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Electron Microscopy and X-Ray Diffraction Evidence for Two Z-Band
Structural States
Robert J. Perz-Edwards* and Michael K. Reedy
Department of Cell Biology, Duke University, Durham, North Carolina
ABSTRACT In vertebrate muscles, Z-bands connect adjacent sarcomeres, incorporate several cell signaling proteins, and
may act as strain sensors. Previous electron microscopy (EM) showed Z-bands reversibly switch between a relaxed, ‘‘small-
square’’ structure, and an active, ‘‘basketweave’’ structure, but the mechanism of this transition is unknown. Here, we found
the ratio of small-square to basketweave in relaxed rabbit psoas muscle varied with temperature, osmotic pressure, or ionic
strength, independent of activation. By EM, the A-band and both Z-band lattice spacings varied with temperature and pressure,
not ionic strength; however, the basketweave spacing was consistently 10% larger than small-square. We next sought evidence
for the two Z-band structures in unfixed muscles using x-ray diffraction, which indicated two Z-reflections whose intensity ratios
and spacings correspond closely to the EM measurements for small-square and basketweave if the EM spacings are adjusted
for 20% shrinkage due to EM processing. We conclude that the two Z-reflections arise from the small-square and basketweave
forms of the Z-band as seen by EM. Regarding the mechanism of transition during activation, the effects of Ca2þ in the presence
of force inhibitors suggested that the interconversion of Z-band forms was correlated with tropomyosin movement on actin.
INTRODUCTION
In the Z-bands of vertebrate skeletal and cardiac muscles,
antiparallel thin filaments from adjacent sarcomeres form
a square array that is densely cross-linked (1). At a
minimum, the Z-band must transmit the force of contraction
between sarcomeres, but there is increasing recognition that
the Z-band also hosts a multitude of signaling proteins and
may act as a strain sensor (2). Unlike the A-band, relatively
few structure-function studies have examined the Z-band.

Early electron microscopy (EM) studies (3,4) noted that
the Z-band could display two distinct forms that came to
be called small-square and basketweave, the names being
descriptive of their appearance in transverse sections.
Relaxed muscles show predominantly small-square
Z-bands, whereas active muscles reversibly show the bas-
ketweave form (5–7). Passively stretched relaxed muscles
do not show the basketweave form, nor do active muscles
if stretched beyond a sarcomere length of 2.7 mm (8). In
rat soleus and cardiac muscles, the basketweave Z-band
lattice spacing is ~20% larger than the small-square form,
as measured by EM (7,8). Thus far, the small-square and
basketweave forms of the Z-band have only been directly
observed by EM, although an ~8% increase in Z-band lattice
spacing has been observed by x-ray diffraction (XRD)
during contraction of frog muscle at normal osmolarity (9).

To date, the mechanism of the small-square to basket-
weave transition, as well as its relationship to calcium,
thin filament activation, cross-bridge binding, or eventual
force production by the cross-bridges during normal
contraction remains unknown. To address these questions,
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we sought to explore the small-square to basketweave tran-
sition in skinned rabbit psoas muscle, for which there is
a wealth of published XRD and biochemical data available.
We used EM to map out the conditions where we could reli-
ably observe the two lattice forms in fibers that were me-
chanically relaxed, and found in particular that lowering
the ionic strength varied the proportion of small-square to
basketweave but did not significantly change the lattice
spacing of either form. We then sought XRD evidence for
the two lattice forms in unfixed muscles. Finally, we took
advantage of the skinned fiber preparation to correlate
specific stages of contraction to Z-band structure, by treat-
ing with calcium while inhibiting active force via vanadate,
aluminum fluoride, or troponin C extraction.
MATERIALS AND METHODS

Solutions and preparations of muscles

Standard relaxing solution contained (in mM) 100 potassium methane

sulfonate, 20 MOPS, 5 EGTA, 5 ATP, 6 MgCl2, 5 potassium phosphate,

1 DTT, and 3% dextran T-500, pH 6.8 adjusted with KOH. Low ionic

strength relaxing solution lacked potassium methane sulfonate, rigor solu-

tion lacked ATP, calcium activating solutions contained 5 CaCl2 (pCa ~4.5),

vanadate solutions contained 2.5 mM vanadate, and aluminum fluoride

solutions contained 2.5 mM AlF3, but solutions were otherwise identical

to standard relaxing solution. Troponin C extraction solution contained:

(in mM) 100 potassium methane sulfonate, 20 MOPS, 5 EDTA, 1 DTT,

1 trifluoperazine, 1% Triton X-100, and 3% dextran T-500, pH 6.8. Small

bundles of rabbit psoas fibers were dissected, tied to Lucite rods at body

length, chemically skinned on a rotator in 50% glycerol-relaxing solution

with antiprotease cocktail at 2�, with 3 solution changes, equilibrated

12 h in 75% glycerol/relaxing solution, removed from the Lucite rod, cut

into 2 cm long pieces, separated into fascicles ~0.5 mm in diameter, placed

in individual plastic vials with 1 ml of 75% glycerol/relaxing solution, and

stored at �100� until use. Fibers stored at �100� in 75% glycerol appear
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effectively immortal, whereas their mechanical response and filament order

begin to degrade within 1–2 weeks if stored at –20�.
Physiology

To measure force and stiffness under various experimental conditions,

single fibers were mounted in a physiology apparatus previously described

(10). Stiffness was measured by analyzing the peak-to-peak force variation

resulting from a 0.15% length oscillation at 500 Hz. Fiber lengths, force,

and stiffness were sampled at 1 kHz and recorded by custom LabVIEW

(National Instruments, Austin, TX) routines. Force is reported as percent

maximal calcium-activated force, and stiffness as percent rigor stiffness.

Physiology experiments were conducted at 22�.
Electron microscopy

Single fibers were dissected in 75% glycerol and glued with cellulose

nitrate glue onto stainless steel ‘‘U-pins’’ (0.305 mm dental wire bent into

a U-shape, ~4 � 10 mm). The U-pin serves as a convenient handle and

marker for the single fiber during EM processing, and prevents the fiber

from shortening. Sarcomere length was checked by laser diffraction, and

only samples with a sarcomere length of 2.4 mm were used. Fibers were

fixed for 5 min at 38� with 2.5% glutaraldehyde (Tousimis, Rockville,

MD) and 0.2% tannic acid No. 1674 (Mallinckrodt, St. Louis, MO) made

up in experimental variations of the standard relaxing solution, pH 6.8.

Some fixations were also done at 0� or 20�. After fixation, fibers were

rinsed, post-fixed on ice for 5 min with 1% osmium tetroxide in 100 mM

phosphate buffer (pH 6.0) with 10 mM MgCl2, rinsed, stained en bloc

with 2% aqueous uranyl acetate for 12 h at 2�, rinsed, dehydrated in a graded
series of ethanol, and infiltrated at 60� with freshly prepared epoxy resin

mixture (in grams, 10 Araldite-506, 15 DDSA, 2 DER-736, and 0.54

DMP-30). Fibers were then cut off their U-pins and assembled into ‘‘rafts’’

of parallel fibers from different experimental groups in a minimum of resin,

keeping careful maps of the assembled rafts while intentionally selecting

fiber segments of different lengths and avoiding symmetric arrays. Rafts

were prepolymerized ~12 h at 60�, then covered with fresh resin to fill

the embedding molds, and the final polymerization carried out at 80� for

48 h. Thus assembled, these rafts of co-embedded fibers allow 4–6 experi-

mental groups to be examined in a single section. Transverse sections

~40–60 nm thick were stained with potassium permanganate and lead,

and photographed at 18,500–30,000� on a Philips 420 electron microscope

at 100 kV. During microscopy, we minimized variations in magnification by

bringing the first specimen into view, adjusting it to be eucentric, focusing
TABLE 1 EM data for varying ionic strength, temperature, and osm

m �C [Dex.] SA (nm)

Std 38 0% 33.3 5 1.3 (19)

’’ ’’ 3% 28.1 5 2.5 (40)

’’ ’’ 6% 28.2 5 1.7 (44)

’’ ’’ 12% 27.7 5 1.4 (19)

LIS ’’ 0% 33.3 5 1.8 (18)

’’ ’’ 3% 28.8 5 2.2 (43)

’’ ’’ 6% 28.5 5 1.5 (43)

’’ ’’ 12% 27.7 5 1.4 (12)

Std 38 3% 28.1 5 2.3 (52)

’’ 20 ’’ 28.7 5 1.1 (26)

’’ 0 ’’ 30.7 5 1.9 (23)

EM measurements of A-band lattice spacing (SA), small-square Z-band lattice s

square to basketweave within the Z-band (%SS) as a function of ionic strength

either standard (Std), or low ionic strength (LIS). Values presented as mean 5

’’ Indicates same as above.

