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The small acidic protein called p23 acts as a co-chaperone for heat-shock
protein of 90 kDa (Hsp90) during its ATPase cycle. p23 proteins inhibit
Hsp90 ATPase activity and show intrinsic chaperone activity. A search for
p23 in protozoa, especially trypanosomatids, led us to identify two putative
proteins in the Leishmania braziliensis genome that share approximately
30% identity with each other and with the human p23. To understand the
presence of two p23 isoforms in trypanosomatids, we obtained the recom-
binant p23 proteins of L. braziliensis (named Lbp23A and Lbp23B) and
performed structural and functional studies. The recombinant proteins
share similar solution structures; however, temperature- and chemical-
induced unfolding experiments showed that Lbp23A is more stable than
Lbp23B, suggesting that they may have different functions. Lbp23B pre-
vented the temperature-induced aggregation of malic dehydrogenase more
efficiently than did Lbp23A, whereas the two proteins had equivalent effi-
ciencies with respect to preventing the temperature-induced aggregation of
luciferase. Both proteins interacted with L. braziliensis Hsp90 (LbHsp90)
and inhibited its ATPase activity, although their efficiencies differed.
In vivo identification studies suggested that both proteins are present in
L. braziliensis cells grown under different conditions, although Lbp23B
may undergo post-translation modifications. Interaction studies indicated
that both Lbp23 proteins interact with LbHsp90. Taken together, our data
suggest that the two protozoa p23 isoforms act similarly when regulating
Hsp90 function. However, they also have some differences, indicating that
the L. braziliensis Hsp90 machine has features providing an opportunity
for novel forms of selective inhibition of protozoan Hsp90.

Introduction

Heat-shock protein of 90 kDa (Hsp90) is an important
molecular chaperone that stabilizes client proteins in a

Abbreviations

competent state to trap intracellular signals using a
dynamic interaction cycle [1,2]. To function properly,

aSEC, analytical size exclusion chromatography; D, diffusion coefficient; DSC, differential scanning calorimetry; hp23, human p23; Hsp90,
heat-shock protein of 90 kDa; ITC, isothermal titration calorimetry; MDH, malic dehydrogenase; MM, molecular mass; SAXS, small-angle X-ray
scattering; SE-AUC, sedimentation equilibrium-analytical ultracentrifugation; SV-AUC, sedimentation velocity-analytical ultracentrifugation.
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the Hsp90 machinery is assisted by a wide range of
co-chaperones regulating the Hsp90 functional cycle
and dictating the fate of Hsp90, as well as the protein
client [2-4].

The small acidic protein p23 is a co-chaperone that
recognizes ATP-bound Hsp90 [5-7] and stimulates
Hsp90-substrate dissociation [7,8]. Human p23 (hp23)
possesses an N-terminal core that folds into a B-sheet
structure and an unstructured C-terminal tail [8,9].
The p23-Hsp90 interaction occurs via an extensive sur-
face area of the B-sheet core domain of p23, which
appears to be sufficient for the interaction [9-11]. In
yeast, the interaction between p23 (Sbal) and Hsp90
(yHsp90) leads to dimerization of the Hsp90 N-termi-
nal domain [12,13]. This finding was confirmed in the
crystal structure of the Sbal-Hsp90 complex, which
revealed that one Sbal molecule interacts with two
dimerized N-terminal and middle domains of the
Hsp90 dimer in a 2 : 1 stoichiometry [14]. Human p23
interacts with Hsp90 either in the presence or absence
of ATP [15] via contacts with the Hsp90 N-terminal
and middle domains [11,15,16]. The interaction
between hp23 and Hsp90 involves the lid of the ATP-
binding site at the N-terminal domain and modulates
the environment of the ATP pocket, leading to a non-
hydrolyzable state; the interaction also induces changes
in the Hsp90 middle domain [17].

The importance of p23 for the Hsp90 action cycle
has been demonstrated using the Hsp90 inhibitors gel-
danamycin and radicicol, which prevent the proper
interaction between Hsp90 and p23, thus stopping the
Hsp90 functional cycle [18] and leading substrates to
degradation machinery [12,19]. The absence of p23 in
yeast and mammalian cells leads to hypersensitivity to
those Hsp90 inhibitors [10]. In vitro, p23 also presents
intrinsic chaperone activity by holding partially
unfolded proteins in a competent state for folding
[20,21], amongst other activities [22].

The parasitic disease leishmaniasis is caused by pro-
tozoa of the genus Leishmania. It is one of the so-
called ‘neglected diseases’ that mainly affects people in
low-income regions [23,24] and remains an important
health-care challenge, including the need to develop
new drugs for more effective treatments [4,25]. In this
context, molecular chaperones have been indicated as
a target for the development of drugs against protozoa
[26-29] because they are essential for protein metabo-
lism [1,4]. The search for p23 in protozoa led us to
identify two putative protein candidates in the Leish-
mania braziliensis genome, as well as in other trypano-
somatids; these proteins share approximately 30%
identity with each other and with hp23. To explain the
presence of two p23 proteins in trypanosomatids, we
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obtained the recombinant p23s of L. braziliensis
(Lbp23A and Lbp23B) and investigated their structure
and function. We show that these proteins have differ-
ences in stability, despite similarities in their protein
structures; they also have different intrinsic chaperone
activities. Both proteins inhibit LbHsp90 ATPase
activity but with different efficiencies, and they are
present in L. braziliensis cells. Interaction studies dem-
onstrated that both Lbp23 proteins interact with
LbHsp90 dimer in a 1: 1 stoichiometry and similar
Kp values in the presence and absence of adenosine
nucleotides.

Results

Sequence analysis, expression and purification

Figure 1A shows the amino acid sequences of Lbp23A
and Lbp23B, which were aligned to the amino acid
sequence of hp23. The Lbp23 proteins show 21% iden-
tity in their amino acid sequences. Compared with
hp23, Lbp23A and Lbp23B show 33% and 23% iden-
tity, respectively (Fig. 1A). Despite this low identity,
Lbp23 shows a high conservation degree with hp23
considering the Trp residues, as well as the
WPRLTKE sequence, which is described as a signa-
ture motif of p23 proteins [9]. Martinez-Yamout et al.
[11] identified several residues in hp23 that are
involved in the interaction with human Hsp90. A close
inspection of these residues in the Lbp23 sequences
showed a high degree of conservation with little (D10,
R12, Y14, Fl6, E81, G83, R93, L96, S100, V101,
K107, W109, E110, D111 and D112) or no (W8, R11,
V15, W86, R88, W106 and D108) differences in the
residue positions (the residues are numbered according
to the hp23 sequence) (Fig. 1A), indicating that both
Lbp23 proteins may interact with Hsp90 via a similar
surface.

