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ABSTRACT The demembranated (skinned) muscle fiber preparation is widely used to investigate muscle contraction because
the intracellular ionic conditions can be precisely controlled. However, plasma membrane removal results in a loss of osmotic
regulation, causing abnormal hydration of the myofilament lattice and its proteins. We investigated the structural and functional
consequences of varied myofilament lattice spacing and protein hydration on cross-bridge rates of force development and
detachment in Drosophila melanogaster indirect flight muscle, using x-ray diffraction to compare the lattice spacing of dissected,
osmotically compressed skinned fibers to native muscle fibers in living flies. Osmolytes of different sizes and exclusion proper-
ties (Dextran T-500 and T-10) were used to differentially alter lattice spacing and protein hydration. At in vivo lattice spacing,
cross-bridge attachment time (ton) increased with higher osmotic pressures, consistent with a reduced cross-bridge detachment
rate as myofilament protein hydration decreased. In contrast, in the swollen lattice, ton decreased with higher osmotic pressures.
These divergent responses were reconciled using a structural model that predicts ton varies inversely with thick-to-thin filament
surface distance, suggesting that cross-bridge rates of force development and detachment are modulated more by myofilament
lattice geometry than protein hydration. Generalizing these findings, our results suggest that cross-bridge cycling rates slow as
thick-to-thin filament surface distance decreases with sarcomere lengthening, and likewise, cross-bridge cycling rates increase
during sarcomere shortening. Together, these structural changes may provide a mechanism for altering cross-bridge perfor-
mance throughout a contraction-relaxation cycle.
INTRODUCTION
Cell volume, osmolarity, hydration, and ion activity are
exquisitely regulated by the plasma membrane to maintain
proper cellular function (1,2). Removing or damaging the
plasma membrane disrupts the osmotic and ionic balances,
thereby altering the conformation and activity of the intra-
cellular enzymes (3,4). Single demembranated (skinned)
muscle fibers are widely used to investigate contractility at
the molecular level because removal of the sarcolemma
allows precise control and manipulation of the intracellular
ionic conditions. However, intracellular osmolytes diffuse
out of the skinned fiber as the endogenous fluid medium
equilibrates with the exogenous skinning solution. The
accompanying reduction in intracellular osmotic pressure
results in expansion and hydration of the myofilament lattice
and proteins (5–8). These changes in myofilament spacing
and protein hydration may alter cross-bridge kinetics and
force generation, confounding the interpretation of skinned
fiber studies.

The osmotic influence of an intact sarcolemma can be
mimicked in skinned muscle fibers by adding large, neutral,
long-chain polymers (e.g., Dextran T-500; 500 kDa) to the
bathing solution. These high molecular mass polymers
remain excluded from the myofilament lattice (7,8), thereby
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providing an osmotic pressure that decreases myofilament
lattice spacing as water is drawn out of the fiber. Adding
4–6% w/v Dextran T-500 to the bathing solution compresses
skinned fibers to their in vivo lattice spacing (7–10) and
decreases the rate of force development and cross-bridge
cycling roughly 10–20% in both vertebrates and inverte-
brates (10–13). These results show that structural changes
in the myofilament lattice can alter cross-bridge perfor-
mance. Overall, these previous studies support the notion
that osmotic compression sterically alters cross-bridge
movement due to reduced lattice spacing, thereby decreas-
ing cross-bridge cycling rates (7,8,11,12). However, the
previous studies did not address whether osmotic compres-
sion dehydrates myofilament proteins as water is drawn out
of the myofilament lattice, as suggested by the reductions in
thick filament diameter due to osmotic compression from
Dextran T-200 and T-2000 (14). Therefore, reduced myofil-
ament protein hydration represents a biophysical perturba-
tion that could independently alter cross-bridge rates of
force development and detachment. Low molecular mass
polymers that freely diffuse into the myofilament lattice
space (e.g., Dextran T-10 (10 kDa) and polyethylene glycol
(PEG, 0.3–4 kDa)) have been shown to reduce myofilament
protein hydration without significantly changing myofila-
ment lattice spacing (15–17). Reduced protein hydration eli-
cited a variety of cross-bridge behaviors, from no change in
the rates of force development and detachment for skinned
fiber (13) or solution ATPase measurements (17) at modest
http://dx.doi.org/10.1016/j.bpj.2012.08.014
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osmotic pressures (i.e., the ~3 kPa required to return in vivo
spacing, Fig. 1), to increasingly slowed cross-bridge cycling
rates with further increases in osmotic pressure (15,16).
Altogether, these previous studies show that both altered
myofilament spacing and protein hydration play important
roles in dictating cross-bridge transition rates, although their
relative contributions remain unclear, particularly at or near
in vivo osmotic conditions.

To investigate the structural and functional consequences
of varied myofilament spacing and protein hydration, we re-
turned these parameters to their in vivo values in skinned
Drosophila melanogaster indirect flight muscle (IFM) by
osmotic compression with Dextran T-500 or T-10 and
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FIGURE 1 Center-to-center inter-thick filament spacing of IFM from

resting, live flies, or skinned, relaxed fibers compressed with T-500 or

T-10 plotted against Dextran concentration (A) or osmotic pressure (B).