*No areas of basketweave large enough for diffraction observed.
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the objective lens, and then doing all subsequent focusing by adjusting the

height of the specimen to be eucentric, rather than by the normal means of

changing the objective lens current. With each set of images, we also photo-

graphed calibration images of negatively stained tropomyosin tactoids, at

the same magnification, and focused as above, with the spacing of the tac-

toid taken as 39.5 nm (11).
Image analysis

Lattice spacings of the A-band and Z-band were measured from EM cross

sections using CRISP (Calidris, Sollentuna, Sweden). A well-ordered

region of each myofibril was manually outlined and the outlying area

was deleted, given a 5 pixel soft edge, and floated to the mean density value

of the region selected. CRISP was then used to calculate the Fourier trans-

form, refine the lattice from the transform, and report the lattice constants

and included angle, a*, b*, and g*, which were manually recorded in

a spreadsheet. For Z-bands, square symmetry was assumed and a* and b*

were averaged together. For A-bands, hexagonal symmetry was assumed,

and a*, b*, and the third hexagonal spot (which is geometrically fixed by

a*, b*, and g*) were averaged together. Images of both the Z-band and

the A-band depart from true square or hexagonal symmetry, presumably

due to section compression. Averaging in this way will remove bias in

any particular direction, but will result in values expected to be slightly

smaller due to section compression. For the Z-band lattice spacings, each

region measured was manually scored by visual appearance as either

small-square or basketweave, and average spacings were separately calcu-

lated. To quantify the ratio of small-square to basketweave in each condi-

tion, the fraction of measurements scored as small-square are reported as

percent small-square (Table 1, % SS). We expect this number fraction to

approximate the relative area fraction, because Z-bands are approximately

a constant diameter, and the areas selected for diffraction were within

a limited size range (25–100% of Z-band area).
X-ray diffraction

XRD experiments were conducted in the laboratory of Dr. Leepo Yu in the

National Institutes of Health, Bethesda, MD. Dissection and skinning of

rabbit fibers and the x-ray apparatus are described in detail elsewhere

(12). Patterns were recorded on a 1D wire detector with a semitransparent

backstop that recorded the attenuated direct beam, which was used to

normalize each pattern for total exposure. Equatorial patterns were

collected from 2000-s long exposures of single rabbit fibers in standard

or low ionic strength relaxing solutions while fibers were thermostatically
otic pressure

SSS (nm) SBW (nm) % SS

23.2 5 1.2 (14) 25.5 5 1.3 (14) 50

19.1 5 1.2 (46) 21.5 5 1.1 (4) 92

17.6 5 0.7 (17) * 100

17.3 5 0.7 (40) * 100

23.4 (1) 25.8 5 1.8 (18) 5

19.3 5 0.8 (30) 21.3 5 0.8 (42) 42

18.2 5 1.0 (16) 20.3 5 1.2 (11) 59

17.8 5 1.2 (22) * 100

19.0 5 1.1 (64) 21.5 5 1.1 (4) 94

20.1 5 0.8 (31) 22.3 5 1.4 (13) 70

21.0 5 1.3 (13) 23.3 5 0.9 (19) 41

pacing (SSS), basketweave Z-band lattice spacing (SBW), and ratio of small-

(m), temperature (�C), and dextran concentration ([Dex.]). Ionic strength is

standard deviation (number of measurements (nm)).
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held at 38�. Up to four patterns could be collected from fresh regions of

each fiber, with six different fibers being examined. As a calibration for

specimen to detector distance, one pattern was recorded at 5� in Dr. Yu’s

standard solution (in mM, 1 ATP, 1 EGTA, 3 MgCl2, 10 imidazole, 1

DTT, pH 7.0), and the A-band spacing for this pattern was assumed to be

38.4 nm (12). One pattern each was also recorded at 2–4� in our standard

or low ionic strength solutions to examine the effect of temperature on

lattice spacing. A background pattern, with the x-ray chamber in place

and filled with solution but no fiber, was subtracted from each fiber pattern.