Using the hp23 sequence as a query, we performed
a BLAST search on the GenBank database (http://
www.ncbi.nlm.nih.gov) for the p23 protein of organ-
isms belonging to the Plasmodiidae and Trypanoso-
matidae families. Similar to L. braziliensis, nine other
organisms presented two p23 sequences. Using the
sequence of the hp23 crystallographic structure [9] and
the surface interaction of hp23 with Hsp90 [11], we
performed an alignment of the conserved region and
obtained a dendrogram (Fig. 1B), which shows a clus-
tering of these proteins into two main groups, named
‘A’ and ‘B’. Interestingly, the ‘A’ group shares highest
sequence identity with hp23, whereas the ‘B’ group has
the highest identity with Sbal (Fig. 1B). We performed
an alignment of the p23 sequences, including the
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Fig. 1. Sequence analysis and production of Lbp23 proteins. (A) Amino acid sequence alignment among hp23, Lbp23A and Lbp23B,
showing the p23 signature motif (in the square), the conserved Trp (in gray) and the residues related to the interaction with Hsp90
(underlined amino acids), in accordance with a previous study [11]. The Lbp23 proteins share 21% identity in their amino acid sequences.
The hp23 protein shares 33% and 23% identity with Lbp23A and Lbp23B, respectively. It is worth noting that a sequence of eight amino
acids (underlined) is inserted into Lbp23B just before the p23 signature motif. The inserted sequence is also observed for other
Trypanosomatids p23B proteins (data not shown). (B) Dendrogram for the multiple-sequence analysis of the p23 protein from Homo sapiens
(hp23), Saccharomyces cerevisiae (Sbal), two species of the Plasmodiidae family and seven species of the Trypanosomatidae family. The
alignment was performed based on the sequence of the p23 region from hp23 and considering the amino acids involved in the interaction
with human Hsp90 [11]. Organism names used in the alignment: h, H. sapiens; Sba, S. cerevisiae S288c; Lb, L. braziliensis
MHOM/BR/75/M2904; Li, Leishmania infantum JPCM5; Lm, Leishmania major strain Friedlin; Ld, Leishmania donovani BPK282A1; Th,
Trypanosoma brucei TREU927; Tc, Trypanosoma cruzi strain CL Brener; Tv, Trypanosoma vivax Y486; Pf, Plasmodium falciparum 3D7; and
Pv, Plasmodium vivax Sal-1. The subscript numbers correspond to the residues used to perform the alignment. The GenBank access code
for each protein is indicated in parentheses. The alignment and the tree construction were performed using cLustaiw2. (C, D) 12% SDS/
PAGE showing the expression and purification of Lbp23A and Lbp23B, respectively. MM, protein ladder; 1, non-induced cells; 2, induced
cells; 3, supernatant of lysed cells; 4, protein purified by Ni2*-affinity chromatography; 5, protein after the His-tag cleavage with thrombin
and after purification by SEC. Both Lbp23 proteins were obtained in the soluble state at more than 95% purity.
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sequences of hp23 and Sbal (data not shown), and
observed that the Trypanosomatidae ‘B’ group has a
conserved insertion just before the WPRLTKE
sequence motif (Fig. 1A). The inserted sequence may
be a signature motif for this group of proteins.

To study the structure—function relationship of
Lbp23A and Lbp23B and to help to determine the rea-
son for the existence of two p23 isoforms in the
L. braziliensis genome, we produced these recombinant
proteins (see Materials and methods). Both proteins
were well expressed in the soluble fraction of lysed
cells (Fig. 1C,D, lane 3) and were purified by affinity
chromatography (Fig. 1C,D, lane 4). For biophysical
and structural experiments, the N-terminal His-tag was
cleaved by thrombin, and the proteins were further
purified by size exclusion chromatography (Fig. 1C,D,
lane 5). Both Lbp23 proteins were obtained with more
than 95% purity.

Both p23 recombinant proteins were produced in
the folded state

The secondary structure content of Lbp23A and
Lbp23B was assessed by CD spectropolarimetry
(Fig. 2A). The measured CD spectra show a similar
shape for both proteins where negative bands at around
215-218 nm of different intensities can be observed,
which indicates that both proteins have a [-sheet
secondary structure content, as demonstrated for hp23
[8,11]. Despite the similarities, Lbp23A showed a higher
residue molar ellipticity ([0]) signal at approximately
200 nm and a smaller [0] signal at 218 nm than
Lbp23B, suggesting that the latter protein may have a
higher amount of secondary structure than the first.

Both proteins have a positive band at approximately
230 nm with different intensities (Fig. 2A), which is
also characteristic of hp23 [8,11]. This CD signal has
been related to aromatic amino acids and possibly
influences the secondary structure signal [30].

As shown in Fig. 1A, Lbp23A has five Trp residues,
whereas Lbp23B has four residues. This allowed for
monitoring of the tertiary structure around the resi-
dues (named here as the local tertiary structure) of
both Lbp23 proteins using intrinsic fluorescence emis-
sion. The recorded values of A, were 341 £ 1 nm
and 342 + 1 nm for Lbp23A and Lbp23B, respec-
tively. The calculated spectral center of mass (<A>) val-
ues for Lbp23A and Lbp23B were 352.0 + 0.4 nm and
351.2 £ 0.3 nm, respectively. The fluorescence emis-
sion properties of the tryptophan change depending on
this exposure to a nonpolar—polar environment. Buried
or partially buried tryptophan residues display an A
< 335 nm, a partially exposed one shows an A, Iin
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Fig. 2. Spectroscopic characterization of Lbp23A and Lbp23B. (A)
CD experiments were performed with Lbp23A and Lbp23B and
indicated that the two proteins have similar secondary structure
content. Both proteins showed negative bands at approximately
215-218 nm of different intensities, which indicates that both
proteins have a B-sheet secondary structure content. Lbp23A and
Lbp23B also presented a positive band at approximately 230 nm,
which is also observed for hp23. (B) Fluorescence experiments
were performed using Lbp23A and Lbp23B in the same buffer as
for the CD experiments.

the range 340-350 nm, whereas a completely exposed
tryptophan displays an Ay., of 355 nm [31]. These dif-
ferences allow monitoring changes in the folded state
of a protein upon unfolding. Processes that lead to a
protein unfolding, and a consequent tertiary structure
disclosure, induce a solvent tryptophan exposure with
resulting changes in the fluorescent emission parame-
ters [31]. In this way, a direct inspection of the fluores-
cence emission spectra (Fig. 2B) suggested that both
proteins have local tertiary structure, once Trp exhibits
Amax Vvalues that are compatible to partially exposed
residues.

Altogether, the spectroscopic characterization sug-
gested that the produced recombinant proteins were
folded and share features with other p23 proteins.
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Hydrodynamic results show that the Lbp23
proteins are elongated monomers in solution

To obtain more information about the structure of
both Lbp23 proteins, analytical size exclusion chroma-
tography (aSEC) experiments were performed, where
both proteins eluted between the 45-67 kDa globular
protein markers (Fig. 3A). The Stokes radius (Rg) val-
ues measured by aSEC were 33 + 1 Aand 32+ 1A
for Lbp23A and Lbp23B, respectively (Table 1). Using
the theoretical Rg for a spherical particle with the
same molecular mass (MM) allowed a calculation of
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Fig. 3. Hydrodynamic properties of Lbp23A and Lbp23B. (A) The
aSEC elution profile showed that Lbp23A and Lbp23B eluted
between standard proteins that had molecular masses of 45 and
67 kDa. Inset: estimation of the Rg of Lbp23A and Lbp23B. (B) SV-
AUC experiments were performed using various concentrations of
Lbp23A and Lbp23B (100 to 800 ug-mL~"). The c¢(S) distribution
curves revealed that both Lbp23 proteins behaved as
homogeneous solutions with an SSO‘W of approximately 1.9 s for
both proteins (inset). The hydrodynamic data are summarized in
Table 1.
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the frictional ratio (f/fo) for Lbp23A and Lbp23B,
which was 1.5+ 0.1 and 1.4 4+ 0.1, respectively
(Table 1). These results indicate that both Lbp23 pro-
teins may be dimers or have an elongated shape.