In panel A, the horizontal line bounded by gray shading depicts the mean5

SE of the live fly measurements (n ¼ 16), while symbols depict skinned

single fiber measurements for T-500 (n¼ 17–22) or T-10 (n¼ 6–10). Linear

fits to the mean values at each Dextran concentration are depicted by a

dashed line for T-500 (slope¼�1.47 nm %�1, intercept¼ 61.73) or a solid

line for T-10 (slope ¼ �0.48 nm %�1, intercept ¼ 61.42 nm). In panel B,

horizontal, solid arrows highlight Dextran concentrations that produce

matched inter-thick filament spacing (4% vs. 10% and 6% vs. 20% for

T-500 vs. T-10, respectively), while vertical, dashed arrows highlight

Dextran concentrations that produce similar myofilament protein hydration

at matched osmotic pressures (inset, 4% vs. 0.34% and 6% vs. 0.78% for

T-500 vs. T-10, respectively). Inter-thick filament spacing values for

0.34%and 0.78%T-10were interpolated from the linear fit in panelA, shown

with different symbols than measured spacing values (inset, panel B).
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measured myosin-actin cross-bridge kinetics via sinusoidal
length perturbation analysis. The use of Drosophila is an
important aspect of this study, as x-ray diffraction (XRD)
can be used to compare the lattice spacing of native,
hydrated muscle in living flies to the lattice spacing of
osmotically compressed single fibers (10). Using spacing
values measured from the x-ray data in combination with
muscle mechanics, we examined the functional conse-
quences of matching inter-thick filament spacing or myofil-
ament protein hydration. These empirical results and a
structural model of myofilament organization indicate that
the frequency of maximal power production and cross-
bridge attachment time (ton) are linearly correlated with
thick-to-thin filament surface distance. Although changes
in myofilament protein hydration affected cross-bridge rates
of force development and detachment, these rates were
more greatly influenced by variations in myofilament lattice
geometry.
MATERIALS AND METHODS

Experimental methods are summarized below. Additional details about

solution composition, XRD, muscle mechanics, and statistical analysis

are presented in the Supporting Material.
Solutions

Solutions were prepared as previously described (10) for XRD and muscle

mechanics. Dextran T-500 or T-10 (Pharmacosmos, Holbaek, Denmark)

were added at varied concentrations (c, in % w/v) and osmotic pressure

(P, in kPa) was calculated from measured pressure-concentration relation-

ships for T-500 (18) or T-10 (8):

PðcÞ ¼ A1cþ A2c
2 þ A3c

3; (1)

with virial coefficients (Ai, units kPa%
�i) of A1¼ 0.0664, A2¼ 0.1051, and

A3 ¼ 0.0076 for T-500 and A1 ¼ 7.05, A2 ¼ 0.6060, A3 ¼ 0.0012 for T -10.

We assume Dextran T-500 is fully excluded from the myofilament lattice

and Dextran T-10 freely enters the myofilament lattice. This assumption

follows from previous observations using Dextran T-40 (8), which indi-

cate polymer fractions of molecular mass <20 kDa enter the lattice

and >20 kDa are excluded from the lattice. The mass percent of

T-500 <20 kDa and of T-10 >20 kDa are negligibly small (<2%), accord-

ing to the manufacturer’s data.

As Dextran T-500 is excluded from the myofilament lattice, T-500 must

be excluded from the myofilaments. Previous modeling of XRD data from

relaxed skinned skeletal muscle fibers of the frog confirm thick filaments

can be compressed by Dextran T-200 and T-2000 (14), which are excluded

from the myofilament lattice (19). The myofilaments (each a tightly knit

assembly of myosin or actin and accessory proteins) most likely exclude

Dextran T-10, except for the lowest mass molecular fractions. Water mole-

cules, metal ions, and small metabolites are expected to penetrate the

myofilaments, as they do the lattice. However, the Gibbs dividing surface

that defines the interface between the myofilaments and bathing medium

(20), is indistinct, even if the three-dimensional myofilament structure

is known with precision, because the location of this hypothetical surface

differs with solute size. Thus, the degree of T-10 exclusion from the myofil-

aments cannot be readily calculated. Given the similarity in degree of poly-

mer exclusion at the filament level, we assumed that matched osmotic

pressures between Dextran T-500 and T-10 produce similar myofilament
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protein hydration conditions (20). This general assumption is supported by

DNA studies that show a given increase in osmotic pressure leads to an

identical change in chemical potential of water, independent of the identity

of the stressing polymer (21). In other words, we assume that the amount of

water contained within the myofilament proteins, such as myosin or the

thick filament, will be the same under equivalent osmotic pressures

produced by T-500, which remains outside the myofilament lattice, or by

T-10, which penetrates the myofilament lattice.
X-ray diffraction (XRD)

