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ABSTRACT

Background: The high power output necessary for insect flight has driven the evolution of muscles with large myofi-
brils (primary energy consumers) and abundant mitochondria (primary energy suppliers). The intricate functional inter-
relationship between these two organelles remains largely unknown despite its fundamental importance in understand-
ing insect flight bioenergetics. Unlike vertebrate muscle that relies on a phosphagen (creatine phosphate/creatine kinase)
system to regulate high energy phosphate flux, insect flight muscle has been reported to lack mitochondrial arginine
kinase (analogous to creatine kinase), a key enzyme that enables intracellular energy transport. Creatine kinase is
known to interact with mitochondrial adenine nucleotide translocase (ANT) in the transfer of ADP and ATP into and
out of the mitochondria. Results: Here, we use quantitative immunogold transmission electron microscopy to show that
in Drosophila melanogaster indirect flight muscles (IFM), ANT is present in the mitochondria as well as throughout the
myofibril. To confirm this unexpected result, we created a transgenic line that expresses a chimeric GFP-ANT protein
and used an anti-GFP antibody to determine the intracellular distribution of the fusion protein in the IFM. Similar to
results obtained with anti-ANT, the fusion GFP-ANT protein is detected in myofibrils and mitochondria. We confirmed
the absence of arginine kinase from IFM mitochondria and show that its sarcomeric (i.e., intramyofibrillar) distribution
is similar to that of ANT. Conclusions: These results raise the possibility that direct channeling of nucleotides between
mitochondria and myofibrils is assisted by an ANT protein thereby circumventing the need for a phosphagen shuttle in
the IFM. The myofibrillar ANT may represent a unique adaptation in the muscles that require efficient exchange of nu-
cleotides between mitochondria and myofibrils.
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1. Background consumer of metabolic energy in muscle is myosin, the
molecular motor that generates the forces for contraction.
The Drosophila indirect flight muscle (IFM) myosin is
especially adapted for very fast muscle speed, including a
very low affinity for MgATP [4]. Thus a very high con-
centration of MgATP is required in the IFM to satisfy the
energetic demand of flight and to compensate for my-
osin’s weak MgATP affinity. High MgATP concentra-
tion is ensured by the large and abundant mitochondria
that occupy up to 37% of the cellular space in the flight
muscle [5,6].

"Corresponding author. While the role of the mitochondria as the main energy

Insect flight is widely regarded as one of the most me-
tabolically demanding forms of animal locomotion [1].
Respiratory rates that increase 50 - 100 fold from rest to
flight have been reported for some insects [2]. In par-
ticular, insects that rely on high wing beat frequencies to
achieve the power needed to sustain flight are known to
have very high mass-specific metabolic rates in com-
parison to other animals. ATP turnover rates during flight
are among the highest ever recorded [3]. The primary
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supplier in insect muscle is well described, the mecha-
nism by which the intracellular energy flow is estab-
lished and maintained is less clear. The adenine nucleo-
tide translocase (ANT) is a highly abundant integral pro-
tein of the inner mitochondrial membrane that plays an
essential and well established role in cellular bioenerget-
ics [7] as well as in apoptosis [8] and cell signaling [9].
ANT catalyzes the exchange of ADP for ATP across the
inner mitochondrial membrane thereby coupling oxida-
tive phosphorylation to cell metabolism. In vertebrates
and some invertebrates, ANT fulfills this important en-
ergetic function through its interaction with mitochon-
drial creatine kinase (Mi-CK), an enzyme that transfers
high energy phosphates to creatine, thus forming the im-
portant metabolic currency, creatine phosphate (CP) [10].
Mi-CK works in conjunction with a soluble CK isoform,
MM-CK, as part of the “phosphagen shuttle” responsible
for transporting CP from mitochondria through the cyto-
sol to major sites of ATP catalysis such as the myofibril
and sarcoplasmic reticulum. This system creates meta-
bolic capacitance by means of spatial and temporal buff-
ering [6,11].

In Drosophila 1IFM, as in other insect muscles, the
phosphagen system consists of arginine phosphate (AP)
and arginine kinase (AK) that is assumed to operate in a
manner analogous to the CK-CP system in vertebrates
[12]. However, one study has questioned the existence of
a mitochondrial AK isoenzyme raising the possibility
that the AK-AP system may function in a manner fun-
damentally different from the better characterized
CK-CP system [13]. Unlike vertebrate skeletal muscle,
sarcoplasmic reticulum is very scarce in Drosophila IFM
given its asynchronous mode of contraction. Thus, very
little energy is expended on calcium cycling allowing the
metabolic energy to be channeled preferentially to the
myofibril, the site of contractile activity. How metabolic
energy utilization by the myofibril is matched effectively
to its production by the mitochondria remains largely
unexplored.

