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Abstract The 70-kDa heat shock protein (Hsp) family in all Drosophila species includes 2 environmentally inducible
family members, Hsp70 and Hsp68. Two-dimensional gel electrophoresis revealed an unusual pattern of heat shock–
inducible proteins in the species of the virilis group. Trypsin fingerprinting and microsequencing of tryptic peptides using
ProteinChip Array technology identified the major isoelectric variants of Hsp70 family, including Hsp68 isoforms that
differ in both molecular mass and isoelectric point from those in Drosophila melanogaster. The peculiar electrophoretic
mobility is consistent with the deduced amino acid sequence of corresponding hsp genes from the species of the virilis
group.

INTRODUCTION

The stress response induces the rapid synthesis of heat
shock proteins (Hsps) in virtually all organisms to pro-
tect cellular proteins against denaturation (Lindquist and
Craig 1988; Feder and Hofman 1999). The Hsps and other
molecular chaperones have been widely studied in many
fields of biology and numerous publications are available
on their molecular and physiological functions (Feder and
Krebs 1997). Molecular studies of Hsps in eukaryotic or-
ganisms indicate a high degree of conservation during
evolution, especially for the best studied 70-kDa protein
family (Lindquist and Craig 1988; Hightower 1991; Sor-
ensen et al 2003). This family plays an important role in
protein chaperoning and acquired thermotolerance (Gar-
buz et al 2002, 2003; Feder and Hofman 1999). Two dis-
tinct inducible molecular chaperones of the Hsp70 family
occur in various Drosophila species. The first, Hsp70, is
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prone to duplication during evolution, with 2–3 addition-
al copies in addition to the ancestral pair of inversely
oriented genes depending on the species (Bettencourt and
Feder 2001, 2002). The second, Hsp68, is usually encoded
by a single gene distinct from the Hsp70 locus both in D
melanogaster (Lindquist and Craig 1988) or in the virilis
group species (Evgen’ev et al 1978; Ranz et al 1999). Most
molecular and genetic investigations of the Hsp70 family
focus on the Hsp70 locus; few address the role of Hsp68
in stress resistance and heat hardening (McColl et al
1996). Our previous investigations reported variation in
thermotolerance and the heat shock response in the spe-
cies of the virilis group of Drosophila (Garbuz et al 2002,
2003). The virilis group comprises 12 species living in
greatly differing habitats (Patterson and Stone 1952;
Throckmorton 1982; Spicer 1992). After heat shock, the
low-latitude and probably ancestral species D virilis ex-
ceeds the high-latitude species D lummei in basal ther-
motolerance, the temperature threshold for heat shock
factor activation, and other parameters, whereas the des-
ert species D novamexicana differs from the mesic (per-
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Fig 1. Major isoelectric variants of the heat shock protein 70
(Hsp70) family in various species of Drosophila. (A) Immunoblots of
Hsp70 family members in strains and species. Primary antibody 7FB
recognizes only the 70-kDa–inducible Hsp70 family member in Dro-
sophila melanogaster, and primary antibody 7.10.3 recognizes all
Hsp70 members (see Materials and Methods). Heat shock was
38.58C for 30 minutes, with 3 hours recovery at 258C before lysis.
Arrows show the position of unidentified members of Hsp70 family
with molecular masses indicated. Two-dimensional gel electropho-
resis and other procedures applied were as described (O’Farrell et
al 1977; Ulmasov et al 1992; Zatsepina et al 2001; Garbuz et al
2003). The position of major Hsps was determined by both immu-
noblotting and staining of gels with silver or Coomassie G-250
(Creighton 1990). After sodium dodecyl sulfate–polyacrylamide gel
electrophoresis of fly lysates prepared as above, the proteins were
transferred to nitrocellulose membrane (Hybond ECL; Amersham,
Chalfont St. Giles, Bucks, UK) according to the manufacturer’s pro-
tocol and reacted with monoclonal antibodies specific to the entire
Drosophila Hsp70 family (7.10.3) and only inducible form of Hsp70
(7FB) as previously described (Zatsepina et al 2001). It is noteworthy
that 7FB antibodies do not recognize Hsp68 either in D melanogas-
ter or in other Drosophila species investigated. Immune complexes
were detected via chemiluminescence (ECL kit; Amersham) with ap-
propriate peroxidase-conjugated anti-rat secondary antibodies. (B)
Schematic illustration of various groups of proteins belonging to
Hsp70 family. Black filled circles represent inducible proteins rec-
ognized by both 7.10.3 and 7FB, open circles represent inducible
proteins recognized by 7.10.3 only, and gray circles represent con-
stitutively present proteins recognized by 7.10.3 only. Isoelectric
points of the proteins of interest as well as molecular masses were
calculated using DNAStar and GeneRunner programs basing on the
amino acid content of D virilis Hsp70 and D lummei Hsp68 proteins
deduced from the sequence of the correspondent genes (accession
# AY445083 and AY395705) cloned and sequenced in our labora-
tory.