Individual x-ray patterns were noisy and the Z-reflections were conse-

quently difficult to identify. To increase the signal/noise ratio, each pattern

was normalized and folded and the half-patterns were averaged together to

give two average patterns, one for standard and one for low ionic strength,

which were then analyzed. The region encompassing the 10 and 11 A-band

reflections from the two average patterns was curve-fitted using a least

squares fitting routine that specified four independent Lorentzian peaks.

The positions of the A-band 10 reflection and the two observed Z-band

reflections were allowed to vary freely, whereas the position of the

A-band 11 reflection was constrained with respect to the 10 position as

would be expected for a hexagonal lattice. Integrated peak intensities

were calculated from the fitted parameters for peak width and amplitude.
RESULTS

We found that rabbit psoas Z-bands were generally a mixture
of small-square and basketweave forms, with even a single
Z-band exhibiting discrete domains of either form. We
found experimental conditions that could drive one form
or the other to predominate (Fig. 1 and Fig. S1 in the Sup-
porting Material). In our standard relaxing condition (38�,
3% dextran, 100 mM KMeSO3), which was designed to
mimic the in vivo environment, the Z-band was predomi-
nantly small-square (Fig. 1 A), similar to the results of Gold-
FIGURE 1 Transverse sections of Z-bands showing the small-square (A) and b

electron micrograph (top), Fourier transform (bottom left), and filtered image

Computed diffraction patterns from Z-bands show typical differences, with the

the basketweave form typically has strong 11 spots (B, arrow). Filtered images

nected by Z-links. Filtered image in C (not the same scale as those in A and B)
stein et al. (6) for relaxed, intact, soleus muscle. Reducing
the fixation temperature, dextran concentration, or ionic
strength favored a greater proportion of the basketweave
form (Figs. 1 B, 2, A and B, and S1). The tendency of low
ionic strength to give basketweave could be overcome by
increasing the dextran concentration, and 12% dextran
gave 100% small-square, confirming total interconvert-
ibility (Fig. S1 N).

Both the Z- and A-band lattice spacings measured by EM
varied with dextran concentration and temperature, but were
relatively insensitive to ionic strength (Fig. 2, C and D,
Table 1). Lowering the fixation temperature from 38� to
0� increased both Z- and A-band lattice spacings by ~8%,
whereas lowering the dextran concentration from 3% to
0% increased both by ~20%. Increasing the dextran concen-
tration from 3% to 6% decreased the Z-band lattice spacing
by ~6%, with no further decrease observed at 12% dextran.
By contrast, there was no significant change in the measured
A-band spacing between 3% and 12% dextran concentra-
tions, indicating that to some extent, Z-band lattice spacing
can be varied independent of A-band spacing, although they
generally parallel one another. In all cases where both small-
square and basketweave Z-bands could be observed, the
basketweave lattice spacing was ~10% larger than the
small-square spacing (Fig. 2, C and D). This 10% increase
is in the same direction but smaller than the 20% increase
seen by Goldstein et al. (7,8). We do not currently know
the source of the discrepancy, but several experimental
differences stand out: intact versus skinned muscle here;
rat soleus, a slow twitch muscle with wide Z-bands versus
asketweave (B) forms, together with A-band (C). Each panel consists of an

s (bottom right). Scale bar in A applies also to micrographs in B and C.

