along
the trajectory with an average value of 0.178 nm (Fig. 5b), a
stepwise SR coulomb energy calculation showed that it
maintained an average value of -34.397 kJ mol-1. While
E80 of OsHsp90 undergoes a considerably large fluctuation
for the first 2 ns (Fig. 3), the distance of Y173 - E80
reflected such variation. At the start of the run, the distance
showed a larger value and fluctuated greatly until 2 ns
simulations, but then remained stable at around 0.184 nm
for the last 12 ns simulations (Fig. 5b). SR coulomb energy
results also reflected such distance change and the value
kept around -50.2494 kJ mol-1 for the last 12 ns (Fig. 5d).

In the previous study, Y157 and F168 from Sgt1 were
reported to be important in the protein interactions and
formed a hydrophobic core with Hsp90 [20]. In our study,
hydrophobic interactions were also monitored for the
corresponding residue of Y173 and F184. Interestingly,
virtual alanine scanning results for both the crystal structure
of 2JKI and the modeled structure showed that the effect of
the F184 might be minor (Fig. 4). A stepwise distance and
energy analysis for F184 and the surrounding residues fur-
ther validated such hypothesis (Fig. 6b, c). As for Y173,
distance and SR-LJ energy analysis of the two pairs Y173 -
E162 and Y173 - I165 showed that they maintained an
average distance value of 0.2 nm and with a binding free
energy of -10 kJ mol-1 respectively (Fig. 6b and c) which
indicated that the forces between them was rather stable.

Generality of the binding mechanism among other
organisms

To further validate the generality of the interacting modes,
the sequences of OsHsp90 N terminus and OsSgt1 CS
domain with seven other plant species (Zea mays,
Hordeum vulgare, Glycine max, Nicotiana benthamiana,
Triticum aestivum, Solanum tuberosum) were aligned in
our study (Supplementary Fig. 4). From Supplementary
Fig. 4a, we could see that the residues K161, I165, D217,
D218 of Hsp90 were all conserved. The key residues Y173,
K186, K237, E239 of Sgt1 were also conserved among

Fig. 4 Computational alanine scanning on either Hsp90 or Sgt1 resi-
dues for the crystal structure of 2JKI, the modeled structure and the
20 ns refined structure which was averaged over Q1, Q2, Q3 simu-
lations with the standard deviation shown as error bars. Star symbol
indicates residues which are important in the interactions between
Hsp90 and Sgt1, while triangle symbol represents no or minor func-
tions for the interactions as validated in the Y2H assays. Residue
number is based on the OsHsp90 and OsSgt1 sequence numbers
respectively
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Fig. 5 Profiles of polar
interactions at the interface of
the protein partners for the Q1
molecular dynamics
simulations. Residues involved
in the salt bridge interactions
(a) and hydrogen bond
interactions (b) were labeled
and shown in sphere in the final
structure. Distance (c) and SR-
Coulomb energy (d) between
pairwise residues were calcu-
lated as a function of time for
the 20 ns runs

Fig. 6 Hydrophobic interaction
between OsHsp90 and OsSgt1
for the Q1 molecular dynamics
simulations. Key residues
involved in hydrophobic
interactions were labeled and
shown in sphere (a). Distance
(b) and SR-LJ energy
(c) between pairwise residues
were calculated as a function
of time
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different species. These results further illustrated that Hsp90
and Sgt1 might adopt the same binding modes among
different plants.

Conclusions

In the present study, we used homology modeling method to
obtain OsHsp90-OsSgt1 complex in rice. Then the structure
was further refined by explicit solvent molecular dynamics
simulations for a total of 20 ns. Stepwise computational ala-
nine scanning was applied for the crystal structure of 2JKI, the
modeled complex structure and the 20 ns equilibrated struc-
ture. Results showed that Tyr173 of OsSgt1 played key roles
in the interactions, as it was not only participating in the
hydrophobic interactions but also involved in a hydrogen
bonding network with OsHsp90. Besides, three robust salt
bridges were observed through the trajectory between
OsHsp90 and OsSgt1, D217(OsHsp90) - K186(OsSgt1),
D218(OsHsp90) - K237(OsSgt1), K161(OsHsp90) - E239
(OsSgt1). Our work revealed that salt bridges played vital
roles in the complex stability,and the results would provide a
crucial clue for a better understanding of the binding mecha-
nisms between Hsp90 and Sgt1 in rice. More generally, the
structural analysis might present opportunities in biologically
engineering more adaptable rice grains.
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