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Abstract

Background: Maize is one of the important cereal food crops in the world. High temperature stress causes adverse
influence on plant growth. When plants are exposed to high temperatures, they produce heat shock proteins
(HSPs), which may impart a generalized role in tolerance to heat stress. Proteome analysis was performed in plant
to assess the changes in protein types and their expression levels under abiotic stress. The purpose of the study is
to explore which proteins are involved in the response of the maize plant to heat shock treatment.

Results: We investigated the responses of abundant proteins of maize leaves, in an Egyptian inbred line of maize "K1”,
upon heat stress through two-dimensional electrophoresis (2-DE) on samples of maize leaf proteome. 2-DE technique
was used to recognize heat-responsive protein spots using Coomassie Brilliant Blue (CBB) and silver staining. In 2-D
analysis of proteins from plants treated at 45 °C for 2 h, the results manifested 59 protein spots (4.3%) which were
reproducibly detected as new spots where did not present in the control. In 2D for treated plants for 4 h, 104 protein
spots (7.7%) were expressed only under heat stress. Quantification of spot intensities derived from heat treatment
showed that twenty protein spots revealed clear differences between the control and the two heat treatments. Nine
spots appeared with more intensity after heat treatments than the control, while four spots appeared only after heat
treatments. Five spots were clearly induced after heat treatment either at 2 h or 4 h and were chosen for more analysis

by LC-MSMS. They were identified as ATPase beta subunit, HSP26, HSP16.9, and unknown HSP/Chaperonin.

Conclusion: The results revealed that the expressive level of the four heat shock proteins that were detected in this
study plays important roles to avoid heat stress in maize plants.
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Background

The most critical function of plant cell is to respond against
stress induced for self-defense. This defense is brought about
by modification in the pattern of gene expression: qualitative
and quantitative changes in proteins leading to modulation of
certain metabolic and defensive pathways. Recent proteome
analysis performed in plant has provided new dimensions to
evaluate the changes in protein types and their expression
levels under abiotic stress. Specific and novel proteins have
been identified, which play a role in heat shock. Beside specific
protein production, plants respond to a variety of stresses by
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producing heat shock proteins (HSPs), indicating the plant’s
adaptive mechanisms which HSPs use to protect cells against
many stresses (Timperio et al. 2008). Cereal grain proteomics
can provide valuable information regarding plant growth, nu-
tritional status, adaptation to environmental stresses, and the
role that grain proteins play in health disorders, such as coeliac
disease (Bose et al. 2019).

Abril et al. (2011) found that proteomics provide a sim-
ultaneous and high throughput study of protein profiles in
cells, tissues, or a living organism at any developmental
state or under a specific environmental condition. Magdel-
din et al. (2014) remarked that the gel-based proteomics is
one of the most versatile methods for fractionating protein
complexes. Along with these methods, 2-DE is commonly
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used to simultaneously fractionate, identify, and quantify
proteins when coupled with MS identification. Westerme-
ier (2014) reported that separating proteins according to
the combination of isoelectric focusing under denaturing
conditions and sodium dodesil sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) delivers the highest reso-
lution of all bio-analytic techniques. Tan et al. (2017) re-
ported that proteomics allows us to expansively analyze
crop proteins and facilitate to understand the functions of
the genes. MS can now identify a wide range of proteins
and monitor their modulation during plant growth and
development, as well as during responses to abiotic and
biotic stresses.