Drosophila ANT is encoded by two tandem duplicated
genes, stress sensitive B (sesB) and ANT2 [14]. Func-
tional ANT activity in Drosophila adults is encoded by
sesB [15]. Mutations in sesB cause paralysis and loss of
synaptic transmission in the visual system [16] and lead
to failure of synaptic vesicle cycling at the neuromuscu-
lar junction during periods of high demand [17]. Like the
synapse, the IFM is likely to rely heavily on ANT for
metabolic capacitance. Here, we have generated trans-
genic Drosophila strains that express a Green fluorescent
protein-sesB (GFP-sesB) fusion protein in order to gain
insight into the function of ANT in the [FM. We present
new evidence of a myofibril-associated ANT that may be
involved in facilitating the transport of ATP and ADP
into and out of the myofibril, respectively. We also con-
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firm earlier results that Drosophila IFM lack a mito-
chondrial AK isozyme. The study provides new molecu-
lar details of a potentially novel pathway of metabolic
energy exchange involving tight functional coupling be-
tween myofibrils and mitochondria in the IFM.

2. Results

2.1. ANT Localizes to the Mitochondria and the
Myofibrils of Drosophila IFM

A rabbit polyclonal antibody generated against bovine
cardiac ANT was used to examine the distribution of
Drosophila ANT in the IFM. Drosophila and mammal-
ian ANT share ~80% amino acid sequence identity [18,
19]. The antibody has been reported to cross react with
mouse ANT [20] and we confirmed, by western blot
analysis, the specificity of the antibody for Drosophila
sesB-encoded ANT (not shown, but see Figure 3). Stud-
ies on adult fly frozen sections revealed strong immu-
nostaining of IFM compared to the jump muscle and
other thoracic muscles (data not shown). We then per-
formed electron microscopy on sections of the IFM to
examine the intracellular distribution of ANT (Figure
1(A)). Gold particles were detected in the mitochondria
and in the myofibril in about equal distribution, but were
largely absent in the cytosol (Figure 1(D)). In contrast, a
f ATP synthase antibody (Figures 1(B) and (E)) spe-
cifically labels the mitochondria and a flightin antibody
(Figures 1(C) and (F)) labels the myofibrillar A band, as
expected. Two negative controls, pre-immune rabbit se-
rum and no primary antibody (pAG, only) showed no
gold distribution (data not shown).

2.2. Expression of GFP-sesB Fusion Protein in
Drosophila Schneider Cells and Transgenic
IFM

To confirm the myofibrillar localization of ANT in the
IFM, we made transformation vectors encoding ANT
with an N-terminal GFP tag. Zhang et al. reported that
two adult transcripts of 1.6 KB and 1.2 KB generated
from sesB result from alternative 3° ends [18]. We con-
ducted RT-PCR of total mRNA from late pupae and
found two similar size transcripts. DNA sequence analy-
sis of the PCR products confirmed that the differences
were only in the 3' UTRs (results not shown). To ensure
that the GFP tag does not alter the mitochondrial local-
ization of ANT, we transfected Drosophila Schneider
cells with pCaSpeRhs GFP-sesB 1.6 KB and pCaSpeRhs
GFP-sesB 1.2 KB constructs. Figure 2 shows confocal
images of tissue culture cells labeled with anti-GFP rab-
bit polyclonal antibodies and with Mitotracker. Both
constructs express fusion proteins that are localized to
the mitochondria, confirming that the addition of an
N-terminal GFP tag does not affect protein targeting.
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Figure 1. ANT is present in the mitochondria and myofibrils of Drosophila IFM. ((A), (a), and (D)) Intracellular distribution
of ANT in the IFM determined with an anti-bovine cardiac ANT antibody (Bar = 200 nm). Quantification of immunogold
particles revealed the dual localization of ANT (n = 12); ((B), (b), and (E)) Immunogold labeling of IFM with an anti-f ATP
synthase antibody (Bar = 200 nm). Quantification of gold particle distribution shows a strictly mitochondrial localization (n =
12); ((C), (c), and (F)) Immunogold labeling with an anti-Drosophila flightin antibody (Bar = 200 nm). Quantification of gold
particle distribution shows a strictly myofibrillar localization (n = 12). Panels a, b, and ¢ are magnifications of a myofi-
bril-mitochondria interface of panels (A), (B), and (C), respectively.

We confirmed the specificity of the anti-bovine car-
diac ANT antisera for endogenous Drosophila sesB-en-
coded protein and GFP chimeric protein by western blot
analysis of proteins extracted from the IFM of 5 trans-
genic lines and 2 control lines. The transgene is inserted
in chromosome 1 (lines 13, 16, and 31), chromosome 2
(line 23), or chromosome 3 (line 24). The expression of
the fusion protein is demonstrated by western blot with
anti-GFP rabbit antibody (Figure 3(a)). Figure 3(b) is a
western blot of 12% SDS-PAGE gel containing total
thoracic proteins from transgenic and control lines. The
anti-bovine cardiac ANT antibody cross reacts with an
endogenous ~30 kD protein expressed in all transgenic
and control lines, and with a ~57 kD protein expressed
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only in transgenic lines. The latter matches the expected
size of the GFP-sesB fusion protein. In addition, the re-
sults show that the fusion protein expression is highest in
line 31, where it is expressed at levels comparable to or
higher than the endogenous ANT protein. Figure 3(c) is
a Sypro stained 12% SDS-PAGE gel showing the ex-
pression of the fusion proteins in the five transgenic lines.
Note that a band of ~57 kD appears most prominently in
the heat shocked induced lane of line 31 suggesting that
this line expresses the highest levels of fusion protein, in
agreement with the western blot results. Line 31 was
therefore selected for further study.

