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Abstract
Human heat-shock protein 90 (HSP90) has four functional domains, including  NH2-terminal (N), charged linker region (LR), 
middle (M) and COOH-terminal (C) domains. In kidney stone disease (or nephrolithiasis/urolithiasis), HSP90 serves as a 
receptor for calcium oxalate monohydrate (COM), which is the most common crystal to form kidney stones. Nevertheless, 
roles of HSP90 and its four domains in kidney stone formation remained unclear and under-investigated. We thus examined 
and compared their effects on COM crystals during physical (crystallization, growth and aggregation) and biological (crys-
tal–cell adhesion and crystal invasion through extracellular matrix (ECM)) pathogenic processes of kidney stone formation. 
The analyses revealed that full-length (FL) HSP90 obviously increased COM crystal size and abundance during crystalliza-
tion and markedly promoted crystal growth, aggregation, adhesion onto renal cells and ECM invasion. Comparing among 
four individual domains, N and C domains exhibited the strongest promoting effects, whereas LR domain had the weakest 
promoting effects on COM crystals. In summary, our findings indicate that FL-HSP90 and its four domains (N, LR, M and 
C) promote COM crystallization, crystal growth, aggregation, adhesion onto renal cells and invasion through the ECM, all 
of which are the important physical and biological pathogenic processes of kidney stone formation.
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Introduction

Kidney stone disease, a common renal disorder, is caused 
by development and deposition of solid crystals formed by 
mineral salts within the kidney [1]. Among various forms 
of crystals, calcium oxalate monohydrate (COM) is most 
frequently observed in stone formers (patients) [2]. Because 
of annual increases in incidence and prevalence of kidney 
stone disease [3–5], a wide range of studies have been car-
ried out to gain essential information for thorough under-
standing of stone pathogenesis and mechanisms of its forma-
tion. Recently, proteomics has been applied to unravel the 
stone-forming processes and to identify stone modulators. 
More than a thousand of proteins have been identified from 
urine of the stone formers [6] and kidney stone matrices 
[7]. Additionally, alterations of protein expression in renal 
tubular epithelial cells (RTECs) by COM crystals have 
been identified via proteomics approach [8–17]. Interest-
ingly, functional analyses have demonstrated that some of 
such altered proteins play roles as modulators (promoters 

or inhibitors) [18, 19] and COM crystal receptors [20–22] 
during the stone-forming processes.

Heat-shock protein 90 (HSP90) is a chaperone that plays roles 
in regulating various cellular processes, including cell cycle [23], 
cell proliferation [24], signaling pathways [25] and proteosta-
sis (protein homeostasis) [26]. In humans, HSP90α is the main 
isoform of HSP90 in cytoplasm and is highly expressed under 
stressful conditions [27]. HSP90 has four domains, which are 
essential for its functions [28].  NH2-terminal (N) domain is 
necessary for ATP binding [29] and co-chaperone recognition 
[30]. Middle (M) domain has been suggested to get involved in 
ATP hydrolysis [31] and HSP90-client and HSP90-co-chaperone 
interactions [32]. Charged linker region (LR) domain, a flexible 
connector between N and M domains, displays an important role 
to regulate arrangement of N and M domains for client binding 
[33]. COOH-terminal (C) domain is essential for HSP90 dimeri-
zation [34] and HSP90-co-chaperone interactions [35]. As one 
of the stress-inducible proteins, HSP90 is associated with several 
diseases, e.g., Alzheimer’s disease [36], sclerosis [37], cancers 
[38] and human coronavirus infections [39].
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The roles of HSP90 in kidney stone disease have been 
recently explored. A previous study has shown that HSP90 
expressed on apical membranes of RTECs may serve as one 
of the COM crystal receptors [8]. Subsequently, its COM 
crystal-binding capability have been functionally validated 
using COM crystal–cell adhesion assay [21, 22]. Moreover, 
HSP90 has been observed to form complexes with other 
potential COM crystal receptors, including α-tubulin, β-actin 
and vimentin [22]. These data indicate that HSP90 serves 
as a COM crystal receptor and is also an interacting partner 
of several other COM crystal-binding proteins. However, 
the roles for HSP90 and its four domains (N, LR, M and 
C) in COM crystal modulation and kidney stone-forming 
processes remained unclear and under-investigated. This 
study therefore examined and compared their effects on 
COM crystals during physical (crystallization, growth and 
aggregation) and biological (crystal–cell adhesion and crys-
tal invasion through extracellular matrix (ECM)) pathogenic 
processes of kidney stone formation.

Materials and methods

Human HSP90 constructs

Five HSP90 constructs for its full-length (FL) and N, LR, M 
and C domains were generated using a previously published 
protocol [40]. Briefly, cDNAs encoding FL human HSP90 
and its four domains were individually amplified using poly-
merase chain reaction (PCR). The PCRs were prepared by 
mixing each cDNA template with Q5 High-Fidelity DNA 
Polymerase (New England BioLabs; Beverly, MA) and 

specific primer pair (Table 1). For cloning, the restriction site 
for NotI was incorporated in both forward and reverse prim-
ers. PCRs were performed with initial denaturation at 98 °C 
for 3 min followed by 35 cycles of denaturation at 98 °C for 
30 s, annealing at 55 °C for 30 s and extension at 72 °C for 
2 min. The final extension step was done at 72 °C for 10 min.

After amplification, all PCR products were cut with NotI 
restriction enzyme (New England BioLabs) and cloned into 
bacterial expression vector, pET-32b(+) (Novagen, Merck 
KGaA; Darmstadt, Germany). The vectors carrying indi-
vidual HSP90 constructs were separately transformed into 
10-beta competent Escherichia coli (New England BioLabs) 
using heat-shock method. The positive colonies were picked 
and checked for the presence of inserts using colony PCR. 
Finally, the plasmid vectors containing the inserts were iso-
lated using GF-Plasmid DNA extraction kit (Vivantis; Selan-
gor, Malaysia), and the nucleotide sequences and orientation 
of inserts were verified by DNA sequencing.