To further investigate the Lbp23 structure in
solution, sedimentation velocity-analytical ultracentrif-
ugation (SV-AUC) experiments were performed.
Figure 3B shows the ¢(S) distribution function for
Lbp23A and Lbp23B at 800 pg-mL ™', suggesting that
they behaved as a monodisperse system. The MM val-
ues estimated by SeprFIT for Lbp23A and Lbp23B were
23 + 1 kDa and 26 4+ 1 kDa, respectively, indicating
that they are monomers in solution. The s,20,w values
obtained as a function of protein concentration
(Fig. 3B, inset) were 1.94 + 0.02 s for Lbp23A and
1.89 £ 0.01 s for Lbp23B (Table 1). The f/f, values
estimated for Lbp23A and Lbp23B from the SV-AUC
experiments were 1.46 £+ 0.01 and 1.65 + 0.02, respec-
tively. These results indicated that both Lbp23 proteins
have an elongated shape, as observed for hp23 [15]
(data not shown). Taken together, all of the hydrody-
namic data suggest that both Lbp23A and Lbp23B
behave as elongated monomers in solution.

Small-angle X-ray scattering (SAXS) experiments
confirm that the Lbp23 proteins are structurally
similar and have an elongated shape

To further investigate the structural features of the
proteins Lbp23A and Lbp23B, SAXS were performed.
Figure 4A shows the scattering curves for Lbp23A
and Lbp23B, which were similar. Analysis of the Gui-
nier region of the scattering curves (data not shown)
revealed that the Lbp23 proteins behaved as a mono-
disperse system, with radius of gyration (R,) values of
331 £0.5A for Lbp23A and 30.1 £ 0.5A for
Lbp23B. The pair distance distribution functions, p(r),
were generated and exhibited a maximum dimension
(Dmax) of 130 £ 5 A for both proteins (Fig. 4B), indi-
cating that both Lbp23 proteins have an elongated
shape. Consistent with the structural resemblance of
the two proteins, the Kratky plot (Fig. 4B, insets)
showed that Lbp23A and Lbp23B possess a similar
structural compactness and folded core. The ab initio
models of Lbp23A and Lbp23B (Fig. 4C) highlight the
similar overall structural features of these two pro-
teins, and HYDROPRO analysis of both models revealed
a good agreement between the Rs, R, and Dy,.x prop-
erties and the experimental values (Table 1). The sa9 .
values were slightly different from the experimental
data because HYDROPRO calculates the hydrodynamic
properties from the static ab initio model and does not
consider the protein flexibility in solution [32].
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Table 1. Summary of Lbp23A and Lbp23B structural features.

Protein
Technique Property Lbp23A Lbp23B
Predicted MMpreq (kDa)? 22.090 23.045
hydrodynamic  Ro (A)? 18 19
data
Analytical SEC Rs (A) 3341 32 4+ 1
flfo° 1.5 + 0.1 1.4 + 0.1
AUC 5w (S) 1.94 £0.02  1.89 £ 0.01
MMy, (kDa) 23 +1 26 4 1
flfo° 1.46 + 0.01 1.65 =+ 0.02
SAXS Ry (A) 33.1+05 30.1 £ 05
Drnax (A) 130 + 5 130 £ 5
HYDROPRO® Rs (A) 34 34
Ry (A) 34 32
Drnax (A) 127 121
Sa0,m 1.55 1.64

@Values predicted for Lbp23A and Lbp23B as a globular monomers
in water and 20 °C (predicted by SEDNTERP).

® From the ratio of Rg by Ro.

¢ Obtained from SedFit analysis.

9 Data obtained by the Hypropro analysis of the final ab initio
models.

In summary, these results suggest that Lbp23A and
Lbp23B are elongated proteins with a prolate shape in
solution. Furthermore, both proteins are very structur-
ally similar in terms of dimension, flexibility and
global shape.

Lbp23 proteins have divergent protein stabilities

The structural stability of Lbp23A and Lbp23B was
investigated comparatively using thermal- and chemi-
cal-induced unfolding experiments, although these
unfolding experiments were irreversible for the tested
conditions (data not shown).

Because the Lbp23A and Lbp23B proteins both have
a positive band at approximately 230 nm, we monitored
the thermal-induced unfolding using CD at 231 nm.
Figure 5A shows the Lbp23A and Lbp23B thermal-
induced unfolding, where both proteins presented a
cooperative transition with a Ty, at 53.0 + 0.5 °C and
44.0 £ 0.5 °C for Lbp23A and Lbp23B, respectively
(Table 2). We also studied the thermal stability of the
Lbp23 proteins using differential scanning calorimetry
(DSC) (Fig. 5B), where Lbp23A showed a thermal tran-
sition centered at 53.9 + 0.2 °C, whereas Lbp23B tran-
sitioned at 45.1 + 0.1 °C (Table 2). The calculated
AH;;IP for both Lbp23 proteins was approximately
115 kcal-mol ™.

We monitored the chemical stability of both
Lbp23 proteins by following the intrinsic fluorescence

FEBS Journal 282 (2015) 388-406 © 2014 FEBS
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Fig. 4. SAXS studies of the Lbp23 proteins. (A) SAXS curves of
Lbp23A and Lbp23B (scaled one order of magnitude for
comparison). The solid lines for both proteins (A) represent the
curve fitting by enom. (B) Particle distance distribution function [p(r)
functions] of Lbp23A and Lbp23B. The Dax Vvalues for both
proteins was 130 + 5 A, and the p(n functions were consistent
with those for prolate-shaped proteins. Inset: The Kratky plot of
Lbp23A and Lbp23B revealed that the two proteins demonstrate
similar flexibility. (C) Ab initio envelopes of Lbp23A and Lbp23B.

emission signal represented by the <A> signal
(Fig. 5C). In these experiments, we also observed that
Lbp23A has higher chemical stability than Lbp23B
based on the calculated C,,: the Cy(urea) of Lbp23A
was 0.6 M lower than that of Lbp23B (Table 2). Alto-
gether, both the thermal- and chemical-induced
unfolding experiments showed that Lbp23A is more
stable than Lbp23B.