XRD measurements were obtained using the small angle instrument on the

Biophysics CollaborativeAccess Team (BioCAT) beamline at the Advanced

Photon Source (Argonne, IL) as previously described for resting, live

Drosophila melanogaster (22,23), and skinned IFM fibers (10). Solution

exchanges on individual fibers were performed at increasing Dextran con-

centrations for either T-500 or T-10 (2, 4, 6, 8, 10% T-500 or 2, 4, 6, 8, 10,

20% T-10). All XRD measurements occurred at room temperature (22�C).
Muscle mechanics

Mechanical measurements and curve fitting were carried out as in previous

studies (10,24). Activating solutions with increasing Dextran concentra-

tions were exchanged to obtain 4 and 6% T-500 or 0.34, 0.78, 10, and

20% T-10. Because inter-thick filament spacing decreases only slightly

(~0.8%) from relaxed to full activated conditions in wild-type (WT) flies

(22), we expect no differences in the amount of Dextran required to

compress skinned fibers back to in vivo spacing values between relaxed

and active conditions. Solutions were maintained at 15�C.
Sinusoidal analysis consisted of small amplitude sinusoidal length

changes (LA ¼ 0.125% muscle length) applied at discrete frequencies

(0.5–1000 Hz), while measuring the tensile stress (force divided by fiber

cross-sectional area) and strain (change in muscle length divided by the

original fiber length) from the activated muscle fibers. Digital Fourier trans-

forms were applied to the measured stress and strain signals to calculate the

complex modulus (Y(u), where u is angular frequency) from the quotient

of these digital Fourier transforms (stress/strain). Elastic and viscous

moduli (kN m�2) are defined as the in-phase and out-of-phase portions

of complex modulus, respectively. Specific work (J m�3) and power

(Wm�3) over a single oscillatory cycle are proportional to viscous modulus

(Ev), where work ¼ �EvpLA
2 and power ¼ �EvLA

2u/2.

For our analysis to estimate cross-bridge rate constants, the force

response must remain linear, which requires small amplitude length

changes (LA ¼ 0.125%). The large amplitude perturbations of work-loop

analysis, meant to mimic in vivo shortening and lengthening, place large

stresses and strains on the cross-bridges and myofilaments, which leads

to a nonlinear force response that is difficult to relate to cross-bridge rates

of force development and detachment. As maximal work and power

production scale with LA
2, oscillatory work production from sinusoidal

analysis generally remains less than values measured using work-loop anal-

ysis (LA ¼ 0.75–1.5% muscle length) (25).

The complex modulus (plotted as viscous versus elastic modulus) was

characterized, or fit, by

YðuÞ ¼ AðiuÞk�B

�
iu

2pbþ iu

�
þ C

�
iu

2pcþ iu

�
; (2)

and provides estimates for model parameters: A, k, B, b,C, and c. Magnitude

parameters A, B, and C (kN m�2) are related to stress produced by the fiber,

whereas the characteristic frequencies b and c (Hz) are related to cross-

bridge cycling rates. The exponential parameter k (unitless, range 0–1)

describes the degree to which measured viscoelastic mechanics represent

purely elastic (k ¼ 0) versus purely viscous (k ¼ 1) mechanical responses.

The A-process reflects viscoelastic properties of structural elements within
the fiber. Enzymatic cross-bridge cycling during Ca2þ-activated contraction
produces frequency dependent shifts in the viscous and elastic moduli rep-

resented by B- and C-processes to characterize work producing (cross-

bridge recruitment) and absorbing (cross-bridge distortion) processes

(13,26,27). The characteristic frequency b is correlated with the observed

rate of myosin force production and scales proportionally with shifts in

the frequency of maximal oscillatory work and power output (13), whereas

c is related to the cross-bridge detachment rate (and inversely related to the

mean duration of cross-bridge attachment: ton ¼ (2pc)�1 (27)).
Statistical analysis

All values are mean 5 SE. Constrained nonlinear least squares fitting of

Eq. 2 to complex moduli was performed using a sequential quadratic

programming method in MATLAB (v 7.9.0, The MathWorks, Natick,

MA). Statistical analyses were considered significant at p < 0.05 and

were performed using SPSS (v.16.0, SPSS, Chicago, IL) and MATLAB.
RESULTS

X-ray diffraction (XRD)

Center-to-center inter-thick filament spacing of the IFM
from resting, live flies was 55.3 5 0.2 nm (Fig. 1). After
skinning, inter-thick filament spacing of single IFM fibers
in relaxing solution without Dextran increased 10–11%
compared to the live fly value, as previously observed
(10). Inter-thick filament spacing of single fibers decreased
with increasing Dextran T-500 or T-10 concentration (Fig. 1
A). The reduction in inter-thick filament spacing with
increased Dextran concentration was roughly three times
greater for T-500 than for T-10, illustrated by the larger
slope of the linear fits to these data for T-500.