Preparation of recombinant HSP90 constructs

To express the recombinant proteins, vectors carrying indi-
vidual HSP90 constructs were introduced into BL21 (DE3) 
competent E. coli (Novagen) using heat-shock method. After 
16-h incubation with isopropyl-β-D-thiogalactopyranoside 
(IPTG) at 18 °C, the bacterial cultures were centrifuged at 
5,000 × g and 4 °C for 10 min to pellet the cells. Cellular 
proteins were extracted by a lysis/binding buffer (25 mM 
Tris, 500 mM NaCl, 5% glycerol; pH 7.5). Centrifugation 
was performed at 12,000 × g and 4 °C for 20 min to pellet 
cell debris, and all cellular proteins including recombinant 
proteins were then collected.

Table 1  All primers used for construction of full-length HSP90 and its four domains

a The underlined sequences are NoltI restriction site

Primer Nucleotide sequence (5'–3')a

Full-length (FL) construct
 FL-Forward GATT GCG GCC GCGAT GCC TGA GGA AAC CCA G
 FL-Reverse GATT GCG GCC GCTTA GTC TAC TTC TTC CAT 

NH2-terminal (N) domain construct
 N-Forward GATT GCG GCC GCGAT GCC TGA GGA AAC CCA G
 N-Reverse GATT GCG GCC GCTTA TTC AGC CTC ATC ATC GCT 

Charged linker region (LR) domain construct
 LR-Forward GATT GCG GCC GCAAT GGA AAA GGA AGA CAA AGA AGA AG
 LR-Reverse GATT GCG GCC GCTTA ATC CTT CTT TTC TTC TTC CTC 

Middle (M) domain construct
 M-Forward GATT GCG GCC GCTAT GGG TGA CAA GAA GAA GAAG 
 M-Reverse GATT GCG GCC GCTTA CAT GTA ACC CAT TGT TGA GTT G

COOH-terminal (C) domain construct
 C-Forward GATT GCG GCC GCGAT GGC AGC AAA GAA ACA CCTG 
 C-Reverse GATT GCG GCC GCTTA GTC TAC TTC TTC CAT 
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The recombinant HSP90 constructs produced by pET-
32b(+) vector were fused with thioredoxin, hexa-histidine 
and S-protein tag (Trx-His-S). These fusion recombinant 
proteins in the protein lysates were purified using Ni–NTA 
His·Bind Resin beads (Novagen). The lysates were incubated 
with 500 µl of the beads at 4 °C for 1 h on a tube rotator. The 
mixtures were gently added into columns followed by wash-
ing with washing buffer (lysis/binding buffer with 10 mM 
imidazole). Thereafter, the tagged proteins were eluted 
from columns by adding 2.5 ml of elution buffer (lysis/
binding buffer with 250 mM imidazole) into the center of 
the columns.

The Trx-His-S tag fused with purified recombinant 
HSP90 constructs was removed by incubating with recom-
binant enterokinase (EK) in specific digestion conditions 
as shown in Table 2. After the digestion at 25 °C for 16 h, 
EKapture agarose (Novagen) was employed to remove EK, 
and Ni–NTA His·Bind Resin beads (Novagen) were used for 
capturing cleaved fusion tag protein and uncleaved recombi-
nant proteins. After brief centrifugation to pellet the beads, 
the purified recombinant HSP90 proteins in supernatants 
were collected. Protein concentrations in individual sam-
ples were measured using Bio-Rad Protein Assay (Bio-Rad 
Laboratories; Hercules, CA). Finally, molar concentrations 
were adjusted to be identical for all samples.

COM crystallization assay

The crystallization assay was performed by using a previ-
ously published protocol [41, 42]. Initially, calcium chlo-
ride  (CaCl2·2H2O) (Merck; Branchburg, NJ) (at 10 mM) 
and sodium oxalate  (Na2C2O4) (Sigma-Aldrich; St. Louis, 
MO) (at 1 mM) solutions were prepared in a crystalliza-
tion buffer (pH 7.4) containing 10 mM Tris (Affymetrix 
inc.; Cleveland, OH) and 90 mM sodium chloride (NaCl) 
(Bio Basic; Toronto, Canada). In each well of 24-well plate 
(Corning Inc.; Corning, NY), 500 µl of 10 mM  CaCl2·2H2O 
was added followed by 7 µl of each purified recombinant 
HSP90 construct (FL, N, LR, M or C) (their final molar con-
centration was equal at 45 nM.). In parallel, the wells added 
with an equal volume of the crystallization buffer without 

any protein served as the blank control, whereas those added 
with an equal volume and molar concentration of lysozyme 
(Sigma-Aldrich) served as the negative control. Then, 500 µl 
of 1 mM  Na2C2O4 was added into each well. The mixtures 
were incubated at 25 °C for 1 h. Thereafter, COM crys-
tals were observed and imaged using Nikon Eclipse Ti-S 
inverted phase-contrast light microscope (Nikon; Tokyo, 
Japan). Crystal sizes were measured from at least 100 crys-
tals in 15 random fields per sample in each experiment using 
NIS Element D software version 4.11 (Nikon). Crystal abun-
dance was then calculated using the following formula:

Fourier transform infrared (FT‑IR) spectroscopy

FT-IR spectroscopy was performed to confirm of the crys-
tal type (COM) as described previously [43]. Briefly, the 
crystals were dried and analyzed under the Nicolet 6700 
FT-IR spectroscope equipped with an attenuated total reflec-
tance (ATR) accessory and OMNIC software version 8.3 
(Thermo Scientific Inc.; Waltham, MA). Sample spectra 
were acquired from 4000 to 600  cm−1 range with a resolu-
tion of 4  cm−1 per each spectrum. All these sample spectra 
were then matched with the reference FT-IR kidney stone 
basic library using the OMNIC software.