HSPs are molecular chaperones that regulate the fold-
ing, localization, accumulation, and degradation of protein
molecules in the plant species, which they play a wide role
in many cellular processes, which may impart a general-
ized role in tolerance to various environmental stresses
(Feder and Hofmann 1999). According to their approxi-
mate size, HSPs are grouped into HSP100, HSP90, HSP70,
HSP60, and sHSPs (Sanmiya et al. 2004). The transcrip-
tion of genes encoding HSPs is controlled by regulatory
proteins called heat stress transcription factors (HSFs) lo-
cated in the cytoplasm as inactive bodies (Hu et al. 2009).
Rizhsky et al. (2004) studied response of plant to heat
stress by analysis of Arabidopsis transcriptome, in which
some genes appeared upregulated. The products of these
genes included HSP100/ClpB, HSP90/HtpG, HSP70/
DnaK, HSP60/GroEL, and small HSPs, confirming prote-
omic studies. These HSPs are proposed to act as molecu-
lar chaperones in protein quality control. Lee et al. (2007)
investigated the responses of abundant and low-abundant
proteins of rice leaves upon heat stress, performed 2-DE
on PEG-fractionated supernatant and pellet samples of
rice leaf proteome. A total of 48 differentially expressed
proteins in samples taken after 12 or 24 h of heat exposure
compared to controls were revealed, 18 of which were
HSP (HSP70, Dnak-type molecular chaperone BiP,
HSP100, Cpn60 and sHSPs).

The expression of HSP90 is developmentally regulated
and responds to heat, cold, and salt stress in the tobacco
plants (Krishna and Gloor 2001). Members of Hsp70
chaperones in Arabidopsis are expressed in response to
stress such as heat, cold, and drought (Sung et al. 2001).
Recent findings showed that the sHSP18.1 isolated from
Pisum sativum, as well as HSP16.6 from Synechocystis
sp. PCC6803 under in vitro conditions, binds to un-
folded proteins and allows more refolding by HSP70/
HSP100 complexes (Mogk et al. 2003). Chen et al
(2011) used 2-DE to identify combined drought- and
heat-responsive protein spots in maize leaves. After Coo-
massie Brilliant Blue (CBB) staining, about 450 protein
spots were reproducibly observed on each gel, wherein
seven spots were expressed only under heat and
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combined drought and heat stress. Using MALDI-TOF
mass spectrometry, a total of seven proteins were identi-
fied, including cytochrome b6-f complex iron sulfur
subunit, sHSP17.4, sHSP17.2, sHSP26, guanine
nucleotide-binding protein b-subunit-like protein, puta-
tive uncharacterized protein, and granule-bound starch
synthase Ila. Moreover, the gene expression of three
sHSPs was analyzed at the transcriptional level and
showed that the three sHSPs were expressed under
several treatments although their expression levels were
obviously more enhanced by heat than by control.

Chen et al. (2014) studied HSP26.7, HSP23.2,
HSP17.9, HSP17.4, and HSP16.9 in rice (Oryza sativa
L.), which were upregulated in “Nipponbare” cultivar
during seedling and anthesis stages in response to
heat stress. The expressing levels of these five sHSPs
in the heat-tolerant rice cultivar “Co39” were all sig-
nificantly higher than that in the heat-susceptible rice
cultivar “Azucena”. This indicated that the expressive
level of these five sHSPs was positively related to the
ability of rice plants to avoid heat stress. Thus, the
expression level of these five sHSPs can be considered
as biomarkers for screening rice cultivars to avoid
heat stress. Klein et al. (2014) studied the expression
and purification of two Class II sHSPs from Zea mays
L. (cv. Oh43). The two proteins ZmHSP17.0-CII and
ZmHSP17.8-CII oligomerize to form dodecamers at
temperatures lower than heat shock (HS). There are
significant differences between the two sHSPs during
heat shock at 43°C: ZmHSP17.8-CII dissociates into
smaller oligomers than ZmHSP17.0-CII and is a more
efficient chaperone with target protein citrate syn-
thase, while ZmHSP17.0-CII is expressed during de-
velopment. Hu et al. (2015) demonstrated the
relevance of sHSP26 in protecting maize chloroplasts
under heat stress and potentially involved in maize
heat tolerance. 2-DE based proteomics, RNA interfer-
ence (RNAi), and co-immunoprecipitation (Co-IP)
were used to reveal chloroplast proteins interacting
with sHSP26 and how sHSP26 functions under heat
stress. After the silencing of sHSP26, a total of 45
protein spots from isolated protoplasts were changed
in abundance, of which 33 spots are chloroplastic.
Co-IP revealed that nine proteins possibly associated
with sHSP26. In particular, four proteins, including
ATP synthase subunit B, chlorophyll a—b binding pro-
tein, oxygen-evolving enhancer protein 1, and photo-
system I reaction center subunit IV, strongly
interacted with sHSP26 and greatly abundant under
heat stress. The aim of this investigation is to explore
which proteins are involved in the response of the
maize plant to heat shock treatment and using them
as molecular markers to improve heat stress tolerance
in the maize inbred lines.
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Materials and methods