We characterized the localization of GFP-sesB fusion
protein in line 31 by immunogold transmission electron
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Figure 2. Confocal images of Schneider cells transfected
with ANT expression vectors. ((A), (B), (C)) cells trans-
fected with pCaSpeR hs GFP-sesB 1.6 KB ((D), (E), (F))
cells transfected with pCaSpeR hs GFP-sesB 1.2 KB. Pro-
tein expression was induced by heat shock. Cells were
treated with anti-GFP antisera ((A) and (D)) or mitotracker
((B) and (E)). (C) and (F) are merged images from the two
channels. Both constructs target GFP-ANT fusion protein
to the mitochondria. Bar = 10 pm.

microscopy with an anti-GFP antibody. As controls, we
used an Act88F-GFP strain, a line that expresses GFP in
the IFM driven by the Act88F promoter [21], and the
w''"® parental strain. As seen in Figure 4(A), GFP label-
ing is found in all three sub-compartments of the muscle
cell, highest in the myofibril and about equal distribution
in the cytosol and mitochondria. To determine if this
pattern results from a random distribution, we calculated
the relative cellular area covered by each sub-compart-
ment. In the images examined, myofibrils occupy ~70%
of the area, while mitochondria and cytosol occupy
~17% and 12%, respectively (n = 8). The particle counts
approximate the percent area covered by each sub-com-
partment (Figure 4(D)) suggesting that GFP distribution
is random. In contrast, GFP-sesB shows a non-random
distribution with approximately equal counts in myofi-
brils and mitochondria and low counts in the cytosol
(Figures 4(B) and (E)). This distribution resembles the
one seen with the anti-bovine cardiac ANT antibody
(Figure 1(A)). Very few gold particles were detected in
the control line w'''® (Figures 4(C) and (F)), and addi-
tional controls using pre-immune rabbit serum and
PAGy, on line 31 did not show any gold distribution in
the IFM (data not shown).

Several studies have shown that slow (oxidative)
skeletal and cardiac muscle ANT are functionally cou-
pled to Mi-CK [22,23]. Microfractionation studies of
Drosophila TFM have shown that AK is found primarily
in the cytosolic fraction and not associated with the mi-
tochondria [13]. We performed immunoelectron micros-
copy with a rabbit anti- Drosophila AK polyclonal anti-
body to extend the study of Wyss ef al. [13] and to de-
termine if the myofibrillar localization of ANT is associ-
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Figure 3. Expression of GFP-sesB fusion protein in trans-
genic lines. (a) Western blot showing expression levels of
heat shocked induced GFP-sesB fusion protein in whole
thorax protein extracts from transgenic and control lines
using an anti-GFP antibody. The antibody detects a 30 kD
band in the Acf88F-GFP transgenic line corresponding to
GFP. An ~57 kD band detected in lines 13, 16, 31, 23, and
24 correspond to the GFP-sesB fusion protein. No bands are
detected in the non-transgenic w'''® sample; (b) Western
blot showing expression levels of heat shocked induced
GFP-sesB fusion protein analyzed in whole thorax protein
extracts from transgenic and control lines using an anti-
bovine cardiac ANT antibody. The antibody cross reacts
with both endogenous ANT (30 kD band in all lanes) and
GFP-sesB fusion protein (57 kD band in lines 13, 16, 31, 23,
and 24; (c¢) Sypro stained gel analysis of thorax proteins
from uninduced (U) and heat shock induced (I) expression
of GFP-ANT transgene. Note prominent band in induced
lane of lines 16 and 31 (arrow).

ated with AK. As seen in Figure 5, most of the AK lo-
calizes to the myofibril. Unlike CK in vertebrate slow
skeletal and cardiac muscle, and consistent with the re-
sults of Wyss et al. [13], Drosophila AK is largely ex-
cluded from the mitochondria. We further looked at the
sarcomeric distribution of ANT and AK. Figure 6 shows
that ANT and AK are primarily distributed throughout
the A band. There is no difference in the gold particle
distribution for the two treatments (p = 0.827, Kruskal
Wallis test) suggesting that ANT and AK may co-local-
ize in the sarcomere. In contrast, the distribution of GFP
differs significantly from that of ANT (p <0.001), AK (p
<0.001), and GFP-sesB (p < 0.05).
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Figure 4. GFP-sesB is present in mitochondria and myofibrils of Drosophila IFM. Distribution of GFP signals in ((A), (a))
Act88F-GFP transgenic control line, ((B), (b)) transgenic Line 31, and (C) wilis non-transgenic control line. All sections
were probed with an anti-GFP antibody (Bar = 200 nm). (D) Quantification of gold particle distribution shows GFP is dis-
tributed randomly in transgenic control line (n = 12). (E) Quantification of gold particles shows GFP-sesB is preferentially
targeted to mitochondria and myofibrils in transgenic line 31 (n = 12). This distribution pattern parallels that of ANT in
wild-type flies (compare to Figures 1(A) and (D)). (F) No GFP signal is detected in the w'"8 control line, confirming the speci-
ficity of the antibody. Panels a and b are magnifications of a myofibril-mitochondria interface of panels A and B, respec-

tively.