Inter-thick filament spacing was also plotted against
calculated osmotic pressure (Eq. 1, Fig. 1 B), showing that
T-500 reduced lattice spacing more than T-10 at identical
pressures. For instance, 4%T-500 and 10% T-10 compressed
inter-thick filament spacing to in vivo dimensions (Fig. 1 B,
horizontal arrows), but the corresponding osmotic pressures
were roughly 50 times different (2.4 kPa for 4%T-500 versus
132.3 kPa for 10% T-10). T-500 concentrations that
compressed inter-thick filament spacing back to (4%) and
slightly beyond (6%) in vivo values were selected for single
fiber mechanics. T-10 concentrations were selected by
matching inter-thick filament spacing (10% and 20%) and
osmotic pressure, or protein hydration (0.34% and 0.78%),
with the T-500 (4% and 6%) concentrations.
Skinned muscle fiber mechanics

Our primary measures of oscillatory power output and the
model parameters are calculated from the elastic (EM)
and viscous (VM) moduli. The frequency responses of
EM and VM did not differ between T-500 and T-10 in the
absence of Dextran (Fig. 2, A and D). Reducing the swollen
myofilament lattice to in vivo spacing using 4% T-500
(Fig. 1) shifted the EM and VM to lower frequencies
Biophysical Journal 103(6) 1275–1284
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FIGURE 2 Elastic and viscous moduli from

Ca2þ-activated (pCa 4.5) skinned IFM fibers in

the absence and presence of Dextran T-500 or

T-10 (n in Table 1) are plotted against sinusoidal

oscillatory frequency. (A and D) Moduli in the

absence of Dextran (larger inter-thick filament

lattice spacing values compared to in vivo).

(B and E) Moduli at 4% T-500 (in vivo inter-thick

filament spacing), 0.34% T-10 (matched osmotic

pressure with 4% T-500) and 10% T-10 (matched

spacing with 4% T-500). (C and F) Moduli at 6%

T-500 (slightly smaller than in vivo spacing),

0.78% T-10 (matched osmotic pressure with 6%

T-500), and 20% T-10 (matched spacing with 6%

T-500). Black dashed lines denoting the 0%

T-500 condition are replotted on panels B, C, E,

and F. Horizontal bars indicate frequencies that

are significantly different at the given Dextran

concentration from 0% T-500. Horizontal solid

lines depict zero viscous modulus (D–F), signi-

fying the transition between work absorbing (posi-

tive viscous moduli) and work producing (negative

viscous moduli) mechanical behavior.
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compared to 0% (Fig. 2, B and E), indicating slowed rates of
cross-bridge cycling. Adding 0.34% T-10 matched the
myofilament protein hydration of 4% T-500 and produced
a small shift to higher frequencies in the EM and VM
compared to 0% (Fig. 2, B and E), indicating increased rates
of cross-bridge cycling. As shown in Fig. 1, 10% T-10 and
4% T-500 compressed the myofilament lattice to in vivo
spacing, but required roughly 50 times the osmotic pressure
for T-10 compared to T-500. Although lattice spacing was
similar for these two conditions, the EM and VM frequency
responses were shifted to lower frequencies for 10% T-10
than for 4% T-500 (Fig. 2, B and E).

Similar, but larger shifts in the frequency response were
found with higher osmotic compressions (Fig. 2, C and
F). The addition of 6% T-500 reduced myofilament lattice
spacing below the in vivo value, shifting EM and VM to
Biophysical Journal 103(6) 1275–1284
even lower frequencies than 4% T-500. At 0.78% T-10, or
matched myofilament protein hydration with 6% T-500,
EM and VM shifted to higher frequencies compared to
0.34% and 0%, although were not statistically different
from 0% at any specific frequency. At 20% T-10, or matched
lattice spacing with 6% T-500, the EM and VM frequency
responses were shifted to lower frequencies for 20% T-10
than for 6% T-500.

No significant differences were found in Ca2þ activated
oscillatory power output between T-500 and T-10 at 0%
Dextran (Fig. 3A). Adding 4%T-500 (in vivo lattice spacing)
reduced themaximal power and frequency ofmaximal power
by 26–30% compared to 0% (Fig. 3 B, Table 1). Adding
0.34% T-10 matched the myofilament protein hydration of
4% T-500, but shifted the power-frequency relationship to
higher frequencies compared to 0%, without affecting the
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magnitude of maximal power output. At 10% T-10 and 4%
T-500 the myofilament lattice spacing equals in vivo, but
the maximal power and frequency of maximal power were
decreased more for 10% T-10 (50–80%) than for 4% T-500
(27–28%), compared to 0%. Additional osmotic compres-
sion with 6% T-500 and 20% T-10 reduced myofilament
lattice spacing below the in vivo value, shifting oscillatory
power output to even lower frequencies and further reduced
maximal power output (Fig. 3 C). In contrast, at conditions
TABLE 1 Frequency and magnitude of maximal power output and

Dextran concentration Osmotic pressure Maximal

(wt/vol) (kPa) (W m�3)

0% T-500 0 86 5 9

4% T-500 2.44 63 5 11*y

6% T-500 5.83 46 5 8*y

0% T-10 0 80 5 8

0.34% T-10 2.44 81 5 8

0.78% T-10 5.83 78 5 8

10% T-10 132.25 15 5 2*y

20% T-10 392.6 8 5 2*y

*Differs from 0%Dextran value within the population of T-10 or T-500 measurem

measure followed by a pairwise comparison of the means (p < 0.05).
yDiffers from all other values within the population of T-10 or T-500 measureme

measure followed by a pairwise comparison of the means (p < 0.05).
zDiffers from all other values among the entire population of measurements usin
of matched myofilament protein hydration (6% T-500 and
0.78% T-10), 0.78% T-10 shifted oscillatory power output
to greater frequencies than 0% without a significant change
in maximal power output. The frequency and magnitude of
oscillatory work production followed trends similar to oscil-
latory power output, with subtle differences in the sensitivity
to varied Dextran concentrations (Table 1).