COM crystal growth assay

Crystal growth assay was performed by using a previously pub-
lished protocol [44, 45]. Initially, 500 µl of 10 mM  CaCl2·2H2O 
was added in each well of 24-well plate followed by 500 µl of 
1 mM  Na2C2O4. The mixture was incubated at 25 °C for 1 h 
to allow crystallization to complete. Thereafter, 7 µl of each 
purified recombinant HSP90 construct (FL, N, LR, M or C) 
or lysozyme (negative control) at equal molar concentration 
(45 nM at final) or crystallization buffer without protein (blank 
control) was added into each well. At this time point  (T0), crystal 
images were taken using the Nikon Eclipse Ti-S inverted phase-
contrast light microscope. The mixtures were further incubated 
at 25 °C for 60 min  (T60), and crystal images were again taken 
at  T60. Crystal sizes were measured from at least 100 crystals in 
15 random fields per sample in each experiment using the NIS 
Element D software version 4.11. Δ Crystal size representing 
crystal growth was then calculated using the following formula:

(1)
Crystal abundance (�m2∕field) =
∑

Crystal size of all crystals in each field

Table 2  Digestion conditions 
for Trx-His-S tagged HSP90 
constructs

HSP90 
construct

Enteroki-
nase (U)

Urea (M)

FL 0.5 1
N 0.5 2
LR 1.0 –
M 0.5 1
C 0.5 1
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In addition to image analysis, crystal growth was also 
evaluated by flow cytometry using BD Accuri C6 flow 
cytometer (BD Biosciences; San Jose, CA). At  T0 and  T60, 
forward scatter (FSC), which commonly refers to particle 
size, was measured from 10,000 crystals per sample in each 

(2)
Δ Crystal size (�m2) = Crystal size at T60 − Crystal size at T0 experiment. Δ Crystal size representing crystal growth was 

then calculated using the following formula:

(3)
Δ Crystal size (arbitrary unit or A.U.) = FSC at T60 − FSC at T0

Fig. 1  Positions and amino acid 
sequences of human HSP90 and 
its four domains. The individual 
HSP90 constructs, including 
full-length (FL),  NH2-terminal 
domain (N), charged liker 
region domain (LR), middle 
domain (M) and COOH-termi-
nal domain (C), were designed 
using the previously published 
protocol [40]. The position, 
amino acid sequence and theo-
retical isoelectric point (pI) of 
each HSP90 construct are given 
in separate boxes. Other param-
eters for these constructions are 
detailed in Tables 1 and 2

N: NH2-terminal domain (pI = 4.63)
1 MPEETQTQDQ PMEEEEVETF AFQAEIAQLM SLIINTFYSN KEIFLRELIS 50
51 NSSDALDKIR YESLTDPSKL DSGKELHINL IPNKQDRTLT IVDTGIGMTK 100
101 ADLINNLGTI AKSGTKAFME ALQAGADISM IGQFGVGFYS AYLVAEKVTV 150
151 ITKHNDDEQY AWESSAGGSF TVRTDTGEPM GRGTKVILHL KEDQTEYLEE 200
201 RRIKEIVKKH SQFIGYPITL FVEKERDKEV SDDEAE 236

LR: Charged linker region domain (pI = 4.16)
237 EKEDKEEEKE KEEKESEDKP EIEDVGSDEE EEKKD 271

M: Middle domain (pI = 8.42)
272 GDKKKKKKIK EKYIDQEELN KTKPIWTRNP DDITNEEYGE FYKSLTNDWE 321
322 DHLAVKHFSV EGQLEFRALL FVPRRAPFDL FENRKKKNNI KLYVRRVFIM 371
372 DNCEELIPEY LNFIRGVVDS EDLPLNISRE MLQQSKILKV IRKNLVKKCL 421
422 ELFTELAEDK ENYKKFYEQF SKNIKLGIHE DSQNRKKLSE LLRYYTSASG 471
472 DEMVSLKDYC TRMKENQKHI YYITGETKDQ VANSAFVERL RKHGLEVIYM 521
522 IEPIDEYCVQ QLKEFEGKTL VSVTKEGLEL PEDEEEKKKQ EEKKTKFENL 571
572 CKIMKDILEK KVEKVVVSNR LVTSPCCIVT STYGWTANME RIMKAQALRD 621
622 NSTMGYM 628

C: COOH-terminal domain (pI = 4.34)
629 AAKKHLEINP DHSIIETLRQ KAEADKNDKS VKDLVILLYE TALLSSGFSL 678
679 EDPQTHANRI YRMIKLGLGI DEDDPTADDT SAAVTEEMPP LEGDDDTSRM 728
729 EEVD 732

N LR M C

FL: Full-length (pI = 4.94) 

1 236 628272

271 732237 629
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COM crystal aggregation assay

COM crystals were generated in a larger scale by mixing 
1:1 (vol/vol) of 10 mM  CaCl2·2H2O and 1 mM  Na2C2O4 
and incubating overnight at 25 °C [46, 47]. Centrifugation 
was performed at 2,000 × g and 25 °C for 5 min to har-
vest the crystals. After washing three times with methanol, 

the crystals were allowed to air-dry. Crystal aggregation 
assay was then performed by using a previously published 
protocol [48, 49]. In each well, 1,000 µg dried COM crys-
tals were re-suspended in 1 ml crystallization buffer. Sub-
sequently, 7 µl of each purified recombinant HSP90 con-
struct (FL, N, LR, M or C) or lysozyme (negative control) at 

Fig. 2  Effects of FL-, N-, LR-, 
M- and C-HSP90 on COM crys-
tallization. Crystallization assay 
was performed in the absence 
(blank control) or presence of 
each of the HSP90 constructs 
or lysozyme (negative control) 
at an equal molar concentration 
(45 nM). A Micrographs of the 
COM crystals were captured by 
using an inverted phase-contrast 
light microscope. B Crystal 
sizes were measured from at 
least 100 crystals in 15 random 
fields per sample in each experi-
ment. C Crystal abundance was 
derived from at least 15 random 
fields per sample in each experi-
ment using Formula 1 (see 
“Materials and Methods”). All 
quantitative data were derived 
from three independent experi-
ments using different biological 
replicates and are presented as 
mean ± SEM. * = p < 0.05 vs. 
blank and negative controls; 
# = p < 0.05 vs. FL; δ = p < 0.05 
vs. N; † = p < 0.05 vs. LR
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equal molar concentration (45 nM at final) or crystallization 
buffer without protein (blank control) was added into each 
well. The mixtures were incubated in a ThermoMixer C 
(Eppendorf; Hauppauge, NY) with shaking at 150 rpm and 
25 °C for 1 h. Thereafter, crystal images were taken using 
the Nikon Eclipse Ti-S inverted phase-contrast light micro-
scope. The number of crystal aggregates, charaterized by 
“assembly of three or more individual COM crystals that 
tightly joined together” [48], was counted from at least 15 
random fields per sample in each experiment.