3. Discussion

ANT is a resident protein of the inner mitochondrial
membrane and research over the past several years have
shown that ANT interacts with a variety of proteins in
fulfilling multiple roles in energy metabolism, apoptosis,
and cellular signaling [24-27]. As a component of the
multiprotein permeability transition pore complex
(PTPC), ANT interacts with proteins of the outer mito-
chondrial membrane, most notably the voltage dependent
anion channel (VDAC), as well as with multiple proteins
involved in metabolism and cell signaling [28]. These
ANT-mediated protein interactions promote functional

Copyright © 2013 SciRes.

interplay between the mitochondria and other organelles
[28]. Physical contacts have been described between the
mitochondria, the endoplasmic reticulum [29,30], the
sarcoplasmic reticulum [31], and adherens complexes
[32], but it remains to be established if ANT forms part
of the molecular connection that links mitochondria with
its partners. A function for ANT outside the mitochon-
dria has not been described. However, other mitochon-
drial proteins have been shown to fulfill roles outside this
organelle including cytochrome ¢ [33], ATP synthase S
[34], and VDAC [35].

Here we confirmed the results of Zhang et al. that

CellBio



154 V.K. VISHNUDAS ET AL.

.

> -
»
e R
+
A
-
» “
- -

60 C
. AK
E 50
E
g w0
o
£
& a0
kel
<]
S) 20
5]
3+

10 o

0 T

Mitochondria ~ Myofibril  Cytosol

Figure 5. IFM Arginine kinase is predominantly localized to
the myofibrils. (A) IFM section treated with an anti- Dro-
sophila arginine kinase antibody (Bar = 200 nm); (B) Boxed
area in (A) shown in greater magnification. Note the major-
ity of gold particles localize to the myofibril; (C) Quantifi-
cation of gold particle distribution demonstrates that ar-
ginine kinase is predominantly associated with the myofibril
(n=6).

Drosophila sesB encodes two transcripts of ~1.2 KB and
1.6 KB that differ in their 3> UTR [14]. The functional
role of the different 3’ UTRs is not known but one possi-
bility is that cis elements within the UTR determine the
intracellular distribution of ANT. sesB transcripts, like
those of other nuclear genome encoded mitochondrial
proteins, rely on 3 UTR cis elements for their targeting

Copyright © 2013 SciRes.
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Figure 6. Sarcomeric distribution of AK ((A) and (C)) and
ANT ((B) and (D)). The two proteins have similar sar-
comeric distributions. Bar =1 pm.

to polysomes associated with the outer mitochondrial
membrane [36]. The first 150 nucleotides of the 3° UTRs
are common to both sesB transcripts; the 1.6 KB tran-
script has an additional 440 nucleotides downstream of
the shared region [14]. The shared region contains a se-
quence element (uguaaaua) that has been identified as a
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mitochondrial localization motif [37]. As shown here in
Schneider S2 cultured cells, both transcripts target GFP-
sesB to the mitochondria. Preliminary secondary struc-
ture analysis revealed that the mitochondria localization
motif in the 1.6 KB transcript may form base pairs with
other internal sequences and therefore would not be ac-
cessible to binding proteins involved in mitochondrial
targeting. Sequence motifs within the additional 440 nu-
cleotide of the 1.6 KB transcript 3> UTR may override
the mitochondrial localization signal. Of particular note
is the cis element “acaccc” motif that has been identified
as a binding site for MLP1 (the human homologue of
Drosophila Muscleblind protein) [38]. This motif is re-
quired for the specific targeting of integrin alpha3 protein
to distinct cytoplasmic loci [38]. Muscleblind in Droso-
phila is involved in alternative RNA splicing and is also
required for terminal differentiation of muscle [39]. Fur-
ther experiments will be needed to determine if se-
quences within the 3’UTR of the 1.6 KB transcript are
responsible for an extra-mitochondrial ANT.

The functional coupling between ANT and CK in ver-
tebrate muscles has been the subject of many studies (e.g.,
[10,22]. By comparison, little is known about the puta-
tive interaction between ANT and AK in non-vertebrate
muscle [12]. Available evidence suggest that insect flight
muscle lacks a mitochondrial AK [12,13]. However, a
mitochondrial AK has been identified in the cardiac
muscle of the horseshoe crab and the blue crab [40].
While a direct interaction between AK and ANT has not
been demonstrated, the localization of mitochondrial AK
to the intermembrane space and the outer region of the
inner membrane in the crab would be conducive for such
interaction to occur.