An Egyptian inbred line of maize (Zea mays L.) “K1”
was used in this study which was developed by the plant
breeding group, Genetic and Cytology Department, Na-
tional Research Centre, Giza, Egypt. The inbred “K1” is
one of four Egyptian maize inbred lines (Zea mays L.)
that were studied to identify heat shock proteins under
heat stress at 45 °C as protein markers for detecting the
thermo-tolerance inbred lines, which showed four bands
of heat shock proteins with molecular weights of 82, 22,
17, and 10kDa after exposing to 45°C for 2 and 4h
which may be an indication of thermo-tolerance
(Mahmoud et al. 2018).

Two-dimensional electrophoresis and analysis for “K1”
line
Protein extraction

1. The inbred line “K1” was grown for 2 weeks.

The seedlings were exposed to HS (45 °C) for 2 and
4 h besides control (25 °C).

3. Seedlings (0.2 g) were ground in liquid nitrogen and
the powder added to 2 ml of lyses buffer containing
7 M urea, 2 M thiourea, 4% CHAPS, 18 mM Tris-
HCI pH 8.0, and 4% Triton X-100 in presence of 53
u/mL DNase I, 4.9 u/mL RNase, and a cocktail of
proteases inhibitors (1 mM PMSF, 0.1 mM pepsta-
tin, 2 mM leupeptin, 1 mM E-64 and 1 mM aproti-
nin) were added to the solution. They were
incubated at 4 °C for 20 min.

4. Dithiothreitol (DTT) 14 mM was added and the
samples were centrifuged for 20 min at 10000xg at
4°C.

5. Step 4 was repeated twice and protein content was
quantified by assay of Bradford (1976) using the
Bio-Rad protein assay with BSA as standard and
equal loading amounts were confirmed on 1-D gels
stained with CBB-R250.

The first-dimensional gel

1. The samples containing 1 mg of proteins were
diluted in rehydration solution (8 M urea, 18 mM
156 Tris-HCI pH 8.0, 4% w/v CHAPS, 0.5% v/v
immobilized pH gradient (IPG) buffer (pH 4-7),
1.6% v/v DeStreak Reagent (GE Healthcare), and
0.002% w/v Bromophenol Blue) in a final volume of
350 pl and loaded onto pH 4-7, 18 cm IPG strips
(DryStrips, GE Healthcare) for the first dimension.

2. Isoelectric focusing (IEF) was performed at 500 V in
gradient for 1 h 30 min, using EttanTMIPGphorTM
IEF system (GE Healthcare).

3. IPG strips were equilibrated with 50 mM Tris-HCl
(pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% SDS, a
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trace of Bromophenol Blue, and 10 mg/ml DTT
during 15 min, followed by a second equilibration
step with the same buffer containing 25 mg/ml
iodoacetamide instead of DTT, for 15 min with
shaking.

The second dimensional gel

1. The strips were loaded and run on SDS-PAGE 13%
poly acrylamide during 3—4 h at 100 V.

2. Three experimental replicates were performed for
each treatment and validated.

3. Proteins were visualized with CBB-R250 staining
(Bio-Rad) and by silver stain according to Shev-
chenko et al. (1996).

4. The stained gels were scanned at a 300-dpi reso-
lution with an image scanner desktop instrument
and the Lab Scan application (GE Healthcare).

5. Images were saved as Tag Image File Format (TIFF)
and the spot detection and gel comparison were
made with the Image Master Platinum version 5.1
Software (Amersham, Biosciences).

Protein identification by MS and database search
In-gel digestion

1. Protein spots differentially expressed between the
samples were manually excised from 2-D gels and
digested with trypsin for further identification as
described by Irar et al. (2010).