Lbp23 proteins have different intrinsic chaperone
activity

The ability of Lbp23 to prevent temperature-induced
protein aggregation was tested comparatively using two
model client proteins: malic dehydrogenase (MDH) and
luciferase (Fig. 6). These two proteins have been used as
hp23 model client proteins [8,9]. Our results indicated
that both Lbp23 proteins prevented the thermal aggre-
gation of MDH; however, Lbp23B was more efficient
than Lbp23A. The latter appears to co-aggregate with
MDH at a low molar ratio, whereas Lbp23B prevented
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Fig. 5. Lbp23 thermal- and chemical-induced unfolding measure-
ments. (A) Thermal-induced unfolding experiments performed
using CD at 231 nm. The T, values were estimated by sigmoidal
fitting and are presented in Table 2. (B) Thermal-induced
experiments performed using DSC. The figure shows only the first
scan normalized to the heat capacity after subtraction of the buffer
scanning and baseline treatment. The T, values were estimated
from the peak of the transition, as well as the AHgg‘p by application
of Egn (1) (Table 2). (C) Chemical-induced unfolding using urea as a
chemical denaturant via measurements of the intrinsic fluore-
scence emission and analysis of the <A>-signal (Table 2).
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Table 2. Summary of Lbp23A and Lbp23B stability features.

Protein
Property Technique Lbp23A Lbp23B
T (°C) CD231 nm 53.0 £ 0.5 44.0 £ 0.5
DSC 53.9 + 0.2 451 + 0.1
AHS3 (keal-mol™")  DSC 116+ 6 115 + 4
Cry (mol-L™") Fluorescence 3.9+ 0.1 33+ 0.1

MDH aggregation under this condition (Fig. 6A). With
luciferase as a model client protein, both Lbp23 proteins
prevented thermal aggregation similarly (Fig. 6B) but
with less efficiency than for MDH. These results indi-
cated that the Lbp23 proteins have different intrinsic
chaperone activity and can act on different L. brazilien-
sis client proteins.

Hsp90 ATPase inhibition

Several studies noted that p23 is an inhibitor of Hsp90
ATPase activity [15,17]. Therefore, we investigated the
effect of the Lbp23 isoforms on steady-state LbHsp90
ATPase activity. Figure 6C shows the dependence of
the LbHsp90 ATPase activity on the concentration
of the Lbp23 isoforms. Both proteins were capable of
reducing the LbHsp90 ATPase activity but to different
extents. Lbp23A inhibited the LbHsp90 ATPase activ-
ity by 50% (£ 10%), whereas Lbp23B reduced it by
approximately 20% (£ 5%) at 30 um (Fig. 6C); thus,
although the behavior of the p23 isoforms is similar,
the two proteins have particular features that distin-
guish them from each other.

The Lbp23 isoforms are cognate proteins in
L. braziliensis promastigote cells

To investigate the presence of the Lbp23 proteins
in vivo, we grew promastigote forms of antimony-sen-
sitive and antimony-resistant L. braziliensis lines [33]
at two temperatures (26 °C and 37 °C) and used poly-
clonal antibodies against the recombinant Lbp23 pro-
teins. Under the tested conditions, cross-reactions
between the antibodies and the recombinant proteins
were not observed or were negligible (Fig. 7). As
shown in Fig. 7, both native Lbp23 proteins were
identified in the antimony-sensitive and antimony-resis-
tant L. braziliensis lines and at the two tested growth
temperatures. At 26 °C, native Lbp23A (Fig. 7A) was
identified as a single band with a size similar to that of
the recombinant protein, and no significant differences
were observed for the growth times or tested lines.
However, at 37 °C, the antimony-resistant line appears
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Fig. 6. Functional assays for Lbp23A and Lbp23B. Client proteins
(1.0 um), MDH (A) and luciferase (B), were incubated at 40 °C for
3 h with increasing amounts of Lbp23 to test the intrinsic
chaperone activity of Lbp23A and Lbp23B. (C) LbHsp90 ATPase
activity inhibition by Lbp23 protein concentration.
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to show a higher amount of native Lbp23A (Fig. 7B).
Lbp23B was also present in both lines that were grown
at 26 °C, however, it underwent in vivo protein degra-
dation; this reaction led to the identification of two
bands with smaller MM (Fig. 7C). It is worth noting
that, immediately after lyses of L. braziliensis cells
grown at 26 °C, a band of similar size of the recombi-
nant Lbp23B was observed (data not shown). Addi-
tionally, a weak band of size equivalent to the
recombinant Lbp23B was observed when the image
contrast was increased (data not shown). Taken
together, these data indicate that the intact Lbp23B is
present under these conditions and also suggested that
natural Lbp23B suffer protein degradation. Interest-
ingly, at 37 °C, two additional main bands of higher
MM were also observed (Fig. 7D) for both lines and
growth times, suggesting that Lbp23B may undergo
some type of post-translational modification under this
growth condition.

Lbp23 isoforms interact with LbHsp90 with
similar affinities

The interaction between Lbp23 and LbHsp90 in the pres-
ence of ATP-vy-S was studied by isothermal titration calo-
rimetry (ITC) (Fig. 8). Both binding reactions were
exothermicand followed a stoichiometricratio of one mol-
ecule of Lbp23 per dimer of LbHsp90. The measured Kp
values of Lbp23A and Lbp23B for LbHsp90 were
0.7 £ 0.2 um (Fig. 8A) and 1.1 +£ 0.2 um (Fig. 8B),
respectively, and were therefore similar (inside the error),
showing that both proteins have a high affinity for
LbHsp90. Additionally, the apparent enthalpic and entro-
pic contributions were almost the same for both cases
(AH,pp = —13.6 £ 0.9 kcal-mol ™', AS,,, = —16.6 cal-
mol~'-deg ™! for Lbp23A and AH,,, = —13.4 £ 0.8 kcal-
mol’l,AS.(lpID = —16.8 cal-mol'-deg™' for Lbp23B), with
the enthalpic component driving both interactions. As
recently reported for the L. braziliensis Ahal co-chaper-
one [34], the interaction of both Lbp23 proteins with
LbHsp90 leads to a negative entropic change, suggesting a
restriction in the freedom of the formed complex. Taken
together, these thermodynamicdataindicate thattheinter-
action mechanism of the Lbp23 proteins with LbHsp90 is
essentially the same, despite their low amino acid sequence
identity.

We also analyzed the molecular masses and the inter-
action using sedimentation equilibrium-analytical ultra-
centrifugation (SE-AUC). Figure 9 shows the fitting of
the SE data, demonstrating the good fit, as shown in
the residuals panel (Fig. 9, bottom), as well as by the
global reduced chi-squared. As a control, the three pro-
teins were analyzed alone to confirm their oligomeric
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Fig. 7. Both Lbp23 proteins are cognate proteins in L. braziliensis promastigote cells. L. braziliensis promastigotes cells, both antimony-
sensitive and antimony-resistant lines, grown for different periods (2, 4 and 6 h) and different temperatures (26 °C and 37 °C) were lysed
and subjected to western blotting. (A) and (B) With the anti-Lbp23A antibody, one band of approximately 22 kDa was observed for all tested
conditions; this band corresponded to the Lbp23A protein. Lane 1, recombinant Lbp23B; lane 2, molecular mass standard; lane 3,
recombinant Lbp23A; lanes 4-9, lysates obtained under the conditions listed above. (C, D) With the anti-Lbp23B antibody, two bands of
approximately 20 kDa (C) and 30 kDa (D) were displayed for all of the conditions tested; these bands corresponded to degradation products
and probable post-translationally modified Lbp23B species. Lane 1, recombinant Lbp23A; lane 2, molecular mass standard; lane 3,
recombinant Lbp23B; lanes 4-9, lysates obtained under the conditions listed above. Arrows indicate the standard molecular mass.