The AK/AP phosphagen system is likely to play simi-
lar physiological roles as the CK/CP phosphagen system,
namely: 1) a spatio-temporal “buffering” role for adenine
nucleotides, fulfilled by the cytoplasmic enzyme isoform,
and 2) a “’shuttle” role for energy transfer from sites of
energy production (mitochondria) to sites of energy con-
sumption (e.g., myofibril) [23,41]. The shuttle function
relies on the presence of a mitochondrial isoform at the
production end and a myofibril isoform at the utilization
end. Fast skeletal muscle express the cytosolic CK iso-
form almost exclusively, while slow skeletal muscle and
heart ventricular muscle express higher proportions of
mitochondrial and myofibrillar CK isoforms [23]. The
functional organization of the AK/AP system in Droso-
phila TFM is not known, but given the highly oxidative
nature of this muscle and the physical proximity of mi-
tochondria to myofibrils, one would expect the system
would more likely be analogous to that of vertebrate slow
and cardiac muscle than to the one in skeletal muscle.
However, we have confirmed the results of Wyss et al.
[13] that Drosophila TFM lacks a mitochondrial AK,

Copyright © 2013 SciRes.

consistent with results of others who have found insect
flight muscle lack mitochondrial AK [42]. It remains
possible that a mitochondrial AK exists (as originally
reported, [43]) that is not recognized by the antibodies
used in this study and by Wyss et al. While only one AK
gene has been identified in the Drosophila genome, this
gene is predicted to encode six different polypeptides
(flybase.org). Based on microfractionation studies of
IFM fibers, Wyss et al. concluded that most of the AK in
Drosophila ITFM is cytosolic [13]. In contrast, Lang et al.
identified AK associated with the Z line of washed myo-
fibrils [44]. Our immunoelectron microscopy results
show that most of the AK is associated with the sar-
comeric A band, with no detectable distribution in the
cytosol. These seemingly contradictory results can be
explained if the association of AK with the myofibril is
weak and fails to endure the fractionation and isolation
procedures used in prior investigations. Coincidently,
glycerination of Lethocerus IFM fibers has been shown
to cause migration of zeelins from the A band to the Z
band [45]. We speculate that the myofibril isolation pro-
cedure used by Lang et al. may have, as in the case for
zeelins, lead to a redistribution of AK from the A band,
as detected in this study, to the Z band given that our
immunolocalization studies were conducted on IFM
fixed within the intact thorax immediately following bi-
section. The redistribution is not unexpected assuming
the interaction between AK and the myofibril is purely
electrostatic, as has been shown for vertebrate CK and
the sarcomeric M line [46].

The absence of a mitochondrial AK isoform would in-
dicate that the organization of the AK/AP system in in-
sect IFM is fundamentally different from the analogous
CK/CP system in vertebrate muscle. Unlike vertebrate
skeletal muscle, insect flight muscle is regarded to be
functionally independent of phosphagens as evidenced
by the low levels of AP in resting muscle and by low AK
activity [47,48]. Nevertheless, the AK reaction plays a
small role in providing metabolic capacitance during
sustained flight [11,49,50]. Additionally, myofibrillar
AK may be involved in phosphate (Pi) removal as in-
creasing levels of Pi decreases work output at low ATP
concentrations [4].

There is an interesting parallel between the situation in
IFM and that of mice that are deficient for CK. In gas-
trocnemius (fast skeletal) muscle of these mice, mito-
chondria are more abundant than in the muscle of normal
mice and are relocated toward the A band, in an apparent
attempt to minimize the diffusion distance of nucleotides
as a way to overcome the absence of mitochondrial and
cytosolic CK [51]. Cellular remodeling presumably to
enhance direct nucleotide channeling between mitochon-
dria and organelles also has been observed in the cardiac
cells of CK deficient mice [23]. We suspect that the close
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apposition of mitochondria and myofibrils in the IFM
compensates for the lack of a cytosolic buffering phos-
phagen system and a mitochondrial AK, as seen in the
CK deficient mice.

The IFM phosphagen system evolved in conjunction
with other features of the IFM that underlie this muscle’s
ability for fast and sustained contractions and high power
output. Among these are a myosin motor with weak af-
finity for ATP [4], abundant mitochondria in close appo-
sition to the myofibrils [6], and broad myofibrils with an
increased number of force producing thick filaments [5].
These modifications impose certain challenges that the
cellular energetic system must overcome in order for the
muscle to operate effectively. Principal among these is
the large diffusion distance for metabolites in the cell and
more specifically, within the confines of the myofibril.
Fibers from asynchronous flight muscle have been re-
ported to have a larger cross-sectional area than fibers
from synchronous flight muscle [5]. A similar relation-
ship is seen for myofibrils, those from asynchronous
muscle have approximately twice the diameter and four
times the cross-sectional area as those from synchronous
muscle [5]. In crustacean tail muscle, limitations in
phosphagen diffusion increase with increases in fiber size
[52] and this raises the possibility that asynchronous
muscles may face similar limitations. Previous studies
have shown that ADP is the most diffusion constrained
of all nucleotides [53]. It has been estimated that direct
diffusion (i.e., in the absence of cytoplasmic CK) of ADP
and ATP would compromise metabolic capacity for dif-
fusion lengths greater than 2 pum [54]. This would be
significant in the Drosophila IFM whose myofibrils have
a diameter of nearly 2 um. Taking these factors together
we consider that diffusion of ATP and ADP alone pro-
vides a rudimentary, if any, metabolic capacitance in the
IFM and therefore propose the existence of active
mechanisms in these fast and powerful muscles.