In addition to image analysis, crystal aggregation was 
quantified by flow cytometry using the BD Accuri C6 flow 
cytometer (BD Biosciences). The percentage of crystal 
aggregates, characterized by right shift of FSC and upward 
shift of side scatter (SSC) from the general population of 
individual crystals, was then calculated from 10,000 meas-
urements per sample in each experiment using the following 
formula:

COM crystal–cell adhesion assay

Crystal–cell adhesion assay was performed by using a previ-
ously published protocol [50, 51]. MDCK (ATCC; Manas-
sas, VA), a distal renal tubular epithelial cell line, was used 
as a cell model for this assay. The cells were propagated in 
a complete medium, containing Dulbecco's modified Eagle 
medium (DMEM) (Gibco; Grand Island, NY) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 
60 U/ml penicillin G (Sigma-Aldrich) and 60 μg/ml strep-
tomycin (Sigma-Aldrich). The cells were maintained in a 
humidified incubator with 5%  CO2 at 37 °C. Approximately 
5 ×  105 cells were seeded into each well of the 6-well plate 
(Corning Inc.). The cells were then grown in the complete 
medium in a humidified incubator at 37 °C with 5%  CO2 for 
24 h or until they were confluent.

Meanwhile, COM crystals were prepared as mentioned 
above in the aggregation assay. The dired COM crystals 
were exposed to ultraviolet-C light for 30 min to eliminate 
any microbial contamination. The decontaminated crystals 
(100 µg) were then re-suspended in 1 ml complete medium. 
Subsequently, 7 µl of each purified recombinant HSP90 

(4)

Crystal aggregates (%)

= (Number of crystal aggregates∕Total number of all crystals) × 100

construct (FL, N, LR, M or C) or lysozyme (negative con-
trol) at equal molar concentration (45 nM at final) or crys-
tallization buffer without protein (blank control) was added 
into the crystal suspension.

After confluent, the culture medium was removed and 
the crystal suspension was added onto the confluent cell 
monolayers and further incubated in a humidified incubator 
with 5%  CO2 at 37 °C for 1 h. Thereafter, unbound crystals 
were removed from the cells by vigorous washing with PBS. 
The remaining crystals adhered on the cell monolayers were 
then imaged by using the Nikon Eclipse Ti-S inverted phase-
contrast light microscope. The number of the adhered crys-
tals was counted from at least 15 random fields per sample 
in each experiment.

COM crystal invasion (through ECM) assay

Crystal invasion assay was performed by using a previously 
published protocol [52, 53]. The dried COM crystals (20 µg) 
(prepared as for the aggregation assay) were re-suspended in 
200 µl DMEM. Subsequently, 7 µl of each purified recom-
binant HSP90 construct (FL, N, LR, M or C) or lysozyme 
(negative control) at equal molar concentration (45 nM at 
final) or crystallization buffer without protein (blank con-
trol) was added into the crystal suspension. The mixtures 
were incubated overnight at 4 °C on a tube rotator to allow 
the proteins to thoroughly bind onto the crystal surfaces. 
Thereafter, unbound crystals were removed by centrifuga-
tion at 2,000 × g and 4 °C for 5 min. After washing with 
PBS and another cycle of centrifugation, the crystal–protein 
complexes were incubated with 200 µl of 0.3 pM Lys-plas-
minogen (Fitzgerald Industries international; Acton, MA) in 
PBS at 37 °C for 1 h. Unbound plasminogen was removed by 
centrifugation at 2,000 × g and 4 °C for 5 min followed by 
washing with PBS and another cycle of centrifugation. The 
crystal–protein–plasminogen complexes were then mixed 
with 100 µl of 0.15 pM urokinase plasminogen activator 
(Fitzgerald Industries International) in PBS.

Finally, the mixtures were gently added on-top of the 
ECM migration chambers containing matrix gel and further 
incubated at 37 °C for 24 h. Invasion of the crystals inside 
the ECM chambers was imaged by using a light microscope 
with differential interference contrast (DIC) mode (Nikon 
Eclipse 80i). Invasion distances of the crystals in individual 
samples were measured from at least 20 areas in 5 random 
fields per sample (100 measurements/sample) in each exper-
iment using the NIS Element D software version 4.11.
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Analyses for  Ca2+‑ and  C2O4
2−‑binding motifs 

in FL‑HSP90 and its four domains

To search for  Ca2+- and  C2O4
2−-binding motifs, Scan-

Prosite tool (https:// prosi te. expasy. org/ scanp rosite/) was 
employed. For  Ca2+-binding motifs, sequences of FL-
HSP90 and N, LR, M and C domains were searched against 
the Prosite pattern collection of  Ca2+-binding motifs/
patterns, including EGF-like and EF-hand patterns. For 
 C2O4

2−-binding motifs, their sequences were analyzed for 
the  C2O4

2−-binding pattern “L-x(3,5)-R-x(2)-[AGILPV]” 
previously reported [54].

Analysis of electrostatic potential distributions 
on the surfaces of FL‑HSP90 and its four domains

The electrostatic potential distributions on the surfaces of FL-
HSP90 and its four domains were analyzed by UCSF Chime-
raX software (version 1.3) (https:// www. rbvi. ucsf. edu/ chime 
rax) using 3D structure of HSP90, available in AlphaFold pro-
tein structure database (https:// alpha fold. ebi. ac. uk), as a tem-
plate. The electrostatic potentials of FL-HSP90 and its four 
domains were then auto-calculated according to Coulomb's law.

Statistical analysis

The quantitative data were obtained from three independent 
experiments using different biological replicates and are rep-
resented as mean ± SEM in all experiments. SPSS software 
(version 18) (IBM SPSS; Armonk, NY) was used for sta-
tistical analysis. Each data set was examined for the normal 
distribution using Kolmogorov–Smirnov and Shapiro–Wilk 
tests. Multiple comparisons were made using one-way analy-
sis of variance (ANOVA) with Tukey’s post hoc test when 
the data were normally distributed, but using Kruskal–Wallis 

test for those without normal distribution. P value less than 
0.05 was considered statistically significant.

Results

Production of recombinant FL‑, N‑, LR‑, M‑ 
and C‑HSP90 proteins

To investigate the roles for FL-HSP90 and its four domains 
(N, LR, M and C) in COM crystal modulation and kidney 
stone-forming processes, recombinant FL-HSP90 and its 
four domains were constructed according to the protocol 
established previously [40]. As demonstrated in Fig. 1, FL-
HSP90 was composed of 732 amino acid residues, whereas 
N, LR, M and C domains contained 236 (1st–236th), 35 
(237th–271st), 357 (272nd–628th) and 104 (629th–732nd) 
residues, respectively. Calculating for their isoelectric points 
(pI) via the Compute pI/Mw tool (https:// web. expasy. org/ 
compu te_ pi/) revealed that FL-HSP90 exhibited negatively 
charged property with an acidic pI of 4.94. For its domains, 
N, LR and C also showed negatively charged property with 
pI of 4.63, 4.16 and 4.34, respectively. On the other hand, 
M domain showed positively charged value with a pI of 
8.42 (Fig. 1).