2. Excised gel spots were washed sequentially with 50
mM ammonium bicarbonate (NH,HCO3) buffer
and acetonitrile (ACN). The proteins were reduced
and alkylated respectively, by treatment with 10
mM DTT in solution during 30 min at 56 °C, and
another treatment with 55 mM of iodine acetamide.

3. After sequential washings with NH,HCO3 buffer
and ACN, proteins were digested overnight at 37 °C
with 6 pmol of trypsin. Tryptic peptides were
extracted from the gel matrix with 10% formic acid
and ACN, the extracts were pooled and vacuum
dried.

Acquisition of MS/MS spectra by LC-ESI-MSMS

The proteins excised from the 2D gels were either ana-
lyzed in a MALDI (matrix-assisted laser desorption/
ionization)-TOF/TOF (4700 Proteomics Analyzer, Ap-
plied Biosystems) or LC-ESI (electrospray ionization)-
QTOF (Q-TOF Global) mass photometers. For MALDI-
TOF/MS analysis, the digested peptides were re-
dissolved in 5 pl of 0.1% trifluoroacetic acid trifluoroace-
tic acid (TFA) in 50% ACN. Typically, 0.5 to 1 ul aliquot
was mixed well with the same volume of a matrix solu-
tion, 2 to 5 mg/mL a-ciano-4-217 hydroxycinnamic acid
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in 0.1% TFA in 50% ACN and spotted to the MALDI
plate. MS spectra were acquired in positive reflector
mode (voltage of 20 KV in the source 1 and laser inten-
sity ranged from 4800 to 5200). Five hundred shots by
spectrum were accumulated.

Three major peaks were selected to be further charac-
terized by MS/MS analysis. MS/MS spectra were ac-
quired using collision-induced dissociation (CID) with
atmospheric air as the collision gas. MS-MS 1 KV posi-
tive mode was used. MS and MS/MS spectrum from the
same spot were merged in a single mgf file prior to sub-
mission for database searching. For LC-MS/MS analysis,
online LC tandem mass spectrometry (Cap-LC-nano-
225 ESI-Q-TOF) (Cap-LC, Micro-mass-Waters), the
digested peptides samples were re-suspended in 25 pl of
1% formic acid solution and 4 ul were injected to chro-
matographic separation in reverse-phase capillary C18
column. The eluted peptides were ionized via coated
nano-ES needles. A capillary voltage of 1800 to 2800 V
was applied together with a cone voltage of 80 V. The
collision in the CID was 20-35eV and argon was
employed as a collision gas.

Data analysis

Data were generated in PKL file format. PKL and mgf
text files were submitted for database searching in a
MASCOT search engine against non-redundant NCBI
and SWISS-PROT Bank Databases.
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Results

Two-dimensional electrophoresis analyses in the line “K1”
leaves under heat stress

The proteomic analysis was carried out on extracted
proteins from leaves of 2 weeks old treated at 45 °C for
4 h. The proteins were separated in range of pI 4-7 and
molecular weights 14—66 kDa as shown in Fig. 1.

The spots of proteins that were produced by 2-DE
were detected after CBB-R250 and silver staining, in
which the percentage of merge between the three gel
replicates of each treatment beside the untreated plants
was validated (higher than 60%). The proteome of sensi-
tive vs. tolerant provenances showed a percentage of
spot matching ranged from 67 to 76%. In addition, we
checked individual spots with fold change ratios > 1.5 (P
< 0.05) between different proteomes (Fig. 2). The three
replicates gave a good percentage for all treatments and
the control.

New proteins were induced in maize leaves of heat
treatment plants as revealed in Fig. 3. In 2-DE analysis
of proteins from plants treated at 45°C for 2 h, the re-
sults manifested that 63% of spots merged with the con-
trol while 59 spots (4.3%) were produced as new spots
where absent in the control. The analysis of 2-DE for
treated plants for 4 h, showed that 60% of protein spots
merged with control while 104 new spots (7.7%) were
produced only in the treated plants. It is noted that there
is a merge of 70% of proteins were induced upon heat
treatment either for 2h or 4h, which 1.2% new spots