Table 1 Drosophila strains examined in the present study

Species Strain Origin

D virilis Sturtevant 9 Batumi, Georgia
1433 Leeds, UK

D lummei Hackman 200 Moscow region
202 South Russia

D texana Patterson 423 Texas, USA
D novamexicana Patterson 424 New Mexico, USA
D montana 1071.0 Sweden
D melanogaster Meigen Oregon R Oregon, USA

The virilis group strains were obtained from the Stock Center of
the Institute of Developmental Biology, Moscow, Russia. Drosophila
melanogaster (Oregon R) flies were used as an outgroup. All flies
were grown on a yeast, cornmeal, molasses, and agar medium sup-
plemented with live yeast solution. Flies of 5–6 days age, were trans-
ferred by aspiration to a preheated polypropylene vial (Nalge Nunc
International, Rochester, NY, USA), which was immersed in a ther-
mostated water bath for 30 min.

taining to moderate habitats) species D texana in the same
manner for many other traits. Hsp70 is quantitatively the
major Hsp in all virilis group species and strains exam-
ined (Garbuz et al 2003). Two-dimensional electrophore-
sis of 35S-labeled proteins has shown that more thermo-
tolerant species of the group (ie, D virilis and D novamex-
icana) synthesized higher levels of Hsps after severe heat
shock than species from the moderate and cold climatic
zones (D lummei and D montana). The genetic basis of
stress resistance in closely related species is likely to be

complex, and these differences are manifest in all major
classes of Hsps that are distinguishable in 2-dimensional
electrophoresis (Garbuz et al 2003).

Detailed examination of the Hsp70 family members re-
vealed that the differences between Hsp70s of D virilis
and other species (eg, D lummei) are qualitative as well as
quantitative (Garbuz et al 2003). Inducible members of
Hsp70 family are represented by various isoforms, not all
of them recognized by an inducible Hsp70-specific anti-
body. This study investigates these isoelectric variants in
several species of the virilis group of Drosophila. Therefore,
we used microsequencing and trypsin fingerprinting to
identify the individual members of Hsp70 family.

RESULTS AND DISCUSSION

Immunoblotting with antibody 7FB, which in D melano-
gaster reacts only with inducible Hsp70s, detects various
proteins in D virilis and other species investigated (Fig
1A; Table 1). Interestingly, the number of detected iso-
forms varies with species and strain. Thus D virilis strain
9 has 3 such isoforms, which presumably correspond to
Hsp70, whereas strain 1433 has only 1. Furthermore, D
virilis strain 9 also exhibits 2 inducible isoforms (vs 1 in
D virilis strain 1433) having slightly higher molecular
mass (71 kDa), not recognizable by 7FB, but recognizable
by antibody 7.10.3, which reacts with all Hsp70 family
members in most Drosophila species examined, D lummei
and other species of the group examined in this study
exhibit only 1 such higher molecular weight isoform,
which characteristically has a more acidic isoelectric point
than presumptive Hsp70 (Fig 1B). The inducible nature
of this isoform was also revealed by silver staining (Fig
2A,B) and 35S-labeling experiments (data not shown). We
hypothesized that this particular group of proteins cor-
responds to D melanogaster Hsp68. To test this hypothesis,
we excised the 70-kDa protein spot (recognized by 7FB)
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Fig 2. Two-dimensional (2D) electrophoretic separation of total proteins isolated from adult flies (A) Control 258C; (B) heat shock 38.58C
30 minute plus 3 hours of recovery at 258C. Silver stain. Inducible heat shock protein 70 members are indicated by arrows. Gel resulted from
2D separation of proteins (Drosophila virilis strain 1433) stained with Coomassie G-250 used for the isolation of 2 electromorphs of interest.
(C) Gel before isolation. (D) The same gel with the excised spots indicated by arrows.