Effects of FL‑, N‑, LR‑, M‑ and C‑HSP90 on COM 
crystallization

All the recombinant HSP90 constructs with equal volume 
and molar concentration, were subjected to COM crystal-
lization assay (Fig. 2A). An equal volume of crystallization 
buffer without protein served as the blank control, whereas 
lysozyme with equal volume and molar concentration served 
as the negative control. After 1-h incubation, crystal sizes 
were measured and crystal abundance was calculated using 
Formula 1. Comparing with the blank and negative controls, 
FL-HSP90 and all other HSP90 constructs significantly 
increased the crystal size and abundance (Fig. 2B and C). 
Comparing among the four domains, C-HSP90 exhibited the 
strongest promoting effect, whereas LR-HSP90 showed the 
weakest promoting effect on both crystal size and abundance 
(Fig. 2B and C).

Fig. 3  Effects of FL-, N-, LR-, M- and C-HSP90 on COM crystal 
growth by image analysis. Crystal growth assay was performed in 
the absence (blank control) or presence of each of the HSP90 con-
structs or lysozyme (negative control) at an equal molar concentra-
tion (45 nM). A Micrographs of the COM crystals were captured at 
 T0 and  T60 by using an inverted phase-contrast light microscope. B–H 
Crystal sizes at  T0 and  T60 were measured from at least 100 crystals 
in 15 random fields per sample in each experiment. I: Δ Crystal size 
representing crystal growth was then calculated using Formula 2 (see 
“Materials and Methods”). All quantitative data were derived from 
three independent experiments using different biological replicates 
and are presented as mean ± SEM. * = p < 0.05 vs. blank and negative 
controls; # = p < 0.05 vs. FL

◂

https://prosite.expasy.org/scanprosite/
https://www.rbvi.ucsf.edu/chimerax
https://www.rbvi.ucsf.edu/chimerax
https://alphafold.ebi.ac.uk
https://web.expasy.org/compute_pi/
https://web.expasy.org/compute_pi/
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Fig. 4  Effects of FL-, N-, 
LR-, M- and C-HSP90 on 
COM crystal growth by flow 
cytometry. Crystal growth assay 
was performed in the absence 
(blank control) or presence of 
each of the HSP90 constructs 
or lysozyme (negative control) 
at an equal molar concentration 
(45 nM). A Scatter plots show-
ing sizes (indicated by forward 
scatter or FSC) of 10,000 COM 
crystals per sample in each 
experiment at T0 and T60 as 
measured by BD Accuri C6 
flow cytometer. B Δ Crystal 
size representing crystal growth 
was then calculated using 
Formula 3 (see “Materials and 
Methods”). All quantitative data 
were derived from three inde-
pendent experiments using dif-
ferent biological replicates and 
are presented as mean ± SEM. 
A.U. = arbitrary unit; SSC = side 
scatter; * = p < 0.05 vs. 
blank and negative controls; 
# = p < 0.05 vs. FL; δ = p < 0.05 
vs. N; † = p < 0.05 vs. LR; 
$ = p < 0.05 vs. M
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Analysis of crystal type by Fourier transform 
infrared (FT‑IR) spectroscopy

To confirm that our crystallization assay yielded typi-
cal COM crystals, chemical composition of the resulting 
crystals was analyzed by FT-IR spectroscopy. The data 
confirmed that all the sample spectra were consistently 
matched with the reference COM spectrum in the FT-IR 
kidney stone basic library (Supplementary Fig. S1).

Effects of FL‑, N‑, LR‑, M‑ and C‑HSP90 on COM 
crystal growth

Crystal growth assay was performed similar to the crystal-
lization assay, but started after initial crystallization for 
60 min to allow crystallization to complete (to avoid the 
effect of neocrystallization). Monitoring crystallization 

and crystal growth phases revealed that neocrystals con-
tinuously occurred since the first few minutes after mix-
ing calcium chloride with sodium oxalate until 40-min, 
when the number of crystals was stable (Supplementary 
Fig. S2). Thereafter, crystal growth (as indicated by the 
increasing crystal size) continued until the end of monitor-
ing at 120-min (Supplementary Fig. S2).

After the initial crystallization step for 1 h without 
protein intervention (T0) (or at 60-min time point shown 
in Supplementary Fig. S2), the preformed crystals were 
further incubated with each of the recombinant HSP90 
constructs, lysozyme (negative control) or crystallization 
buffer without protein (blank control) with equal volume 
and/or equal molar concentration for 60 min (T60) (or at 
120-min time point shown in Supplementary Fig. S2). 
Crystal image analysis revealed that FL-HSP90 dramati-
cally promoted growth or enlargement of the preformed 

Fig. 5  Effects of FL-, N-, LR-, 
M- and C-HSP90 on COM crys-
tal aggregation by image analy-
sis. Crystal aggregation assay 
was performed in the absence 
(blank control) or presence of 
each of the HSP90 constructs 
or lysozyme (negative control) 
at an equal molar concentra-
tion (45 nM). A Micrographs 
of the COM crystal aggregates 
(highlighted with dotted circles) 
were captured by using an 
inverted phase-contrast light 
microscope. B The number of 
the crystal aggregates, charater-
ized by “assembly of three or 
more individual COM crystals 
that tightly joined together” 
[48], was counted from at least 
15 random fields per sample in 
each experiment. All quantita-
tive data were derived from 
three independent experiments 
using different biological 
replicates and are presented as 
mean ± SEM. * = p < 0.05 vs. 
blank and negative controls; 
# = p < 0.05 vs. FL
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crystals as shown by a marked increase in Δ crystal size 
when compared with the blank and negative controls 
(Fig. 3). Among the four domains, N-HSP90 exhibited 
the strongest promoting effect, whereas LR-HSP90 showed 
the weakest effect on the COM crystal growth (Fig. 3).