-

p/

Coomassie blue stain

in each gel, protein spots were detected with CBB-R250 and silver stain

Fig. 1 2-DE gel images of leaves protein extracted from K1 line treated for 4 h at 45 °C. An equal amount from total proteins (1 mg) was loaded

4 p/ 7

Silver stain




Abou-Deif et al. Bulletin of the National Research Centre

(2019) 43:199

Page 5 of 9

Control, untreated plants | | Plants treated 2h at 452C | | Plants treated 4h at 45°C |
1 I I
4 P 7 4 P 7 4 P 7
q < 1
Em A Wt i 2 . W, 4
. 5 - = ey
=g
1 .
£l
! L™
b b
=Tw -
" - 5., T
(1 ~ &
l!r:- LT v - .':;‘ .
;1 R4 “.'$¢ w
MR :
° d - ‘ ?
=3
R i s " 10%x+-0010
2 - & Conr: 0.551
s =0 . L , Went o, L cmws
02 04 05 ) 19 0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
35 mod) 38 mod| 42 mod|
73% 67% 76%
Fig. 2 The correlation between the three gel replicates of each treatment. The merge between the three replicates of untreated plants (control)
was 73%, for the treated plants at 45 °C for 2 h was 67%, while 76% was shown at 45 °C for 4 h

appeared after treatment at 45°C for 2h and 3.2% new
spots appeared after treatment at 45 °C for 4 h.
Quantification of spot intensities derived from HS
treatments in maize inbred “K1” is shown in Fig. 4.
Twenty spots showed clear differences between the
control and the two heat treatments. Nine spots num-
bers 1422, 1402, 1395, 1382, 982, 901, 829, 770, and
712 appeared more intensity after heat treatments
than the control. Six spot numbers 1198, 1179, 862,
2777, 2782, and 2794 revealed more intensity in the

control than in the heat treatments, while four spots
appeared only after heat treatments which were un-
detected in the control. Five spots were clearly in-
duced after heat treatment either at 2h or 4h and
were chosen for more analysis (1402, 1395, 1090,
1080 and 982) which in 1090 and 1080 spots, the
proteins are absent in the control (Fig. 5).

The five spots picked off from the gel to identify by
mass spectrometer (LC-MSMS) were treated by trypsin
for digestion; then, the peptide mixtures were analyzed

Control vs 2h at 452C

Control vs 4h at 452C

2h at 42°C vs 4h at 45°C

image master platinum software

: 60% 0 :

Fig. 3 Venn diagrams show the mean number of matching spots between different sets of contrasting line after gel comparisons using the
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by liquid chromatography in capillary column and the
peptides were exposed to mass analysis by LC-MSMS as
shown in Fig. 6.

The five proteins that identified as heat shock proteins
by 2-DE and LC-MSMS were compared with the SWIS
S-PROT Bank Databases of National Center of Bio-
logical Information (NCBI). The results of comparison
are shown in Table 1.

Features of the identified heat-induced proteins via
SWISS-PROT Bank Databases of NCBI are as follows:

1. ATPase beta subunit: This protein is present in
chloroplasts and mitochondria which contain
chaperonine-like domains.

2. Unknown HSP/Chaperonin: Two isoforms of
unknown proteins contain two regions of
chaperonin-like that cooperate with other chaper-
ones and ATPases to assist folding and assembly of
proteins in the matrix of mitochondria and
chloroplasts.

3. HSP 26: Maize HSP26 is a nuclear-encoded and
plastid-localized protein in maize as reported by
Nieto-Sotelo et al. (1990). It has been described as
an early induced heat-shock protein.