small-square form having strong 2,0 diffraction spots (A, arrow), whereas

in A and B show diamond-shaped profiles of cross-cut actin filaments, con-

shows profiles of thick and thin filaments in hexagonal array.
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FIGURE 2 EM measurements on the effect of

ionic strength, dextran concentration, and temper-

ature on the ratio of small-square to basketweave

(circles, A and B), A-lattice spacing (triangles, C

and D), basketweave Z-lattice spacing (diamonds,

C and D) and small-square Z-lattice spacing

(squares, C and D). In A and C, solid symbols ¼
standard ionic strength and open symbols ¼ low

ionic strength, which in C nearly or completely

overlap. In A and C, dextran concentration and

ionic strength were varied while temperature was

held constant (38�). In B and D, temperature was

varied while ionic strength (standard) and dextran

concentration (3%) were held constant. (C) Left

vertical axis represents actual EM measurements

reported in Table 1, while right-hand axis repre-

sents the same values divided by a factor of 0.73

for comparison with previously published XRD

data taken at 5�C (15). Corrected EM measure-

ments for the A-lattice (triangles3 right-hand

scale) closely match published XRD data (X,

right-hand scale). Error bars represent standard

deviation.
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rabbit psoas, a fast twitch muscle with narrow Z-bands here;
the use of tannic acid here; and finally the embedding resin,
Epon versus Araldite here. It has been suggested that the
structural transition from small-square to basketweave
may simply be the result of the lattice spacing change
(6,13). However, we note that the basketweave spacing in
3% dextran (down arrow, Fig. 2 C) is actually smaller
than the small-square spacing at 0% dextran (up arrow,
Fig. 2 C), but the two forms are still visibly distinct. Thus,
our results imply that the 10% lattice spacing change is
the result of the structural transition from small-square to
basketweave, and not the other way around.

The results presented thus far indicate that at least relative
spacing changes can be measured by EM in both the A-band
and the Z-band under a variety of experimental conditions.
Others have argued that EM cannot reliably measure lattice
spacing (14), but we suspected that previously published
discrepancies between EM and XRD results stemmed
from comparing different muscle under different experi-
mental conditions. Although we did expect a certain amount
of shrinkage during EM processing, we hypothesized that
this would be a uniform shrinkage. To address this question,
we conducted XRD experiments comparing rabbit psoas
muscles in both our standard and low ionic strength solu-
tions. Our purpose was twofold. Most importantly, we
sought XRD evidence for the two discrete Z-band lattice
forms, which heretofore had only been observed by EM of
fixed muscles. Secondarily, by comparing the A-band lattice
Biophysical Journal 101(3) 709–717
spacings as measured by XRD and EM, we could calculate
the amount of shrinkage in the EM results and determine
whether consistent results could be achieved between the
two techniques when comparing similar experimental
conditions.

Regarding XRD evidence for the two discrete Z-band
forms observed by EM, we initially only expected to see
a Z-lattice spacing change, as low or standard ionic strength
favored the basketweave or small-square Z-band forms.
However, to our surprise, the low ionic strength pattern
clearly showed two Z-reflections, and the standard ionic
strength similarly suggested the presence of two Z-reflec-
tions, which we call Z1 and Z2 (Fig. 3). The spacing of
Z2 was ~10% larger than Z1, and the two reflections main-
tained very similar spacings in the standard and low ionic
strengths (Table 2). Ionic strength did however change the
relative intensities of the two Z-reflections, being ~89%
Z1 in standard ionic strength and ~36% Z1 in low ionic
strength. Thus our XRD results, like our EM results, provide
evidence for the existence of two discrete lattice forms in the
psoas Z-band, with one form ~10% larger than the other and
with ionic strength varying the relative proportion of the two
lattice forms but not their spacing. We therefore identify Z1
as arising from the small-square form of the Z-band, and Z2
as arising from the basketweave form.

Regarding the A-band spacings as measured by XRD, the
A-band spacing is ~35 nm and lowering the ionic strength
causes little change in either the spacing (SA) or the intensity



FIGURE 3 Averaged equatorial x-ray patterns in standard (A) and low

ionic strength (B) show two Z-reflections, labeled Z1 and Z2, between

the 10 and the 11 reflections from the A-band.
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ratio (I10/I11) at our standard temperature of 38� (Table 2).
Lowering the temperature to 2–4� increases the lattice
spacing to ~39 nm (Table 2, Fig. S2), an increase of ~8%
that exactly parallels the 8% increase seen by EM. At
2–4�, lowering the ionic strength decreases I10/I11, but
causes little additional spacing change (Table 2), consistent
with previous XRD results (15). Comparing our XRD data
to our EM data, we find that the A-band spacing measured
by EM is consistently ~20% smaller than that measured
by XRD at either temperature or ionic strength indicating
that EM processing has caused ~20% shrinkage, similar to
previous reports (16). The EM spacings from our osmotic
pressure experiments (Fig. 2 C) can be directly compared
to previously published XRD data results (15) if we take
into account the 20% shrinkage due to EM processing and
the 8% spacing difference due to the different temperatures
in the two experiments. Applying a correction factor of 0.73
(¼ 0.8 � 0.915) to our data (Fig. 2 C, right-hand scale), we
TABLE 2 XRD data for varying ionic strength and temperature