In addition to image analysis, COM crystal growth 
was also evaluated by flow cytometry. In consistent with 
the image analysis, f low cytometric analysis revealed 
that FL-HSP90 markedly promoted COM crystal growth 
(Δ crystal size) as compared with the blank and nega-
tive controls (Fig. 4). Among the four domains, N- and 
C-HSP90 exhibited the strongest promoting effect, 
whereas LR-HSP90 showed the weakest promoting 
effect on COM crystal growth (Fig. 4).

Effects of FL‑, N‑, LR‑, M‑ and C‑HSP90 on COM 
crystal aggregation

The number of the crystal aggregates (or “assembly of 
three or more individual COM crystals that tightly joined 
together” [48]) was counted after 1-h incubation with each 
of the recombinant HSP90 constructs, lysozyme (negative 
control) or crystallization buffer without protein (blank con-
trol) with equal volume and/or equal molar concentration. 
As demonstrated in Fig. 5, the number of the crystal aggre-
gates was obviously increased by all the five HSP90 con-
structs compared with the blank and negative controls. Com-
paring among the four domains, N- and C-HSP90 exhibited 
the strongest promoting effect, whereas LR-HSP90 showed 

Fig. 6  Effects of FL-, N-, LR-, 
M- and C-HSP90 on COM crys-
tal aggregation by flow cytom-
etry. Crystal aggregation assay 
was performed in the absence 
(blank control) or presence of 
each of the HSP90 constructs 
or lysozyme (negative control) 
at an equal molar concentra-
tion (45 nM). A Scatter plots of 
crystal aggregates characterized 
by right shift of forward scat-
ter (FSC) and upward shift of 
side scatter (SSC) (highlighted 
with dotted rectangles) were 
obtained from 10,000 meas-
urements per sample in each 
experiment using BD Accuri C6 
flow cytometer. B The percent-
age of crystal aggregates was 
calculated using Formula 4 (see 
“Materials and Methods”). All 
quantitative data were derived 
from three independent experi-
ments using different biological 
replicates and are presented as 
mean ± SEM. * = p < 0.05 vs. 
blank and negative controls; 
# = p < 0.05 vs. FL; δ = p < 0.05 
vs. N; † = p < 0.05 vs. LR
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the weakest promoting effect on COM crystal aggregation 
(Fig. 5).

In addition to image analysis, COM crystal aggregation 
was also evaluated by flow cytometry. In consistent with the 
image analysis, flow cytometric analysis revealed that all 
the five HSP90 constructs obviously promoted COM crystal 
aggregation as compared with the blank and negative con-
trols (Fig. 6). Among the four domains, N- and C-HSP90 
exhibited the strongest promoting effect, whereas LR-HSP90 
showed the weakest promoting effect on COM crystal aggre-
gation (Fig. 6).

Effects of FL‑, N‑, LR‑, M‑ and C‑HSP90 on COM 
crystal–cell adhesion

The adhered crystals were evaluated after 1-h incuba-
tion of MDCK cell monolayers with the mixture of COM 

crystals and each of the recombinant HSP90 constructs, 
lysozyme (negative control) or crystallization buffer with-
out protein (blank control) with equal volume and/or equal 
molar concentration followed by a vigorous wash. The data 
demonstrated that all the five HSP90 constructs obviously 
increased the number of the adhered COM crystals on the 
cell monolayers (Fig. 7). Among the four domains, degrees 
of their promoting effect on COM crystal–cell adhesion 
were comparable although the LR-HSP90 tended to show 
the weakest promoting effect (Fig. 7).

Effects of FL‑, N‑, LR‑, M‑ and C‑HSP90 on COM 
crystal invasion through ECM

The effects of FL-HSP90 and its four domains on COM crys-
tal invasion through the ECM were examined using a migra-
tion chamber containing matrix gel to simulate the events 

Fig. 7  Effects of FL-, N-, LR-, 
M- and C-HSP90 on COM crys-
tal–cell adhesion. Crystal–cell 
adhesion assay was performed 
in the absence (blank control) 
or presence of each of the 
HSP90 constructs or lysozyme 
(negative control) at an equal 
molar concentration (45 nM). 
A Micrographs of the adhered 
COM crystals remained on the 
cell monolayer after a vigorous 
wash were captured by using 
an inverted phase-contrast light 
microscope. B The number of 
the adhered COM crystals was 
counted from at least 15 random 
fields per sample in each experi-
ment. All quantitative data were 
derived from three independent 
experiments using different 
biological replicates and are 
presented as mean ± SEM. 
* = p < 0.05 vs. blank and nega-
tive controls
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inside the renal interstitium. Crystal invasion distances were 
measured after 24-h incubation of the crystal–protein–plas-
minogen complex with urokinase plasminogen activator in 
ECM chamber. The results showed that all the five HSP90 
constructs exhibited potent promoting effect on COM crys-
tal invasion through the ECM as compared with the blank 
and negative controls (Fig. 8). Comparing among the four 
domains, N-HSP90 exhibited the strongest promoting effect, 
whereas M-HSP90 showed the weakest promoting effect on 
the COM crystal invasion through the ECM (Fig. 8).

Analyses for  Ca2+‑ and  C2O4
2−‑binding motifs 

in FL‑HSP90 and its four domains

To define mechanism underlying the promoting effects 
of FL-HSP90 and its four domains (N, LR, M and C) on 
COM crystals, their sequences were analyzed for potential 
 Ca2+- and  C2O4

2−-binding motifs. The results showed that 
FL-HSP90 and all of its four domains did not contain any 

 Ca2+-binding motifs/patterns. However, there were five 
potential  C2O4

2−-binding sites found only in the M-HSP90 
(at residues 340th–348th, 363rd–370th, 382nd–389th, 
394th–403rd and 409th–416th), whereas none were detected 
in the other HSP90 domains (Fig. 9).

Analysis of electrostatic potential distributions 
on the surfaces of FL‑HSP90 and its four domains

To further address mechanism underlying the promoting 
effects of FL-HSP90 and its four domains (N, LR, M and 
C) on COM crystals, they were also analyzed for electro-
static potential distributions on their surfaces. Analysis 
using UCSF ChimeraX software (version 1.3) revealed 
that their mean electrostatic potentials were in the range of 
weakly to moderately negative (− 3.47, − 3.31, − 7.40, − 0.55 
and − 4.22 kcal/(mol·e) for FL-, N-, LR-, M- and C-HSP90, 
respectively) (Table 3 and Fig. 10).