and 71-kDa protein spot (inducible but not recognized by
7FB) and performed fingerprinting and microsequencing
analysis. These experiments used D virilis strain 1433, in
which both inducible proteins of interest (70 kDa and 71
kDa) are represented by single isoforms, which are well
separated on the gel and easy to isolate (Fig 2A,B).

Positive identification of these proteins used surface-
enhanced laser desorption ionization–time-of-flight (SEL-
DI-TOF) technology provided by Ciphergen Biosystems
Inc, Fremont, CA. This technology combines chromatog-
raphy on the chemically active Protein Chipy array sur-
face with laser desorption ionization TOF mass spectrom-
etry (MS). After in-gel trypsin digestion and mass fin-
gerprinting analysis using linear SELDI-MS, the National
Center for Biotechnology Information database was
searched with the Profound search engine.

This search established that, unsurprisingly, the 70-kDa
spot is the Hsp70 Drosophila protein. Of 32 peptides com-
pared with the database, 14 were a correct match, cov-
ering 31% of the Hsp70 of Drosophila. The 71-kDa pro-
tein in D virilis samples best matched Drosophila Hsp68,
with a probability score of 1.00e 1 00 and 8 of 22 intro-
duced peptides matching 15% of Drosophila’s Hsp68 pro-
tein sequence.

Both identifications were confirmed by microsequenc-

ing of tryptic peptides using the same type of Protein-
Chipy array and a PCI-1000 interface (Ciphergen Bio-
systems Inc.) to a Q-star (ABI, Sciex) tandem MS instru-
ment. In Figure 3A, the results of such analysis of the
parental ion of 1473.6203 is shown together with the pep-
tide sequence obtained. Search of the NCBI database with
the Mascot search engine gave a Mowse score of 80 for
this peptide and unequivocally identified it as Hsp70 of
Drosophila. Six more peptides were microsequenced, and
all matched Hsp70 of Drosophila.

Figure 3B shows the results of microsequencing of
1695.8058 parental ion of the protein identified as Hsp68
by trypsin fingerprinting, single MS analysis, and
SwissProt database search by Profound. The search of the
NCBI database by Mascot identified this peptide as a
product of the hsp68 gene of Drosophila with a Mowse
score of 71. Five more peptides were microsequenced,
and all belonged to Hsp68 of Drosophila. Thus, both
trypsin fingerprinting and tandem MS-MS analysis un-
equivocally identified 2 proteins under investigation as
Drosophila Hsp70 and Hsp68.