status. Considering the MM obtained for each protein
(Table 3), we concluded that both Lbp23 proteins were
in the monomeric state (Fig. 9A,B), thus confirming the
aforementioned SV experiments. The SE data obtained
for LbHsp90 indicated that it behaved as a dimer of
165 + 2 kDa (Fig. 9C). However, as shown previously,
LbHsp90 forms a monomer—dimer equilibrium with a
Kp of approximately 80 nMm [35]. Treating the obtained
data as a self-association model resulted in an LbHsp90
dimer-monomer Kp of 65 + 5 nm (Fig. 9D), which is
similar to that reported previously [35]. Therefore, at
the LbHsp90 concentrations tested, the protein was
more than 99.5% dimeric. Using the same conditions
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for the experiments on the interaction between
LbHsp90 and Lbp23 proteins and considering the stoi-
chiometry of one Lbp23 molecule per LbHsp90 dimer
(Eqn 4), we obtained a Kp of 8.1 + 0.7 um for the
LbHsp90/Lbp23A complex (Fig. 9E) and 10.7 £
0.3 um for the LbHsp90/Lbp23B complex (Fig. 9F).
These constants are one order of magnitude higher than
those obtained by ITC, which can be explained by the
absence of adenosine nucleotides in the AUC experi-
ments; this absence decreased the affinity of Lbp23 for
Hsp90 [15,36].

To confirm the influence of nucleotides on these
interactions, the Kp values for Lbp23A and Lbp23B

FEBS Journal 282 (2015) 388-406 © 2014 FEBS
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and LbHsp90 were determined using the same
technique based on the change in anisotropy of
fluorescein-labeled Lbp23 after the formation of the
protein—protein complex. Lbp23A showed a Kp of
4.8 + 0.1 umand 2.9 + 0.1 pm in the absence and pres-
ence of ATP, respectively (Fig. 10A). Similarly, Lbp23B
presented a Kp of 11.1 £ 0.1 um and 3.3 £ 0.1 um in
the absence and presence of ATP, respectively
(Fig. 10B). As shown by the ITC data, both Lbp23 pro-
teins showed higher affinity for LbHsp90 in the presence
of ATP or its analogue, although the interaction does
occur even in the absence of an adenosine nucleotide, as
shown by the AUC.

Although the constants from the different techniques
are within the same order of magnitude, the Kp values
obtained by fluorescence anisotropy are slightly higher,
indicating an interaction that shows lower affinity
compared to that for the Kp obtained by ITC and
AUC. This result might possibly be a result of the
labeling of the Lbp23 proteins with FITC, which could

FEBS Journal 282 (2015) 388-406 © 2014 FEBS

have diminished the complex affinity. This effect was
observed previously [37] and, although the effect has
translated into a somewhat different Kp, it did not
prevent the use of the technique to confirm the interac-
tion between proteins. The only exception to this
observation occurred for the interaction between
Lbp23A/LbHsp90 in the absence of nucleotide (Kp of
48 £ 0.1 pm by fluorescence versus a Kp of
8.1 + 0.7 um by AUC). In addition to these consider-
ations, it is worth noting that the Kp is calculated
based on a set of assumptions for each method. There-
fore, the Kp values can vary depending on the adopted
methodology; however, the variation is within an
acceptable range, particularly when comparing direct
and indirect measurements.

Discussion

Molecular chaperones of the Hsp90 family are found
in several organisms, including protozoa. The Hsp90
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Fig. 9. Sedimentation equilibrium data for Lbp23 proteins, LbHsp90 and LbHsp90-Lbp23 complexes. Summary of the sedimentation
equilibrium data fitting for Lbp23A (A), Lbp23B (B) and LbHsp90 (C) by the ‘species analysis’ model of SebPHAT, suggesting that Lbp23
proteins behaved as monomers, whereas LbHsp90 was dimeric. LbHsp90 data was also fitted by the self-association model (D) indicating a
dimer-monomer equilibrium with Kp of 65 4+ 5 nm. The complex Lbp23A-LbHsp90 (E), in the absence of adenosine nucleotide, indicated a
Ko of 8.1 &+ 0.7 um, whereas the complex Lbp23B-LbHsp90 (F) showed a Kp of 10.7 &+ 0.3 pm. The fitting goodness can be evaluated in the
residuals panel (bottom panel) as well as by the global reduced chi-squared values. In all cases, the global fitting was performed in
multispeed equilibrium data mode with at least two protein concentrations. For space restriction questions, the fitting curves for only one

protein concentration are presented.

Table 3. Interaction properties of Lbp23 proteins with LbHsp90 obtained by SE experiments.

Species analysis

Association model

Sample MM (kDa) Chi-squared Kp (1um) Chi-squared
Lbp23A 22 +1 2.52 - -

Lbp23B 24 £+ 2 2.38 - -

LbHsp90 165 + 2 2.60 0.060 + 0.005° 2.55
Lbp23A + LbHsp90 - - 8.1+ 07° 2.45
Lbp23B + LbHsp90 - - 10.7 + 0.3° 1.74

#Self-association model.
PHetero-association model.

proteins are known for having a mechanical cycle that
is guided by ATP binding and hydrolysis, which
involves several large conformational changes [35].
Several studies have shown that this molecular mecha-
nism is controlled by the Hsp90 co-chaperones, as well
as post-translational modifications [2].

We have studied the Hsp90 protein, as well as its
co-chaperones, in L. braziliensis to identify the features
that are related to the protein functional cycle and
inhibition. Among the identified Hsp90 co-chaperones,
we found two putative p23s in the L. braziliensis gen-
ome [4,38]. Using the primary structure, we observed
that, despite the low identity between them and with
hp23, they do present the motif corresponding to p23
proteins [9]. Searches in the public genome databases
led to the identification of two orthologous p23s in
several other trypanosomatids. These proteins were
organized into two large groups as orthologues of
hp23 and of Sbal, suggesting that they are conserved
in these organisms. The presence of two p23s in differ-
ent organisms in which the life cycle encompass a tran-
sition from an insect to a mammalian host, but not in
organisms with only one stage of life, such as Caenor-
habditis elegans, Drosphila melanogaster, Danio rerio,
Xenopus tropicalis, Gallus gallus, Bos taurus, Rat-
tus norvegicus and Schizosaccharomyces pombe (data
not shown), suggests that the existence of two p23s
may be a regulatory or adaptive mechanism related to
the environmental differences experienced by these spe-

FEBS Journal 282 (2015) 388-406 © 2014 FEBS

cies during their life time. One can easily speculate that
each p23 might be more active or stable in one host
than in another. It is also still possible that they have
different mechanisms of interaction with Hsp90. These
possibilities initially guided our experiments.

To explain the presence of two p23 proteins in try-
panosomatids, we produced the recombinant proteins
for structural characterization and found a similar sec-
ondary structure content for the two proteins. They
also have a positive CD signal at 230 nm, which is a
structural sign reported for the hp23 protein [8,11]. In
addition, we used hydrodynamic tools to show that
both Lbp23 proteins are elongated monomers in solu-
tion, similar to the observations for hp23 [39]. SAXS
experiments corroborate these conclusions and indicate
that both Lbp23 proteins have sufficiently long dimen-
sions to interact simultaneously with both the N- and
M-domains of LbHsp90 [39].