These data indicate divergent trends for the effect of T-500
versus T-10 on the frequency of maximal power output at
work production (mean 5 SE)

power Maximal work

fmax (Hz) (J m�3) fmax (Hz) (n)

200 5 5 0.51 5 0.06 143 5 6 11

145 5 5*yz 0.47 5 0.07 112 5 3*y 11

127 5 5*yz 0.39 5 0.06*y 100 5 3*y 11

203 5 4 0.45 5 0.04 155 5 4 12

213 5 4 0.44 5 0.04 157 5 3 12

223 5 4* 0.39 5 0.04 164 5 5 10

99 5 3*yz 0.16 5 0.02* 90 5 3*y 12

70 5 2*yz 0.13 5 0.03* 58 5 3*yz 12

ents using a linear mixed model with Dextran concentration as the repeated

nts using a linear mixed model with Dextran concentration as the repeated

g a 1-way ANOVA followed by a multiple comparison of means (p < 0.05).

Biophysical Journal 103(6) 1275–1284
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modest pressures flanking the estimated in vivo lattice
spacing (Fig. 3 D). Because lower versus higher shifts in
the frequency response of power output correspond to
decreased versus increased cross-bridge cycling rates, these
measurements consistently demonstrate slowed cross-bridge
cycling with reduced inter-thick filament spacing. In addi-
tion, matched inter-thick filament spacing values at larger
osmotic pressures (4% vs. 10% and 6% vs. 20% for T-500 vs.
T-10) further decreased the power output frequencies, indi-
cating slower cross-bridge cycling as myofilament protein
hydration decreased. In contrast, comparing 0% and 0.78%
T-10, the frequency of maximal power output increased, sug-
gesting faster cross-bridge cycling as myofilament protein
hydration decreased at lattice spacings larger than in vivo.

Thewidespread similarities among theA-processes (A and
k) andmagnitudes of the B- and C-processes (B andC) for all
Dextran conditions show little or no difference in the cross-
bridge’s capability of binding actin and generating force
with altered Dextran concentrations (Table 2). In contrast,
striking differences arose from the characteristic frequency
parameters b and c. The B-process arises from work-
producing processes during active muscle contraction, with
larger b values indicating faster cross-bridge rates of force
production (13). The C-process arises from work-absorbing
processes during active muscle contraction, with larger c
values indicating faster rates of cross-bridge detachment or
reductions in myosin attachment time [ton ¼ (2pc)�1] (27).
The fastest rates of cross-bridge force production and detach-
ment occurred at 0.78% Dextran T-10, showing an ~150%
increase in 2pb and 65% decrease in ton compared to the
slowest cross-bridge transition rates at 20% T-10 (Table 2).
These shifts in cross-bridge rates of force development and
detachment were consistent with trends observed for the
frequency shifts for maximal work and power output.
DISCUSSION

We investigated the structural and functional relationships
between myofilament lattice spacing and protein hydration
TABLE 2 Model parameter values for fits to Eq. 2 (mean 5 SE)

Dextran concentration A k B

(wt/vol) (kN m�2) (unitless) (kN m�2)

0% T-500 138 5 15 0.114 5 0.004 1741 5 175

4% T-500 151 5 18 0.118 5 0.004 2287 5 393

6% T-500 150 5 20 0.119 5 0.004 2059 5 362

0% T-10 143 5 11 0.114 5 0.003 2101 5 286

0.34% T-10 141 5 12 0.116 5 0.003 1956 5 270

0.78% T-10 134 5 11 0.114 5 0.003 1559 5 7

10% T-10 122 5 13 0.123 5 0.010 1497 5 8

20% T-10 140 5 11 0.152 5 0.007* 2172 5 270

*Differs from 0%Dextran value within the population of T-10 or T-500 measurem

measure followed by a pairwise comparison of the means (p < 0.05).
yDiffers from all other values within the population of T-10 or T-500 measureme

measure followed by a pairwise comparison of the means (p < 0.05).
zDiffers from all other values among the entire population of measurements usin
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on myosin-actin cross-bridge kinetics by examining the
differential effects of two osmolytes; one is excluded from
the myofilament lattice (Dextran T-500) and the other freely
diffuses into the lattice (Dextran T-10). A critical compo-
nent of this study was the use of small angle XRD to
measure the in vitro myofilament lattice spacing in dissected
IFM fibers to compare with the in vivo spacing from live
fruit flies. Our results indicate that a structural change in
the thick-to-thin filament surface distance plays a dominant
role in dictating cross-bridge cycling rates, specifically
cross-bridge attachment time (ton). As discussed below,
these findings illustrate a structural mechanism that may
underlie variations in cross-bridge rates of force develop-
ment and detachment throughout a contraction-relaxation
cycle in striated muscle.
Thick-to-thin filament surface distance alters
cross-bridge cycling rates