Fig. 8  Effects of FL-, N-, LR-, 
M- and C-HSP90 on COM 
crystal invasion through ECM. 
Crystal invasion (through 
ECM) assay was performed 
in the absence (blank control) 
or presence of each of the 
HSP90 constructs or lysozyme 
(negative control) at an equal 
molar concentration (45 nM). 
A Micrographs of the invaded 
COM crystals were captured 
by using a light microscope 
with differential interfer-
ence contrast (DIC) mode. B 
Invasion distances (d) of the 
crystals in individual samples 
were measured from at least 
20 areas in 5 random fields per 
sample (100 measurements/
sample) in each experiment. All 
quantitative data were derived 
from three independent experi-
ments using different biological 
replicates and are presented as 
mean ± SEM. * = p < 0.05 vs. 
blank and negative controls; 
# = p < 0.05 vs. FL; δ = p < 0.05 
vs. N; † = p < 0.05 vs. LR; 
$ = p < 0.05 vs. M
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Discussion

Over decades, the roles for proteins in kidney stone dis-
ease have been extensively investigated. Proteomics study 
has recently demonstrated that COM crystals can alter the 
expression of several proteins involved in cellular processes 
and components [9]. Additionally, several various proteins 
bind to COM crystals [50] and are incorporated into the 
stone matrices as evidenced by their identifications inside 
kidney stones [7]. Importantly, these proteins have been sug-
gested to act as promoters or inhibitors in stone-forming 
processes [55, 56]. Experimental studies have revealed that 
the adhesion and incorporation of proteins into the crystals 
have important effects on several steps in stone formation 
[18–20].

Recently, HSP90 has been characterized as one of COM 
crystal receptors [21]. Besides, it has been reported to 
interact with other COM crystal receptors [22]. We thus 

Fig. 9  Potential  C2O4
2−-binding 

motifs in human HSP90. 
Sequences of FL-HSP90 and 
N, LR, M and C domains 
were submitted to ScanProsite 
tool (https:// prosi te. expasy. 
org/ scanp rosite/) to search for 
the  C2O4

2−-binding pattern 
“L-x(3,5)-R-x(2)-[AGILPV]” 
previously reported [54]. The 
model was constructed by 
UCSF ChimeraX software 
(version 1.3) (https:// www. rbvi. 
ucsf. edu/ chime rax) using 3D 
structure of HSP90 available 
in AlphaFold protein structure 
database (https:// alpha fold. 
ebi. ac. uk) as a template. Five 
potential  C2O4

2−-binding sites 
(in blue color at residues 340th–
348th, 363rd–370th, 382nd–
389th, 394th–403rd and 409th–
416th) were found only in the 
M domain (in orange color), 
whereas none were detected in 
the other HSP90 domains (in 
gray color)

Table 3  Electrostatic potentials on the surfaces of FL-HSP90 and its 
four domains

HSP90 Structure Electrostatic potential (kcal/(mol·e))

Minimum Maximum Mean

FL  − 22.89  + 10.55  − 3.47
N  − 21.93  + 10.44  − 3.31
LR  − 18.12  + 5.40  − 7.40
M  − 13.55  + 14.79  − 0.55
C  − 16.39  + 8.26  − 4.22

https://prosite.expasy.org/scanprosite/
https://prosite.expasy.org/scanprosite/
https://www.rbvi.ucsf.edu/chimerax
https://www.rbvi.ucsf.edu/chimerax
https://alphafold.ebi.ac.uk
https://alphafold.ebi.ac.uk
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hypothesized that HSP90 can bind to or be incorporated 
into COM crystals and then modulate the stone-forming 
processes. Our study was therefore performed to determine 
the effects of FL-HSP90 and its four domains on COM 
crystallization, growth, aggregation, adhesion and invasion 
through ECM.

Crystallization is an initial process that occurs when renal 
tubular fluid or interstitial fluid is supersaturated with stone-
forming minerals, predominantly  Ca2+ and  C2O4

2− ions [57]. 
In addition to high concentrations of minerals, the super-
saturated fluids are rich with several macromolecules that 
regulate the crystal formation [56]. The crystallization pro-
cess can be evaluated by using several parameters, includ-
ing crystal number, size and crystal mass [49]. Herein, we 
evaluated COM crystallization by measuring crystal sizes 
and calculating crystal abundance. Our COM crystallization 
assay demonstrated that the FL-HSP90 and its four domains 
promoted COM crystallization but at different degrees.

Protein–crystal interactions are driven by multiple fac-
tors, one of which is net electrostatic charge of the proteins 
[58]. The study based on mass spectrometry and bioinfor-
matics analysis has shown that most of the identified COM-
binding proteins exhibit either negatively or positively 
charged properties [50]. These charges depend on contents 
of amino acids, particularly side chains that determine acidic 
(aspartate and glutamate) or basic (lysine and arginine) prop-
erty of individual residues [59]. Interestingly, most of the 
proteins identified from the stone matrices exhibit isoelectric 
point (pI) lower than 5 or higher than 9 [59]. Another fac-
tor determining protein–crystal interactions is the presence 
of binding sites for calcium  (Ca2+) and oxalate  (C2O4

2−) 
ions in the protein molecules. These binding sites have been 
observed in proteins involved in kidney stone formation such 
as Tamm–Horsfall protein (THP) [60] and fibronectin [18].

To date,  Ca2+- and  C2O4
2−-binding sites of HSP90 

have not been reported. In our present study analyzing for 
 Ca2+- and  C2O4

2−-binding motifs, there were none of the 
 Ca2+-binding motifs found in FL-HSP90 and all of its four 
domains. Similarly, none of the  C2O4

2−-binding motifs were 
found in N-, LR- and C-HSP90. However, M-HSP90 con-
tained five potential  C2O4

2−-binding sites. Interestingly, FL-, 
N-, LR- and C-HSP90 exhibited negatively charged prop-
erty with acidic pI, whereas its M domain showed positively 
charged value with basic pI. Its positive charge might be 
also responsible for  C2O4

2− binding as for the five potential 

-25 250

FL

N domain LR domain

C domainM domain

kcal/(mol·e)