The weak affinity of IFM myosin for MgATP implies
that a very high concentration of this nucleotide must be
present in the IFM, in the vicinity of the myosin motors.
Based on skinned fiber mechanics experiments, a
MgATP concentration of ~15 mM is required to attain
maximal frequency of maximum work [4]. Given the
limited sarcoplasmic reticulum in the IFM, and therefore
limited requirement to feed SERCA pumps, most of the
ATP can be channeled to the myofibril. We have no in-
formation on how ATP/ADP and AP/arginine are dis-
tributed throughout the IFM fiber but given the complex-
ity of the cytoplasm and the high organelle occupancy,
the distribution is unlikely to be homogeneous. The exis-
tence of compartmentalized pools and direct channeling

of nucleotides has been demonstrated in mouse heart [55].

More recently, the existence of structural barriers that
restrict the diffusion of nucleotides and metabolites in
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heart muscle fibers has been supported by three dimen-
sional finite element models [56]. The large surface area
and relatively large radius of IFM myofibrils could im-
pose a significant diffusion constraint on ATP, ADP and
arginine phosphate.

A myofibril-associated ANT could assist in creating
and maintaining differences in ATP and ADP concentra-
tions across compartmentalized microdomains. While
mitochondria are abundant and in close proximity to the
myofibril, their ATP contribution may be spatially re-
stricted to the periphery and other means of delivering
ATP deep within the confines of the myofibril may be
required. In addition to weak MgATP affinity, other ki-
netic properties of IFM myosin appear to dictate the need
for a highly efficient mechanism for nucleotide transport
within the myofibril. Unlike skeletal muscle, the rate-
limiting step of [FM myosin is phosphate release, i.e., the
rate of ADP release is very fast [4]. ADP is characterized
by an inherently slow diffusion rate that in cardiac mus-
cle is further restricted by intracellular structures and
biochemical processes [57]. Thus the need to prevent
pools of high ADP concentration to build up in the vicin-
ity of the myosin motors may be as important as main-
taining high ATP concentrations. While myosin motor
driven fluctuations may assist in diffusing ADP, the
presence of ANT may facilitate directed transfer to the
mitochondria that in turn stimulates mitochondrial oxida-
tive phosphorylation. Our observation that ANT and AK
have similar cellular and myofibrillar distribution pat-
terns raises the possibility that these proteins might di-
rectly and more efficiently buffer ADP and provide suf-
ficient ATP required for sustaining muscle contractions
at high frequencies. Further experiments will be needed
to establish if and how ANT and AK, operating sepa-
rately or together, contribute to nucleotide and phospha-
gen diffusion in the IFM. A direct transfer of nucleotides
between ANT and AK would be analogous to that pro-
posed for ANT and CK [22].

4. Conclusions

In this study we used two complementary approaches,
one direct and one indirect, to examine the intracellular
distribution of ANT in Drosophila IFM. We created a
transgenic line expressing a GFP-sesB fusion protein and
showed, using anti-GFP specific antibodies and quantita-
tive immunoelectron microscopy, that the fusion protein
is equally distributed between mitochondria and myofi-
brils. The distribution of the fusion protein is similar to
that of the endogenous ANT observed using anti-ANT
specific antibodies. The novel finding of a myofibril lo-
calized ANT is consistent with the results of a prior study
that found ANT to be present among the proteins of an
IFM myofibrillar preparation [58]. Furthermore, we
showed that AK is primarily localized to the sarcomeric
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A band and is excluded from the mitochondria.

In summary, the quest for bigger myofibrils, necessary
to achieve the high levels of power output required for
flight, may have propelled the evolution of energy buft-
ering systems within the confines of the myofibril. Our
results add to the growing body of evidence that phos-
phagen-based energy systems are highly adaptable and
remarkably versatile in meeting the cellular energetic
demands of specific muscle types. These findings pro-
vide a new perspective on the versatility of cellular en-
ergy transfer pathways as their adaptation to meet the
energetic demands of an ultrafast, strictly oxidative and
high power muscle. More studies will be needed to fully
understand how energy production and utilization are
functionally integrated in insect flight muscle.

5. Methods
5.1. Fly Stocks

Drosophila melanogaster w'''®, an otherwise wild type

strain except for a whife eye mutation, was obtained from
the Bloomington Stock Center and was used as host for
generation of transgenic lines and as a control line. w/w;
7(2;3) ap™/ Cyo,TM3 Sb e strain was used for mapping
the insertion in the transgenic lines. Act88F-GFP line
[21], obtained from John Sparrow, was used as control
line for GFP expression while Oregon R was used as the
wild-type strain.