Despite the structural similarity between the Lbp23A
and Lbp23B proteins, they showed quite different sta-
bilities under denaturing conditions. The presence of
two p23 isoforms in protozoa with different stabilities,
as observed in the present study, immediately suggested
that the isoforms can perform different roles in vivo.
Recently, it was shown that the yeast Sbal has a large
network of in vivo interactions, which are both depen-
dent and independent of Hsp90 [40]. Therefore, we
functionally characterized Lbp23. Our results suggested
that both Lbp23 proteins have intrinsic chaperone
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Fig. 10. Fluorescence anisotropy assay to determine the Kp of the
interaction  between LbHsp90 and the Lbp23 proteins.
Fluorescence anisotropy curves were obtained in the presence or
absence of 5 mm ATP at 30 °C and increasing concentrations of
LbHsp90, using 15 nm FITC-labeled (A) Lbp23A or (B) Lbp23B. The
samples were excited at 495 nm, and the emission components
were collected through a long-pass (> 520 nm) filter. Kp values
were obtained by fitting the experimental data using GRAPHPAD
PRISM, version 5.

activity; however, they acted differently on the tested
model client proteins and therefore may specifically
interact with different client proteins in L. braziliensis
cells. Moreover, both Lbp23 proteins also inhibited
LbHsp90 ATPase activity but to a different extent.
Lbp23A inhibited the LbHsp90 ATPase activity by
almost 50%, whereas Lbp23B only inhibited the activ-
ity by approximately 20%.

We also performed western blot experiments to
identify the in vivo presence of Lbp23 proteins in pro-
mastigote forms of L. braziliensis at two temperatures.
We also tested pentavalent antimony-sensitive and
pentavalent antimony-resistant L. braziliensis lines
[33]. First, our results led to the identification of both
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Lbp23 isoforms at all tested conditions, indicating that
these p23 proteins are cognate proteins. It was demon-
strated recently that one of protein spots identified as
being more abundant in the antimony-resistant
L. infantum line corresponded to p23 [41], supporting
the reliability of the results reported in the present
study. However, Lbp23B appears to undergo protein
degradation and may suffer from some post-transla-
tion modifications when grown at 37 °C. A search for
phosphorylation sites on the Lbp23 primary structures
showed that both proteins possess several sites with a
high probability of being phosphorylated (data not
shown). Interestingly, in protozoa, Hsp90 post-transla-
tional modifications, such as acetylation and phos-
phorylation, appear to play an important role in
regulating the assembly of the Hsp90 complex [28,29],
and Hsp90 becomes phosphorylated after temperature
adaptation [29]. Furthermore, in Plasmodium falcipa-
rum, the p23 orthologue is phosphorylated in the tro-
phozoite forms [42]. Similarly, a systematic study
confirmed that the hp23 protein is also the target of
phosphorylation by casein kinase II [43]. Taken
together, these observations indicate that native
Lbp23B may be phosphorylated when L. braziliensis
lines are grown at 37 °C. However, more detailed
experiments must be performed to understand the
post-translational modifications of Lbp23 proteins.
Moreover, these in vivo results may indicate divergent
cellular roles for these proteins.

Because the presence of two p23 proteins was con-
firmed in vivo and knowing that the two proteins have
different physicochemical properties, we searched for
the interaction parameters between the two proteins
and LbHsp90. Our ITC results indicate that one
Lbp23 molecule binds to an LbHsp90 dimer, which is
in agreement with the results previously obtained for
other organisms [17,36]. The Kp values obtained in the
presence of a nonhydrolyzable adenosine nucleotide
analogue indicate that LbHsp90 has a similar affinity
for the Lbp23A and Lbp23B proteins. Interestingly,
the thermodynamic parameters suggested that the
Lbp23 proteins share a similar mechanism for interac-
tion with LbHsp90; the interaction for both proteins is
enthalpically driven but has unfavorable entropy. This
entropic penalty is most likely a result of restriction of
the LbHsp90 freedom, similar to that observed for the
interaction between LbAhal and LbHsp90 [34], and is
consistent with the dimerization of the Hsp90 N-
domains [12,13]. Considering all of the structural
results reported above, the similarity of the mechanism
for the interaction of the Lbp23 proteins with
LbHsp90 is not unexpected, despite the low amino
acid sequence identity.
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The interaction of p23 proteins with Hsp90 is modu-
lated by the presence of adenosine nucleotides [15].
Because the interactions between the Lbp23 proteins
and LbHsp90 in the absence of adenosine nucleotides
were not detectable by ITC experiments, we used SE-
AUC (Fig. 9) to test this condition. This methodology
was also used to confirm that the Lbp23 proteins
behave as monomers with no detectable oligomeriza-
tion behavior. We also observed that, for the tested
LbHsp90 concentration, more than 99.5% of LbHsp90
is a dimer. Interestingly, even in the absence of an aden-
osine nucleotide, LbHsp90 has a Kp, for the Lbp23 pro-
teins in the micromolar range (Table 3), demonstrating
high affinity; however, it was one order of magnitude
lower than the Kp in the presence of an adenosine
nucleotide analogue, as measured by ITC (Fig. 8).

The AUC device used does not allow for analysis of
interactions in the presence of high concentrations of
adenosine nucleotide; thus, we employed the versatility
of the fluorescence anisotropy methodology to measure
the affinity of the interactions in the presence and
absence of ATP. Even with this approach, both Lbp23
proteins showed similar and higher affinities for
LbHsp90 in the presence of ATP.

The results reported in the present study demon-
strate that, even with their low degree of identity, the
two p23s that are found in L. braziliensis are able to
interact with Hsp90, following a similar mode of inter-
action with similar affinities. Thus, it is important to
note that, although both proteins interact similarly
with LbHsp90, they exhibit distinct chemical and ther-
mal stability profiles, as well as slight differences in
their intrinsic chaperone and LbHsp90 ATPase inhibi-
tion activities.

These proteins belong to a parasite that has two dis-
tinctive stages during its life cycle. Using western blot
analysis, we observed some differences in the Lbp23A
and Lbp23B expression profiles. These differences,
which are associated with their divergent physicochem-
ical and functional characteristics, suggest that the
presence of two p23s in L. braziliensis may be related
to the possibility for parasite adaptation to the various
conditions encountered during its digenetic life cycle.

In conclusion, the present study unequivocally dem-
onstrates the existence of two p23 isoforms in L. bra-
ziliensis, as well as in other trypanosomatids.
Furthermore, our experimental observations indicate
that Lbp23A and Lbp23B may show distinct activities
in regulating LbHsp90 and that the L. braziliensis
Hsp90 system has traits possibly allowing for new
forms of selective inhibition of the protozoan Hsp90.
Despite these results, many questions remain with
respect to understanding the role of two p23s in trypan-
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osomatids. Future functional studies will aim to shed
light on the function of Lbp23.