m �C SA (nm) I10/I11 SZ1 (nm) SZ2 (nm) IZ1/IZ2

Std 38 34.9 1.3 24.0 26.7 8.05 (89%)

LIS 38 35.5 1.3 24.2 26.3 0.56 (36%)

Std 2–4 38.3 0.8 * * *

LIS 2–4 38.4 0.4 * * *

XRD measurements of A-band lattice spacing (SA), intensity ratio of A-

band 10 and 11 reflections (I10/I11), spacing of two Z-reflections (SZ1
and SZ2), and intensity ratio of two Z-reflections (IZ1/IZ2) as a function

of ionic strength (m) and temperature.

*Data for 2–4�C come from single patterns (Fig. S2), therefore Z-reflec-

tions could not be resolved from background.
find that the A-band spacings are very similar to published
XRD spacings (Fig. 2 C, X symbols). Thus, it appears that,
at least for these cases and in the A-band, EM is able to
faithfully preserve relative differences in lattice spacing.
Although there is no a priori reason to assume that the
shrinkage caused by EM processing would be the same in
both the A-band and the Z-band neither is there any reason
to assume it would not. Correcting our small-square and
basketweave EM measurements for 20% shrinkage gives
a spacing of ~24 nm for small-square and ~27 nm for bas-
ketweave, which are very similar to the spacings measured
by XRD for Z1 and Z2 (Table 3). This close correlation
between the corrected EM spacings and the measured
XRD spacings further supports our identification of the Z1
and Z2 reflections as arising from the small-square and bas-
ketweave forms of the Z-band.

Whereas the above results were all obtained with skinned
muscles that were mechanically relaxed, Goldstein et al.
(6–8) had previously shown that the Z-band structure is also
correlated to active tension, being predominantly small-
square in relaxed muscles and basketweave in tetanized
muscles. Our attempts to examine skinned fibers during full
calcium activation, analogous to tetanized muscles (6),
were not successful because the sarcomere pattern is rapidly
lost when skinned psoas fibers are activated at 38�. Periodic
isotonic shortening can stabilize the sarcomere pattern, but
only at lower temperatures (17), andwe did not pursue activa-
tion at lower temperatures because relaxed controls described
above indicated temperature alone shifted the Z-band to the
basketweave form. Nevertheless, our skinned muscle prep
allowedus to dissect someof the steps that occur during active
contraction and test for their individual effects on the Z-band
structure. To rule out a direct effect of calcium on the Z-band,
in the absence of tropomyosinmovement, myosin binding, or
active force, we extracted troponin C from fibers (18,19),
and examined the Z-band fixed in the presence or absence
of calcium. In both cases, the Z-bands were 100% in the
small-square form (Fig. S3, A and B), with no significant
difference found in the lattice spacing (Table 4), thus ruling
out a direct effect of calcium on the Z-band.
TABLE 3 Comparison of EM spacing data to XRD data

A-band Z-band

EM XRD EM EM/f XRD

m SA SA f SSS SBW S*SS S*BW SZ1 SZ2

Std 28.1 34.9 0.8 19.1 21.5 23.9 26.9 24.0 26.7

LIS 28.8 35.5 0.8 19.3 21.3 24.1 26.6 24.2 26.3

Comparison of lattice spacings measured by EM versus XRD in standard

and low ionic strength, at 38� and with 3% dextran. EM and XRD data

are repeated from Tables 1 and 2, respectively. Shrinkage factor, f, due to

EM processing is derived by dividing A-band EM spacing by XRD spacing.

This shrinkage factor is then applied to the Z-band EM spacings to give cor-

rected values for small-square or basketweave (S*SS or S*BW), which corre-

spond closely to the XRD measured spacings for the Z1 and Z2 reflections.