5.2. RT-PCR and Cloning

In order to generate an N-terminal GFP tag, an eGFP
clone (Clonetech), was modified by Polymerase Chain
Reaction (PCR) to remove the stop codon. The forward
primer 5’ attaccatggtgagcaagggc 3’ with a Ncol restric-
tion site (shown in bold) and a reverse primer 5° atta-
tageggecegecttgett 3° with a Not I was used to amplify the
coding region of the eGFP clone. The PCR product was
cut with Ncol and Not I and cloned into an eGFP vector
that was cut with the same combination of enzymes.
Total mRNA was isolated from wild type late stage
pupae using Trizol (Invitrogen) and quantified using a
Nanodrop spectrophotometer (Thermo Scientific). RT-
PCR of sesB mRNA was performed using anchored
oligo dTs [59]. The oligo dT primers 5 actagt-t(16)-¢ 3°,
5’ actagt-1(16)-a3’, 5° actagt-1(16)-g3°, 5° actegt-t(16)-c3’
were used for first strand synthesis. These primers have a
single nucleotide 3° anchor (bold italics) preceded by
oligo dT and the Spe I sequence. First strand synthesis
was carried out using superscript II RNase H Reverse
transcriptase (Invitrogen) and each of the anchored oligo
dTs. PCR was carried out using a forward primer that
was specific to the sesB sequence at its 3” end and had a
Not I restriction site at the 5° end. Using this combination
of the forward primer and the anchored oligo dT, the
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sesB cDNAs that includes its 3’ UTR was amplified and
cloned into the modified GFP vector, immediately down
stream of the GFP coding sequence using the Not I and
Spe I restriction site so that GFP and sesB ¢cDNAs are in
a continuous reading frame. The GFP-sesB cDNA with
Sma I and Spe I ends was subcloned into a modified
pCaSpeR-hs, P-clement transformation vector digested
with Hpa I and Xba I. The pCaSpeR-hs vector was modi-
fied by BamHI digestion and the cut vector was religated
so as to eliminate the hsp70 3° UTR. All ligations were
performed using the clonables ligation/transformation kit
(Novagen, Madison, WI).

5.3. Generation of Transgenic Lines and Heat
Shock Treatment of Flies

The pCaSpeR-hs GFP-sesB vector was amplified by
transformation into chemically competent Topl0 cells
(Invitrogen) and purified using the Qiagen endotoxin free
Maxi prep kit (Qiagen, Valencia, CA, USA). The DNA
was checked for purity and approximately 2 mg of DNA
was shipped to Microinjection Services Inc (Sudbury,
MA) for transformation. w'''® strain transformants were
identified by orange eye color in the G1 generation. Ho-
mozygous strains were generated by single pair mating
of siblings with the darkest eye color until no white eye
progeny were produced. Each transgene was mapped to
its resident chromosome using w/w; T(2;3) ap™/Cyo;
TM3 Sb e strain by standard crossing techniques. Five
independent lines were generated.

To induce expression of the transgene, early larvae
from homozygous transgenic lines were heat shocked by
placing vials in a 37°C water bath for 15 minutes fol-
lowed by a five-minute incubation at room temperature.
This was repeated at least 4 times every day until late
pupae stages.

5.4. Preparation of Samples for Gel
Electrophoresis and Western Blot Analysis

To prepare samples for gel electrophoresis, flies were
placed in acetone overnight at —20°C. The next morning
the acetone was removed and the flies spun for 1 hour in
a speed vac after which the thorax was separated from
the head, abdomen, wings and legs. The thorax was ho-
mogenized in Laemmli sample buffer with 8 mol-L™
urea and protease inhibitors [60]. Electrophoresis on 12%
polyacrylamide SDS denaturing gels were performed as
described previously [60] using the discontinuous buffer
system [61]. The gels were stained overnight in sypro
stain (BIORAD) and viewed using an UV light box and
photographed with a digital camera (Kodak Digital Sci-
ence EDAS 120). For western blots, samples were sepa-
rated on a 12% SDS gel and transferred onto nitrocellu-
lose as described previously [60]. Membranes were
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blocked in blocking buffer (LICOR Biosciences) for one
hour after which they were incubated with one of the
following primary antibodies diluted in 1:1 of blocking
buffer and TBST; 1) Anti-bovine cardiac ANT antibodies
(Rabbit polyclonal, 1:2000), provided by Gerard Bran-
dolin; 2) Anti-GFP polyclonal antibodies from Molecular
Probes (Rabbit polyclonal, 1:2000); 3) Anti-Drosophila
PATP synthase antibodies (Rabbit polyclonal, 1:2000)
provided by Rafael Garesse. Blots were incubated in
primary antibody for one hour at room temperature fol-
lowed by three washes for 15 minutes each in TBST
(Tris Buffer Saline 0.1% Tween). The blots were incu-
bated in secondary anti-rabbit or anti-mouse Alexafluor
698 (Molecular Probes, Eugene, OR, USA) for one hour
and then were washed in TBST and scanned on an Od-
yssey fluorescent scanner (LI-COR Bioscience, Lincoln,
NE, USA). The images were converted from color to
gray scale in Adobe Photoshop.

5.5. Insect Cell Culture, Transient Transfections
and Heat Shock Treatment of Cells

Drosophila Schneider (S2) cells were cultured in 60 x 15
mm style Falcon culture plates (Becton Dickinson,
Franklin Lakes, NJ, USA) in Shield and Sank-M3 Me-
dium until 70% to 80% confluence was attained. S2 cells
were grown in a 25°C incubator. For transfection, 10 pg
of pCaSpeR hs GFP-sesB1.6 K or pCaSpeR hs GFP-1.2
K were used. Transfections were performed using the
Cellfectin reagent (Invitrogen,). Heat shock was admin-
istered by leaving cultures in a water bath at 37°C for 30
minutes after which cells were moved back into 25°C and
allowed to recover for two hours before being processed
for confocal microscopy.