Experimental procedures

Protein identification and sequence analysis

The search for Lbp23 was performed using the hp23
sequence (dBEST reference: 4704885) in BLASTP against the
L. braziliensis genome sequence database. The sequence
alignment between Lbp23A (Protein ID: XP 001568545.1;
GenBank accession number: LbrM.34.4450), Lbp23B (Pro-
tein ID: XP 001564309.1; GenBank accession number:
LbrM.20.0220) and hp23 was analyzed using CLUSTALW2
[44]. Our searches also revealed two p23 proteins in two
other Plasmodiidae family species and six Trypanosomati-
dae family species, allowing a multiple sequence alignment
and the construction of a dendrogram based on established
methods using CLUSTALW2.

Cloning, expression and purification

The DNA encoding Lbp23A and Lbp23B was amplified
by PCR using the genomic DNA from L. braziliensis
M2904 (MHOM/BR/75/M2904) and specific primers (data
not shown). This strategy allowed the construction of
pET28a::Lbp23A and pET28a:Lbp23B vectors, which
were used to express recombinant proteins that contained
a His-tag at the N-terminal. The Lbp23A and Lbp23B
cloning was confirmed by automated DNA sequencing
(data not shown).

The Lbp23A recombinant protein was expressed in the
Escherichia coli BL21(DE3) strain (at 37 °C) and Lbp23B
was expressed in the E. coli BL21(DE3) pLysS strain (at
30 °C). The bacterial cells were disrupted by sonication and
centrifuged at 15 550 g. for 30 min at 4 °C. The proteins
were purified by Ni’"-affinity chromatography and incu-
bated with 1 U-mg™! of thrombin (Sigma, St Louis, MO,
USA) for His-tag cleavage. The last step of purification was
performed using size exclusion chromatography onto a Su-
perdex 200 26/60 column. The purity was checked by 12%
SDS/PAGE. LbHsp90 was produced as described previously
[35]. The protein concentration was determined spectropho-
tometrically using the calculated extinction coefficient for
the denatured proteins, as estimated by SEDNTERP (http://
www.jphilo.mailway.com/download.htm).

Spectroscopy studies

CD measurements were performed in a Jasco J-815 spectro-
polarimeter and the temperature was controlled by a Pel-
tier-type PFD 425S system (Jasco Inc., Easton, MD, USA).
The CD spectra were acquired using a 0.2-mm path length
cuvette containing 600 pg-mL~! protein in a buffer contain-
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ing 25 mm Tris-HCl (pH 7.5), 100 mm NaCl and 1 mm
B-mercaptoethanol. All CD data were displayed as mean
[0]. Intrinsic fluorescence emission measurements were
performed in an F-4500 Fluorescence Spectrophotometer
(Hitachi, Tokyo, Japan) using a 1 x 0.2-cm path length
cuvette with 2.5 pm protein in the aforementioned buffer.
The data were analyzed using (A):

where 2; is the wavelength measured and F; is the
fluorescence intensity at A,
induced unfolding experiments were conducted as reported
previously [34].

Thermal- and chemical-

DSC

DSC experiments were performed using a Nano DSC (TA
Instruments, Newcastle, DE, USA) and the measurements
were performed at protein concentrations of approximately
1.1-1.4 mgmL~" after extensive dialysis against a buffer
containing 25 mm Tris-HCI (pH 7.5) and 100 mm NaCl.
The heating rate was 1 °C-min~" for the temperature rang-
ing from 15 °C to 90 °C. The experimental data were pro-
cessed with NANO ANALYZE (TA Instruments), which
provided the T,, for which the baselines were calculated
from the pre- and post-transition temperature regions. The
apparent calorimetric enthalpy change of the unfolding
transition (AH® ) was calculated by integrating the heat

app
capacity (Cp"®) during the heating:

72
AHD = /T 1 Cp™dT (2)

app

where T is the temperature (K).

Hydrodynamic characterization

aSEC experiments and Rgs determination were performed as
described previously [34].

SV-AUC experiments were conducted in a Beckman
Optima XL-A analytical ultracentrifuge (Beckman Coulter,
Fullerton, CA, USA) at Lbp23 concentrations ranging
from 100 to 800 pg-mL~" in 25 mm Tris-HCI (pH 7.5) con-
taining 100 mmM NaCl and 1 mm B-mercaptoethanol at
20 °C at 129 024 g, with data acquisition at 280 nm. The
experimental absorbance data were fitted by SEDFIT, version
12.1 [45], where the f/f, parameter served as a
regularization parameter for the fitting equation. The
experimental sedimentation coefficients (s) were found as
the maximum of the peaks of the distribution function of
the sedimentation coefficient ¢(S) curves, after normaliza-
tion to standard conditions (s,0). The standard sedimenta-
tion coefficient at 0 mg-mL ™' protein concentration (s3,.,),
which is an intrinsic parameter of the particle [46], was esti-
mated by linear regression of the curve of the s, value as
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a function of the protein concentration. SEDFIT estimated
the sy0w value based on information about the buffer vis-
cosity (n = 0.010185), buffer density (p = 1.00307 g-mL™")
and partial-specific volume of each studied protein (Via:
Lbp23A = 0.720 cm®g~"; Lbp23B = 0.725 cm’-g~") which
were supplied by SEDNTERP.

SAXS

SAXS experiments were performed at the SAXS2 beamline
in the Laboratério Nacional de Luz Sincrotron (LNLS,
Campinas-SP, Brazil). The X-ray scattering data were
acquired using a two-dimensional MARCCD detector
(Rayonix, LLC, Evanston, IL, USA). The measurements
were performed with a monochromatic X-ray beam (wave-
length of A = 1.488 A) and a sample-to-detector distance of
approximately 1000 mm, corresponding to a scattering vec-
tor range of 0.015 < ¢ < 0.35 A~', where ¢ is the magni-
tude of the g-vector defined by ¢ = (4n/A)sin® (20 is the
scattering angle). Lbp23A and Lbp23B protein samples
were placed in a 1-mm path length cell, and the scattering
patterns were recorded at different sample concentrations
(approximately 1.0, 2.0 and 4.0 mg-mL™! in a buffer con-
taining 25 mm Tris-HCI (pH 8.0) with 100 mm NaCl and
5 mm B-mercaptoethanol). The samples and the buffer were
recorded using 300-s frames. The scattering curves were
corrected for the attenuation of the samples, and the buffer
scattering curve was subtracted from the corresponding
scattering curve for the sample. The samples were also
checked for radiation damage by measuring consecutive
frames. Protein aggregation was checked using the Guinier
approximation [linearity in the Ln I(g) x ¢* plot, for small
g values) and the R, values were also estimated [47]. p(r)
values were calculated using gNom [48]. The ab initio mod-
els of the Lbp23 proteins were constructed using DAMMIN
[49], and at least 20 models were averaged using the DAMAV-
ER [47-50], leading to the final ab initio models. HYDROPRO
[51] was used for the averaged structures to calculate the
hydrodynamic properties and validate the generated low-
resolution structures.