4. HSP 16.9: Maize HSP16.9 is a cytosolic class I of
sHSP.

Discussion

HSPs perform chaperone functions by stabilizing new pro-
teins to ensure correct folding or by helping to refold pro-
teins that were damaged by cell stress. This increase in
expression is transcriptionally regulated. The transcription
of genes encoding HSPs is controlled by regulatory pro-
teins called HSFs (Hu et al. 2009). 2-D technique is used
to separate ampholytic components, improving protein
recognition, and to analyze and compare synthesis, turn-
over, and modification of many proteins during develop-
ment or in response to environmental changes (Pergande
and Cologna 2017, Schuster and Davies 1983). Chen et al.
(2014) used 2-DE to identify combined drought- and
heat-responsive protein spots in maize leaves, which
found about 450 spots were reproducibly detected on each
gel. They identified seven proteins by using MALDI-TOF
mass spectrometry, including cytochrome b6-f complex
iron sulfur subunit, sHSP17.4, sHSP17.2, and sHSP26.
Klein et al. (2014) reported that sHSP17 and sHSP17.8 are
molecular chaperones that protect maize cells from the ef-
fect of heat and other stresses. These results are in agree-
ment with our results in which we used 2-DE technique
and MALDI-TOF mass spectrometry to recognize and
isolate the proteins involved in the response of the maize
plant to HS treatment such as ATPase beta subunit, HSP/
Chaperonin, HSP 26, and HSP 16.9.
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Fig. 5 Detail of the differential intensities of chosen spots in response to heat treatment (a). Spots were chosen for LC-MSMS analysis (b)

It has been reported that mitochondrial and chloro-
plast ATPase are HS proteins (Chen et al. 2011). Recent
transcriptoma studies demonstrate that ATPase, a com-
plex of several proteins is heat-inducible in grasses (Li
et al. 2013). HSP26 is a temperature-regulated molecular
chaperone, where it forms large oligomeric complexes
that are functionally activated by dissociation upon HS.
It has been shown that proteins bound to HSP26 can be
refolded to the native state in cooperation with HSP70
in an ATP-dependent reaction (Haslbeck et al. 1999,
Ehrnsperger et al. 1997). Hu et al. (2015) demonstrated
that chloroplast sHSP26 is abundant in maize leaves
under HS and potentially involved in maize heat toler-
ance. They found that sHSP26 improved maize chloro-
plast performance under heat stress by interacting with
specific proteins such as ATP synthase subunit . Sun
et al. (2012) reported that ZmHSP16.9 is expressed in
root, leaf, and stem tissues under 40 °C treatment which
is upregulated by HS and exogenous H,O,. Over

expression of ZmHSP16.9 in transgenic tobacco con-
ferred tolerance to heat and oxidative stresses, this sup-
ports the positive role of ZmHSP16.9 in its response to
heat stress in plant. Chen et al. (2014) found, in rice,
that HSPs including HSP16.9 were upregulated seedling
stage in response to HS. These results coincided with
our results that emphasized the role of ATPase beta sub-
unit, HSP26, and HSP16.9 in maize heat tolerance.

Conclusions

Proteome analysis performed in plant has determined
the changes in protein types and their expression levels
under abiotic stress. The responses of abundant proteins
of maize leaves to heat stress were investigated through
two-dimensional electrophoresis (2-DE). In 2-D analysis
of proteins from plants treated at 45°C for 2h and 4 h,
the results manifested 59 protein spots (4.3%) and 104
protein spots (7.7%) were reproducibly detected as new
spots were not present in the control. Quantification of
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Fig. 6 Protein identification by LC-MSMS procedure for the five picked off spots

spot intensities showed that twenty protein spots re-
vealed clear differences between the control and the two
heat treatments. Nine spots appeared more intensity
after heat treatments than the control, while four spots
appeared only after heat treatments. Five spots were
clearly induced after heat treatment either at 2h or 4h
and were chosen to more analysis by LC-MSMS. They
were identified as ATPase beta subunit, HSP26,
HSP16.9, and unknown HSP/Chaperonin. This revealed
that the expressive level of these four proteins play im-
portant roles to avoid heat stress in maize plants. More-
over, the expression of HSPs can be considered as
biomarkers for screening maize varieties to heat stress.

Table 1 Identification of the proteins induced as a response of
K1 maize inbred to HS at 45 °C via NCBI databases

Spot no. Accession Protein MW (kD)
982 413946209 Beta subunit 44
ATP synthase
1080 19944688414 Unknown HSP 25.7
162461165 HSP 26 kD 264
1090 195623400 Chaperonin 256
1395 226500666 HSP16.9 kD 17.2
1402 195605652 HSP 16.9kD 17.1
226504442 HSP 16.9kD 17.0
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