5.6. Confocal Microscopy of Drosophila
Schneider Cells

Cells were spun down at 4000 RPM for 5 minutes, per-
meabilized with 0.2% triton X-100 in 0.01 M phosphate
buffer PH 7.4 for 5 minutes at room temperature, and
fixed with 3.7% formaldehyde in 0.01 M phosphate
buffer pH 7.4 for 15 minutes at room temperature. They
were washed in 0.01 M PBS three times to remove for-
maldehyde and triton X-100. Coverslips overlayed with
Cell Tak (BD Biosciences) in 3 M NaHCO; were pre-
pared, cells were applied to the cover slip and incubated
at room temperature for 3 minutes. The mitochondria
were stained with 25 nM Mitotracker Red CMX Ros
(M7512, Molecular Probes). Subsequently, cells were
stained with a primary anti-GFP polyclonal antibody
(Molecular Probes, 1:250 dilution) for one hour at room
temperature followed by secondary goat anti- rabbit IgG
(H + L), Alexafluor 488. All light sensitive reactions
were performed in a light proof chamber. Cells were fi-
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nally washed in PBS for one minute to remove Mito-
tracker and antibodies. A drop of mounting medium
(Vecta shield, Vector Laboratories, Inc, Burlingame, CA
94010) was placed on the coverslip and it was inverted
on to a slide. Slides were viewed using the BioRad 1024
confocal laser scanning microscope. Lasersharp 2000
version 5 software (originally from Bio-Rad Laboratories,
Hercules, CA, now part of Carl Zeiss Micro imaging,
Thornwood, NY) was used for image analysis and proc-
essing.

5.7. Immunogold Transmission Electron
Microscopy and Image Analysis

Drosophila half thoraces were fixed for one hour at 4°C
in 0.1% glutaraldehyde and 3.0% paraformaldehyde in
0.01M Phosphate Buffered Saline (PBS), pH 7.4. After
rinsing in PBS 3 x 5 min each, free aldehyde groups
were quenched by washing the tissue 2 x 30 min at 4°C
in 0.05 M ammonium chloride in PBS, followed by stor-
age overnight at 4°C in PBS. The next day, the tissue was
dehydrated in ethanol at progressively lower tempera-
tures and embedded in Lowicryl K4M at —35°C. Polym-
erization of the blocks was achieved by exposure to ul-
traviolet light for 24 - 48 hrs at —35°C, followed by 48 -
72 hrs at room temperature under UV light. Semi thin
sections (1 pm) were cut with a glass knive on a Reichert
ultracut microtome, stained with methylene blue—azure II,
and evaluated for areas of interest. Ultrathin sections (60
- 80 nm) were cut with a diamond knife, retrieved onto
Carbon-Formvar coated 150 mesh nickel grids. Immuno-
histochemistry experiments were performed as follows:
The grids were blocked with 0.5% ovalbumin solution
for 20 minutes at room temperature. The following pri-
mary antibodies were used. Anti-ANT polyclonal (1:500),
anti-Drosophila PATP synthase polyclonal (1:250), anti-
Drosophila flightin polyclonal (1:30) [62], anti-Droso-
phila arginine kinase polyclonal (1:200) (provided by
Theo Wallimann), and anti-GFP polyclonal (1:10 dilu-
tion). As a negative control, rabbit pre-immune serum
was used since all primary antibodies were raised in rab-
bit. Sections were incubated in primary antibodies over-
night at 4°C and were washed 3 times for 5 minutes each
in 1% BSA in PBS. Protein A conjugated to 10 nm gold
particles (pAgjo) (diluted in PBS, Optical Density of 0.06
@ 525 nm) was used for detection of primary antibodies.
Sections were incubated in pAg), diluted in PBS for 60
minutes at room temperature followed by washes in PBS
and rinses in distilled water. Sections were then con-
trasted with uranyl acetate (3% in deionized H,O) and
lead citrate, and examined with a JEOL 1210 TEM
(JEOL USA, Inc., Peabody, Ma) operating at 60 kV. The
negatives were scanned with an Epson scanner and the
quantitation of gold spots using MetaMorph software
(version 6.3 r7) was done as follows. The program was
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calibrated using standard files that take into account the
magnification and size of the image. Random boxes were
drawn on the image using the draw tool. Integrated mor-
phometric analysis (IMA) function was used to calculate
the area of each box (in um®) and the number of gold
dots per area. Individual smaller boxes were drawn
within the first box such that each covered mitochondria,
myofibril, or cytosol. The areas of these smaller boxes
and the number of gold dots per area were calculated
using the IMA function. All the gold particles counted
were normalized to the area and plotted using Sigma plot.
Two separate flies were done for each of the treatments
(five antibodies and control) and each fly was probed in
duplicate, for a total of four grids per treatment. Three
frames were randomly photographed from each grid to-
taling 12 frames per treatment.

5.8. Statistical Analysis

All analyses were performed in MATLAB using non-
parametric tests. To compare distributions of gold parti-
cles in the different groups, we converted raw data (counts)
into percentage data. We then performed Kruskal Wallis
tests on the percent data for all groups. Further tests us-
ing the RANKSUM function (equivalent to Mann-
Whitney U test) were done to compare the distribution of
the GFP control to the experimental groups.
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