Chaperone activity

The chaperone activities of Lbp23A and Lbp23B were
tested as their ability to prevent protein aggregation. Sam-
ples containing 1 pv MDH or 1 pum luciferase in the
absence and presence of increasing concentrations of
Lbp23A or Lbp23B (1-10 pm) were incubated for 3 h at
40 °C in Tris-HCI buffer (pH 7.5) containing 100 mm NaCl
and 1 um B-mercaptoethanol. The protein aggregation was
measured in terms of light scattering at 320 nm. The aggre-
gation propensity of Lbp23A and Lbp23B was also tested
at the described temperature and 10 pm. Light scattering
from controls containing only MDH or luciferase after 3 h
of incubation at 40 °C was set as 100%.
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LbHsp90 ATPase inhibition measurements

The inhibitory effects of Lbp23A and Lbp23B on the
LbHsp90 ATPase activity were measured via the enzyme
kinetics using an EnzChek Phosphate Assay kit (Invitrogen,
Carlsbad, CA, USA), as described previously [35]. Briefly,
LbHsp90 (1 um dimer) was incubated in a 96-well micro-
plate at 37 °C with 1.0 mm ATP and 5 mm MgCl, in the
presence of increasing concentrations of Lbp23A and
Lbp23B (0-30 pum). All samples were prepared in 40 mm
Hepes (pH 7.5) buffer containing 100 mm KCI. The hydro-
lyzed P; was quantified as described above, and the ATP
hydrolysis rate at each Lbp23 protein concentration was
converted into the relative ATPase activity. The data were
expressed as a percentage of inhibition.

Parasite growth, protein extraction and western
blot analysis

For in vivo detection of both Lbp23 proteins, we used sen-
sible and antimony-resistant L. braziliensis (MHOM/BR/
75/M2904) lines. This Sblll-resistant line was previously
in vitro selected by continuous stepwise drug pressure with
SbIII [33]. Parasites were grown at 25 °C and 37 °C several
times and the protein preparation was performed as
described previously [34]. Western blot analysis was
performed on a 0.22-pm nitrocellulose membrane using
rabbit-produced polyclonal primary antibodies against the
recombinant Lbp23A (dilution 1 : 25 000) and Lbp23B
(dilution 1:25000) proteins (Célula B — Servico de
Producao de Anticorpos, Porto Alegre, Brazil) and goat
anti-rabbit IgG alkaline phosphatase-conjugated secondary
antibodies (dilution 1 : 30 000) (Sigma). For staining, a
method based on alkaline phosphatase and NBT/BCIP
reagents was used [34].

Interaction studies

ITC experiments were performed at 30 °C in an iTC200
microcalorimeter (GE Healthcare, Milwaukee, WI, USA).
All proteins were dialyzed extensively against 40 mm Hepes
buffer (pH 7.5) containing 20 mm KCI (Lbp23A) or
100 mm KCI (Lbp23B), 5 mm MgCl, and 1 mm B-mercap-
toethanol. Aliquots of each Lbp23 at approximately
150 pm were injected into 5 pm LbHsp90 (dimeric species)
in the presence of 2 mm ATP-y-S (Sigma). The data were
analyzed with oriGIN (MicroCal, Inc., Northampton, MA,
USA) using the one set of sites model to calculate the
apparent binding enthalpy change (AH,p,,), binding stoichi-
ometry (n) and association constant (K,). The apparent
Gibbs energy (AG,;,,) and apparent binding entropy change
(AS,pp) were calculated using:

AGapp = —RTIn K4 = AH,pp — TASupp (3)
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where R is the gas constant (cal-K 'mol™') and T is the
absolute temperature (K). The dissociation constant (Kp)
was considered as 1/Kx.

SE experiments were performed at 20 °C to study the
interaction of 2 um LbHsp90 (dimer concentration) with
Lbp23 proteins at increasing concentrations (2, 5 and
10 um). As controls, SE experiments were performed for
LbHsp90 (2 and 5 pum), Lbp23A (5 and 10 um) and Lbp23B
(5 and 10 pm) separately. To determine whether Lbp23A
interacts with Lbp23B, the mixture of these proteins (5 and
10 pm) was also subjected to SE experiments. All proteins
were prepared in 40 mm Hepes buffer (pH 7.5) containing
100 mm KCI, 5 mm MgCl, and 1 mm B-mercaptoethanol
and were exhaustively dialyzed. The proteins were subjected
to sedimentation at 2903 g, 5161 g, 9757 g and 18 144 g. and
scan data were acquired after 12 h of centrifugation at each
speed. SE analysis involved fitting of the absorbance (at
280 nm) versus cell radius data using a nonlinear regression
routine implemented in the SEDPHAT, version 10.58d [52]. The
distribution of the protein along the cellwas fitted to the fol-
lowing equation for an associating system [53]:

€ = e[ MM = VoueP) (" 1) @)
2RT
where C is the protein concentration at the radial position
r, Cyo is the protein concentration at the radial position rg
(initial radial position) and ® is the centrifugal angular
velocity. The ‘species analysis’ model was used to estimate
the MM of both Lbp23 proteins. As previously shown, the
LbHsp90 dimer dissociates into monomers [35]; then, the
self-association method was used to analyze the LbHsp90
SE experiments.
A hetero-association model, as described by Eqn (4),
was used to fit the sedimentation equilibrium data that was
obtained for the Lbp23-LbHsp90 complexes.

A+B—= AB (5)
Equation 4 can be developed for equilibrium systems
with more species, giving rise to Eqn (6):
MM(1— Vbarp)oo2 (,,2 - r%)
2RT

MM(1 = Viarp)@® (i? — 13)
2RT ; } (©6)

C = Cmonomer, rof’{

+ Ky (Cmonomelz ro)ne{

The predicted MM and molar absorbance of each folded
protein at 280 nm was estimated by SEDNTERP as:
LbHsp90 — 165 686 Da and 114 600 L-mol~'-cm™", respec-
tively; Lbp23A —22 090 Da and 31 970 L-mol lcm™!,
respectively; and  Lbp23B — 23 045 Da and 29 450
L-mol~"-em™", respectively. All of these parameters were
used in SEDPHAT software for hetero-association fitting. For
all data sets, all parameters were allowed to float freely,
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and the statistical analyses were performed using Monte
Carlo nonlinear regression; with 1000 iterations and a con-
fidence level of 0.68.

Fluorescence anisotropy measurements were performed
using 15 nm FITC-labeled Lbp23A or Lbp23B in 20 mm
potassium  phosphate buffer (pH 7.5) containing
50 mm potassium chloride, 0.1% Tween 20, 2% glycerol,
1 mm EDTA and 1 mm B-mercaptoethanol in the presence
or absence of 5 mm ATP at 30 °C and increasing concen-
trations of LbHsp90. After the binding equilibrium, the
samples were excited at 495 nm, and both the parallel and
perpendicularly polarized emission components were col-
lected using a long-pass (> 520 nm) filter in a K2 Fluorom-
eter (ISS Inc., Champaign, IL, USA). The fraction of
bound Lbp23A or Lbp23B (o) was calculated (36):

Tobs — T'i

am st )
where rops 1S the observed anisotropy at each LbHsp90 con-
centration, and r; and rp are the lower and upper asymp-
totic limits, respectively, for the anisotropy values obtained
by curve fitting. Kp values were obtained by fitting the data
to a dose-response curve with a variable slope (available in
GRAPHPAD PRISM, version 5; GraphPad Software Inc., San
Diego, CA, USA) as:

y=r + (rfi I’,‘) 8)
—
<1 + elllog KD—log[LbHSp90])*HillSlOp(?))
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