To explain the observed mobility of the 2 Hsps, we
have deduced an amino acid sequence of D virilis Hsp70
and Hsp68 using the corresponding clones recently se-
quenced in our laboratory (Velikodvorskaya et al, person-
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Fig 3. Microsequencing of the proteins which were identified as heat shock protein (Hsp)70 (A) and Hsp68 (B) using trypsin fingerprinting
and database search. The determined sequences are presented in bold. Protein identification was done by trypsin fingerprinting using surface-
enhanced laser desorption ionization–time-of-flight–mass spectrometry (SELDI-TOF-MS) (Ciphergen Biosystems Inc.) followed by NCBI da-
tabase search using the Profound search engine and confirmed by SELDI-TOF-MS MS (Ciphergen Biosystems Inc.) analysis.All proteins
used in these experiments were obtained as gel slices after two-dimensional sodium dodecyl sulfate–polyacrylamide gel electrophoresis
stained with Coomassie Blue (G-250). ‘‘No protein’’ control gel slices were included into each experiment. Gel slices were processed exactly
as recommended in Ciphergen product insert to Protein ID kit up to gel drying step (Stage B, point 7). The following changes were introduced
to the subsequent steps of trypsin in-gel digestion and peptide recovery: (1) trypsin (Roche Applied Science, Basel, Switzerland) was dissolved
in water to the final concentration of 1 mg/mL; (2) dried and crushed gel slices were resuspended in 50 mL of 50 mM ammonium bicarbonate
buffer, pH 8.0 (freshly prepared) containing 12.5 ng/mL of trypsin and digested for 16 hours at 378C; (3) supernatants were collected and
freeze-dried in SpeedVac for 20 minutes; (4) peptides were dissolved in 10 mL of H2O, 3 mL was applied per spot of H4 ProteinChipT array
(Ciphergen Biosystems Inc.), and air dried; (5) each spot of the array was washed with 5 mL of 5% acetonitrile in water 2 times and air dried;
and (6) 1 mL of 20% CHCA in 50% acetonitrile–0.5% trifluoroacetic acid (TFA) was applied per spot for Protein Chip Array Reader (PBSII)
SELDI-TOF (Ciphergen Biosystems Inc.) analysis. One microliter of saturated cyano-4-hydroxy-cinnamic acid (CHCA) in the same solution
was added per spot of array followed by microsequencing using PCI-1000 interface (Ciphergen Biosystems Inc.) to QStar I (ABI Sciex)
tandem MS instrument.PBSII was calibrated externally with All-in-1 peptide standard (Ciphergen Biosystems Inc.) spot by spot, and calibration
equations for each spot were saved separately. After calibration, the same chip was reread automatically twice and calibration equations for
each spot were applied, correspondingly, each time. Recalibration and change of the equation were introduced, if needed. The experimental
chip was read in automatic mode using laser intensity 190 and sensitivity 9. Saved calibration equations were applied to each spot, corre-
spondingly. All peaks with signal to noise ratio above 2.5 were labeled automatically and peptides masses were used for NCBI database
search using Profound (old or new version) for trypsin fingerprinting identification. All labeled peak mass values were included into search
using automatic introduction by Ciphergen ProteinChipY software 3.0. Search was done using the following parameters: Cys modified by
acrylamide, mass error 1.0 Da, and number of miscleavages 21.The same database was searched using Mascot search engine and masses
of fragmented parent ions produced by PCI-1000-QStar analysis to confirm the identification done by trypsin fingerprinting analysis.

al communication). The analysis showed that the peculiar
electrophoretic behavior of these proteins is easily ex-
plained by the amino acid number and content and does
not represent the result of posttranslational modification.
A small insertion in the sequence of the hsp68 gene of D
lummei, accession #AY395705 (and presumably in all other
species of the virilis group) apparently accounts for this
peculiar electrophoretic behavior (Figure 1).

The induction pattern of Hsp70 family proteins in var-
ious species (Fig 1A; Table 1) demonstrates that species
from moderate and cold climates (D lummei and D mon-
tana) usually produce significantly lower levels of Hsp68
after heat shock than species from high temperature
zones (D virilis, D texana, and D novamexicana).

The identification of the proteins is a major challenge
in proteomics. Several procedures and novel technologies
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have been developed, and in this study, we report novel
experimental methods to identify peptides with the
ProteinChip Array technique. The approach exemplified
here (trypsin fingerprinting and microsequencing) is of
particular use in resolving diverse constitutive and in-
ducible forms belonging to 1 protein family (eg, Hsp70
family) when other techniques cannot identify the iso-
forms appearing under different conditions (Ulmasov et
al 1992; Norris et al 1995). The approach is also of great
value for understanding evolutionary variation among
proteins, particularly when they have similar functions.
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