Fig. 10  Electrostatic potential distributions on the surfaces of FL-
HSP90 and its four domains. The models were constructed by UCSF 
ChimeraX software (version 1.3) (https:// www. rbvi. ucsf. edu/ chime 
rax) using 3D structure of HSP90 available in AlphaFold protein 
structure database (https:// alpha fold. ebi. ac. uk) as a template. The 
electrostatic potentials of FL-HSP90 and its four domains were auto-
calculated according to Coulomb's law. Red color indicates negatively 
charged, whereas blue indicates positively charged distributions at the 
range of − 25 to + 25 kcal/(mol·e). Additional details are reported in 
Table 3

https://www.rbvi.ucsf.edu/chimerax
https://www.rbvi.ucsf.edu/chimerax
https://alphafold.ebi.ac.uk
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 C2O4
2−-binding sites. Although the FL-HSP90 and other 

domains did not show any of the  Ca2+- and  C2O4
2−-binding 

motifs, their weakly to moderately negative electrostatic 
potentials might be responsible for  Ca2+-binding inde-
pendent of the known or recognized  Ca2+-binding motifs, 
thereby promoting COM crystallization, crystal growth and 
aggregation. Nevertheless, this hypothesis remained to be 
elucidated.

After the COM crystals form, they can grow continu-
ously under the supersaturated condition by adding free  Ca2+ 
and  C2O4

2− ions to the crystals [61]. Immunofluorescence 
staining has revealed the spatial distribution of negatively 
charged proteins inside and outside of the crystals dur-
ing growing process [19]. In our present study, negatively 
charged FL-HSP90, N-HSP90 and C-HSP90, and positively 
charged M-HSP90 could enhance the growth of COM crys-
tals. This finding was consistent with that reported in a 
recent study demonstrating that flagellum isolated from E. 
coli exhibited a promoting effect on crystal growth due to its 
charge [45]. Possibly, it can be explained that the negatively 
and positively charged proteins coated onto the crystal sur-
faces can bind to free  Ca2+ and  Ox2−, respectively, resulting 
in the crystal growth [62].

Crystal aggregation proceeds by joining several crystals 
together to enlarge the size and to form crystal agglomerate 
[63]. Large crystal aggregates can cause crystal retention 
inside renal tubules by adhering onto the tubular epithelial 
cell surface, thereby obstructing tubular fluid flow [64]. Pro-
motion and inhibition of crystal aggregation are also regu-
lated by degree of electrostatic charges of the proteins coated 
on the COM crystal surfaces [58, 65]. Due to the low bind-
ing affinity of weakly charged proteins, the remaining areas 
on crystal surfaces can combine with the proteins on sur-
faces of other crystals (protein–crystal–protein interactions) 
[65]. By contrast, strongly charged proteins can completely 
adhere onto the crystal surfaces and block crystal–crystal 
combination [65]. Our study demonstrated that the weakly 
to moderately electrostatic charged FL-HSP90 and its four 
domains exhibited promoting effect on COM crystal aggre-
gation. This finding was consistent with the other study 
revealing that the weakly to moderately electrostatic charged 
fibronectin (mean electrostatic potential calculated by UCSF 
ChimeraX (version 1.3) was − 3.78 kcal/(mol·e)) had the 
potential to promote the crystal aggregation [18].

Another important pathogenic process of stone forma-
tion is adhesion of crystals onto RTECs [16]. In addition to 
COM crystal receptors expressed on apical plasma mem-
branes, crystal–cell adhesion can be modulated by urinary 

[18] and secreted proteins [66]. In this study, we found that 
FL-HSP90 and its four domains could increase crystal bind-
ing onto the MDCK cells, indicating that they play role as 
a promoter for crystal–cell adhesion. In concordance, the 
proteins secreted during crystal-induced ER stress from 
RTECs could affect the stone formation by increasing crys-
tal–cell adhesion [66]. There are two possibilities to explain 
this observation. One is the electrostatic charges. Coating 
the crystal surfaces with positively or negatively charged 
molecules may change their electrostatic charges and subse-
quently affect the crystal adhesive capability [57]. Another 
factor is protein–protein interactions. This promoting effect 
may be modulated by interactions between HSP90 mole-
cules coated on the crystal surfaces and other COM crystal 
receptors located at RTECs surfaces [22].

Crystal–cell interactions may also result in transloca-
tion of crystals from tubular lumen into tubular epithelial 
cells [43, 67, 68]. Thereafter, the crystals may migrate or 
invade into the renal interstitium via plasmin–plasminogen 
pathway [53]. Evidence has suggested that interaction of the 
proteins coated on crystal surfaces and plasminogen is asso-
ciated with crystal invasion [52, 53]. Fibronectin has been 
reported to bind onto crystal surfaces, and its RGD motif 
(Arg-Gly-Asp) can interact with plasminogen, resulting in 
activation of the plasmin–plasminogen pathway and crystal 
invasion [18]. Our crystal invasion assay showed that FL-
HSP90 had ability to promote crystal invasion through the 
ECM. Additionally, this promoting ability was observed for 
all individual domains. Although HSP90 has no RGD motif, 
its activation of the plasmin–plasminogen pathway might be 
due to its direct binding property on the crystal surface and/
or its potential interaction with fibronectin [69], which is an 
abundant component of ECM [70]. Moreover, our finding 
was consistent with the previous report demonstrating that 
α-enolase secreted from RTECs in response to COM crystals 
could promote the crystal invasion [53].

Comparing among the four domains of HSP90, it seemed 
that N-HSP90 and C-HSP90 served as the most potent pro-
moter for the COM stone-forming processes. On the other 
hand, LR-HSP90 exhibited the weakest promoting activity 
on almost all of the COM stone-forming processes. The 
weakest promoting activity of the LR domain was most 
likely due to its smallest size with only 35 amino acid resi-
dues. Nevertheless, the size alone could not explain the 
weakest promoting activity of M-HSP90 on the COM crystal 
invasion through the ECM. Note that M is the largest domain 
of HSP90 containing 357 amino acid residues and occupying 
49% of the HSP90 whole sequence. Therefore, mechanisms 
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underlying differential degrees of promoting activities of 
individual HSP90 domains should be further elucidated.

In conclusion, our investigations have demonstrated 
important roles of HSP90 in kidney stone-forming pro-
cesses. FL-HSP90 and its functional domains, including 
N, LR, M and C domains, considerably promote COM 
crystallization, crystal growth, crystal aggregation, crys-
tal–cell adhesion and crystal invasion through the ECM 
processes. Therefore, HSP90 also serves as a promoter for 
COM stone formation in addition to its known function as 
a COM crystal receptor.
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