Cross-bridge kinetics were different (Tables 1 and 2) at
matched values of inter-thick filament lattice spacing (4
and 6% T-500 vs. 10 and 20% T-10) and shifted in opposite
directions for T-500 versus T-10 at matched values of myo-
filament protein hydration (4 and 6% T-500 vs. 0.34 and
0.78% T-10). Together these data show that neither center-
to-center inter-thick filament lattice spacing nor myofila-
ment protein hydration is solely responsible for altering
cross-bridge rates of force development or detachment. As
increasing osmotic pressure also decreases myofilament
protein hydration, we posit a concomitant structural change
in the thick filament backbone. We further hypothesize that
thick-to-thin filament surface-to-surface distance (dthick-thin),
rather than center-to-center inter-thick filament spacing
(dinter-thick), is the relevant structural variable eliciting alter-
ations in cross-bridge transition rates under modest osmotic
pressures.

To test this hypothesis we developed a structural model,
as dthick-thin cannot be directly obtained from XRD patterns
of Drosophila IFM. The effect of Dextran on dinter-thick was
b C c ton

(Hz) (kN m�2) (Hz) (ms) (n)

271 5 7 1600 5 170 323 5 6 0.49 5 0.01 10

206 5 6* 2188 5 383 244 5 5*y 0.65 5 0.01*y 10

189 5 4* 1986 5 356 224 5 3*y 0.71 5 0.01*y 10

276 5 5 1965 5 278 320 5 5 0.50 5 0.01 11

290 5 6* 1820 5 261 340 5 6* 0.47 5 0.01* 11

307 5 7* 1438 5 7 363 5 5*z 0.44 5 0.01* 9

153 5 4*yz 1500 5 8 183 5 5*yz 0.88 5 0.03*yz 11

110 5 4*yz 2133 5 281 125 5 4*yz 1.29 5 0.04*yz 11

ents using a linear mixed model with Dextran concentration as the repeated

nts using a linear mixed model with Dextran concentration as the repeated

g a 1-way ANOVA followed by a multiple comparison of means (p < 0.05).
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calculated using linear fits to our x-ray measurements after
averaging the intercept values (Fig. 1 A):

dinter-thickðT-500Þ ¼ 61:575-1:47½%T-500�;
dinter-thickðT-10Þ ¼ 61:575-0:48½%T-10�: (3)

Using Eq. 3, dinter-thick increased 10.6% at 0% T-500 and
decreased 5.3% at 6% T-500, compared to 4% T-500
(Fig. 4 A). Prior estimates from electron density maps and
myofilament structure models in frog tissue (14) have shown
that the thick filament backbone and myofilament lattice
were compressed similarly as osmotic pressure increased
(0–3 kPa), leading to our assumption of a 1:1 compression
ratio for thick filament backbone compression to myofila-
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ments (Fig. 1) and plotted against osmotic pressure. (B) Reductions in thick

filament radius with increased osmotic pressure were calculated from the

fractional changes in inter-thick filament spacing with Dextran T-500, using

an 8 nm in vivo thick filament radius (28) and a fixed thin filament radius

of 4 nm (29). (C) The relationship between thick-to-thin filament surface

distance and osmotic pressure was calculated (Eq. 4) from the values in

panels A and B. The effects of osmotic stress on a pair of thin (solid) and

thick (hollow) filaments are illustrated for 6% T-500 (lower), 0% Dextran

(middle), and 0.78% T-10 (upper), with thick filament radius and thick-

to-thin filament surface distance listed in nm. Dashed boxes outline myofil-

ament lattice space, where Dextran T-10 diffuses into the lattice to reduce

thick filament radii without significantly affecting lattice spacing and from

which Dextran T-500 is excluded to simultaneously compress thick filament
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panel highlight the centered-alignment of thin filaments and shifted align-

ment of thick-filaments.
ment lattice compression for T-500. Given a 1:1 compres-
sion ratio and an in vivo value of 8 nm (28), the radius of
the thick filaments (rthick) would increase 10.6% to 8.8 nm
at 0% T-500 and decrease 5.3% to 7.6 nm at 6% T-500
(Fig. 4 B).

Thus, dthick-to-thin is

dthick�to�thin ¼ dinter-thick
2

-ðrthick þ rthinÞ; (4)

where dinter-thick/2 represents the center-to-center distance
between an adjacent pair of thin and thick filaments (Eq.
3) and rthin is the thin filament radius set at the in vivo value
of 4 nm (29), assuming an incompressible solid cylinder.
These calculations predict that increasing osmotic pressure
using T-500 reduces dthick-to-thin (Fig. 4 C) because the
magnitude of dinter-thick decreases more than rthick (Fig. 4,
A and B). As discussed in detail in the Methods, we assume
that matched osmotic pressures between Dextran T-500 and
T-10 produce similar myofilament protein hydration condi-
tions, based upon previous osmotic pressure studies (20,21).
This matches values for rthick between T-500 and T-10 at
matched osmotic pressures. For example, rthick for 0.34%
T-10 and 4% T-500 are equal as these conditions produce
identical osmotic pressures (Fig. 4 B). In contrast to the
reduced dthick-to-thin predicted for increasing T-500, the
model predicts increasingly greater values for dthick-to-thin
at matched osmotic pressures for 0.34 and 0.78% T-10
(Fig. 4 C) because T-10 reduces rthick by 5–10% without sig-
nificantly reducing dinter-thick.

This structural model resolves the seemingly divergent
trends in cross-bridge cycling rates with increased osmotic
pressure from T-500 and T-10, by demonstrating that the
frequency of maximal power output and ton are correlated
with dthick-to-thin (Fig. 5). This finding indicates that the rates
of cross-bridge force production and detachment decrease
as the volume in which myosin operates decreases, and
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C
ha

ng
e 

in
 t o
n 

(%
)

BA

f m
ax

 p
ow

er
 (H

z)

15 16 17 18 19
100

150

200

250

15 16 17 18 19
-20

0

20

40

60

0% 0.78%0.34%
0% 6%4%T-500:

T-10:

FIGURE 5 Frequency of maximal power (A) and percent changes in

myosin attachment time, or ton, (B) for Dextran T-500 and T-10 (n in

Table 2), are plotted against modeled thick-to-thin filament surface distance

from Fig. 4 C.

Biophysical Journal 103(6) 1275–1284



1282 Tanner et al.
introduces a fundamental structural variable that strongly
modulates contractile function in a muscle fiber. This agrees
with previous measurements showing a high correlation
between faster shortening velocity and increased thick-
to-thin filament spacing (30) and remains consistent with
reports of reduced ATP hydrolysis rate upon compressing
muscle fibers to near in vivo spacing with Dextran T-500
(12,13,31). Although previous studies have correlated their
results to the measured value of dinter-thick (7,10–13,32),
our results suggest that myofilament diameter must also
be taken into account, making dthick-to-thin the more impor-
tant measure.
Implications for striated muscle function

Decreased thick-to-thin filament surface distance reduced
the rate of cross-bridge force development and prolonged
ton, demonstrating that structural changes in the myofila-
ment lattice may have important implications for striated
muscle performance throughout a contraction-relaxation
cycle. During each skeletal or cardiac muscle contraction
in vertebrates, muscle fibers undergo significant changes
in length (10–25% (33,34)) and lattice spacing according
to an approximately constant volume relationship (35–37).
As thick-to-thin filament surface distance varies proportion-
ally with lattice spacing during sarcomere lengthening, the
smallest thick-to-thin filament surface distance occurs at
the longest sarcomere lengths. According to our results,
ton would become longer, thereby producing a slower con-
tractile velocity at longer sarcomere lengths, as studies indi-
cate that contractile velocity is limited by the rate at which
cross-bridges detach (38,39). Prolonged ton at longer sarco-
mere lengths could enhance cooperative thin filament
activation by strongly bound cross-bridges, potentially aug-
menting cross-bridge recruitment and force production
(32,40–42). Conversely, maximum thick-to-thin filament
surface distance would occur at the shortest sarcomere
lengths, resulting in a faster rate of cross-bridge force pro-
duction and shorter ton that could reduce the number of
attached cross-bridges, thereby facilitating relaxation and
promoting muscle relengthening at the end of a contraction.

Our findings that ton increases as thick-to-thin surface
distance decreases could result from the cross-bridge
bearing a reduced load through its power stroke, possibly
due to a reduced extension of myosin S-2 because the
myosin is simply closer to its actin binding partner. This
hypothesis is supported by measurements showing various
cross-bridge transition rates respond differently to positive
versus negative strain (43) and previous Drosophila experi-
ments from our laboratory showing ton increases with
reduced cross-bridge load/strain due to fiber shortening
(24). Thus, variations in thick-to-thin filament surface dis-
tance may represent a structural mechanism for influenc-
ing strain-dependent molecular processes during striated
muscle contraction.
Biophysical Journal 103(6) 1275–1284
Effects of in vivo lattice spacing in IFM fibers

Adding 4% T-500 to skinned Drosophila melanogaster IFM
fibers returned myofilament lattice spacing and, presumably,
protein hydration to their in vivo values. Compared to the
swollen lattice (0% T-500), this condition reduced center-
to-center inter-thick filament spacing by 10%, oscillatory
power by 27%, and cross-bridge rates of force development
and detachment by 24–33%. These changes are consistent
with our previousDrosophila study showing that N-terminal
truncation and phosphorylation mutations in the regulatory
light chain were greatly affected by osmotic compression
back to in vivo lattice spacing values, making single fiber
mechanics more similar to whole fly flight characteristics
(10). Thus, performing experiments in skinned fibers with-
out compensating for the structural changes in the myofila-
ment lattice can significantly alter functional performance
and the accompanying scientific conclusions. For instance,
the wing beat frequency of Drosophila melanogaster is
~145–150 Hz at the temperature (15�C) of our mechanics
experiments (44,45). The swollen lattice data would
indicate the cross-bridge kinetics driving wing beat fre-
quency are tuned to maximal work output, because the
frequency of maximal work occurs at 143 Hz, whereas the
frequency of maximal power occurs at 200 Hz. However,
under in vivo osmotic conditions, cross-bridge cycling rates
appear to be tuned to maximal power as its maximal fre-
quency occurs at 145 Hz and the frequency of maximum
work drops to 112 Hz. Therefore, by controlling for in vivo
lattice geometry, our results show that cross-bridge cycling
rates may be tuned for power output near wing beat
frequency.
Model limitations and alternative interpretations

Model predictions of thick-to-thin filament surface distance
(dthick-to-thin) were calculated from i), fitted values to myofil-
ament lattice compression measurements (dinter-thick) as
osmotic pressure increased (Fig. 1), and ii), the assumption
that thick filament radius (rthick) for Dextran T-500 and
Dextran T-10 decreased similarly, in proportion to dinter-thick
as osmotic pressure increased for Dextran T-500 (14).
Unfortunately, we were unable to directly extract estimates
of the thick filament structure from XRD patterns from the
live fly or skinned fibers using the methodology applied to
frog tissue (14). Because fruit fly thick filaments are approx-
imately three times stiffer than vertebrate thick filaments
(46), they could be less compressible than frog thick
filaments. Therefore, we investigated the consequences of
various values for the compression ratio used in our
structural model by reducing the degree of thick filament
backbone compression with respect to myofilament lattice
compression (ranging from 0.25:1 to 1:1; Fig. S1). The over-
all predictions of our structural model were insensitive to the
exact value of the compression ratio, demonstrating that
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changes in thick-to-thin filament surface-to-surface spacing
remain highly correlated with t

on
as long as rthick modestly

decreases with increased osmotic pressure.
The model can also be used to examine how predictions

of thick-to-thin filament surface distance might change
if rthick responded differently than expected for T-500 or
T-10. Exploring various possibilities for both Dextrans
(Fig. S2), ranging from no thick filament compression
(0:1 compression ratio) to 50% greater thick filament com-
pression than myofilament lattice compression (1.5:1 com-
pression ratio), we find that ton remains well correlated
with thick-to-thin filament surface distance as osmotic pres-
sure increases as long as T-10 recompresses the thick
filament at least modestly (<0.5:1 compression ratio).
Although we assume equal osmotic pressures from T-500
and T-10 produce similar rthick, T-10 may decrease rthick
more than T-500 (>1:1 compression ratio) because T-10
may have a larger effect at the thick filament surface (which
it can come in contact with) than T-500 may have at the
myofibril surface (beyond which it cannot enter but can still
exert an osmotic pressure). Notably, ton correlates with
thick-to-thin filament surface distance for all T-500 com-
pression ratios, including no thick filament compression.
Thus, our overall findings that thick-to-thin filament surface
distance correlates with ton remain unchanged even if T-500
and T-10 were to differentially affect the thick filament
backbone.

Dextran T-10 is capable of reducing lattice spacing,
but the biophysical mechanism by which this occurs may
differ from T-500. Potentially, T-10 could reduce myo-
filament lattice spacing due to contamination from large
Dextran particles that remain excluded from the myo-
filament lattice. This case is unlikely as the fraction of
T-10 R 20 kDa, and thereby excluded from the myofila-
ment lattice (8), is negligibly small. Alternatively, T-10
may compress or dehydrate proteins in the myofibrillar
matrix, such as M-band or Z-line proteins that hold and
anchor the myofilaments (47,48), and thus, lead to reduced
lattice spacing. Another mechanism could stem from de-
creases in thick filament backbone diameter that might
lead to reduced myofilament lattice spacing (49). Either
of these mechanisms could explain why lattice compression
from T-10 requires much higher osmotic pressures than T-
500 to match lattice spacing.

The lowest frequencies of maximal work and power
occurred at the highest Dextran T-10 concentrations (10%
and 20%), which could follow from i), high osmotic pres-
sures deforming the myofilament proteins to diminish the
actin-myosin interaction, or ii), T-10 molecules could be
interfering with cross-bridge formation by being in the
way of myosin binding to actin. We would not expect
Dextran T-10 to significantly inhibit cross-bridge forma-
tion at low concentrations (0.34% and 0.78%), as previous
studies using small Dextrans or PEG (13,15–17) have not
suggested such interference.
CONCLUSIONS

These experiments coupled XRD measurements of myofila-
ment lattice spacing in live fruit flies and skinned IFM fibers
with mechanical measurements from skinned IFM fibers to
differentiate the influence of myofilament lattice spacing
versus myofilament protein hydration on cross-bridge
cycling kinetics. Our measurements and modeling suggest
that thick-to-thin filament surface spacing influences rates
of cross-bridge force development and detachment more
strongly than myofilament hydration. This study introduces
a structural variable that may strongly dictate cross-bridge
behavior throughout in vivo contraction in striated muscle.
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