Biophysical Journal 101(3) 709–717



TABLE 4 EM data for calcium effects with force inhibition

Condition SA (nm) SSS (nm) SBW (nm) % SS

TnC� Rlx 27.9 5 2.2 (28) 19.1 5 0.8 (22) * 100

TnC� Act 28.4 5 2.5 (22) 19.3 5 1.1 (26) * 100

AlF3 Rlx 27.7 5 2.0 (24) 19.2 5 0.8 (41) * 100

AlF3 Act 28.6 5 2.3 (23) 19.4 5 0.5 (29) * 100

Vi Rlx 28.5 5 2.5 (30) 19.3 5 0.5 (37) * 100

Vi Act 28.5 5 1.9 (23) 19.6 5 0.7 (17) 21.7 5 0.6 (16) 52

EM measurements of A-band lattice spacing (SA), small-square Z-band

lattice spacing (SSS), basketweave Z-band lattice spacing (SBW), and ratio

of small-square to basketweave within the Z-band (%SS) as a function of

the presence or absence of Ca2þ(Act or Rlx, respectively) when force is in-
hibited by troponin C extraction (TnC�), aluminum fluoride (AlF3), or

vanadate (Vi). Values presented as mean 5 standard deviation (number

of measurements).

*No areas of basketweave large enough for diffraction observed.
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To further explore the relation between active contraction
and Z-band structure, we treated fibers with the force inhib-
itors aluminum fluoride or vanadate and again examined the
Z-bands in the presence or absence of calcium. Both
aluminum fluoride and vanadate are thought to act as phos-
phate analogs, forming a complex with ADP, which binds
tightly to the myosin heads to inhibit force (20). However,
there are subtle differences in the effects of the two inhibi-
tors. Aluminum fluoride suppressed calcium-activated force
to <1% of control values (Fig. S4, Table S1), whereas vana-
date suppressed force less effectively, leaving ~9% calcium-
activated force. Both force inhibitors suppressed stiffness
similarly, to ~11% of rigor stiffness. In the presence of
aluminum fluoride, the Z-bands were 100% small-square,
regardless of the presence or absence of calcium (Fig. S3,
C and D), similar to the troponin C extracted fibers. By
contrast, in the presence of vanadate and calcium the
Z-bands were a 52% mix of small-square and basketweave
forms (Table 4, Fig S3, E and F).
DISCUSSION

We have shown that the structure of the Z-band can be
manipulated by temperature, ionic strength, or osmotic pres-
sure to favor either the small-square or the basketweave
form, and the known structure of the Z-band suggests why
this might be so. Fig. 4, A and B, show four actin filaments
as vertical cylinders, two from one sarcomere (black) and
two from the adjacent sarcomere (yellow). ‘‘Z-links’’ (green
or magenta) connect antiparallel (black-yellow) pairs of fila-
ments. In the small-square structure (Fig. 4 A) the Z-links
are sharply kinked so that their central regions lie back to
back, whereas in the basketweave structure (Fig. 4 B) the
Z-links are separate and curve smoothly between the actin
filaments. Each actin filament would have multiple Z-links
arranged with fourfold screw symmetry (21,22), although
for clarity only two Z-links are drawn. When viewed in
projection, the Z-links give rise to either the small-square
Biophysical Journal 101(3) 709–717
or the basketweave appearance of the Z-band (Fig. 4, C
and D).

The Z-links are widely believed to be composed of
a-actinin (1) and several lines of evidence support this
assumption. a-Actinin cross-links actin (23) and its dimen-
sions (24) are consistent with the Z-link dimensions (21,22).
The central rod portion of a-actinin exhibits a 90� left-
handed twist (25), as required for the Z-links. MD simula-
tions (26) indicate that a-actinin possesses both the rigidity
in the central region and the flexibility nearer the ends that
would be necessary to adopt the kinked structure shown in
Fig. 4 A. Z-links may not be composed solely of a-actinin
but probably also involve the elastic protein titin, to which
a-actinin also binds (27), because proteolysis by calpain
releases a-actinin from the Z-band without cleaving
a-actinin itself (28), whereas calpain does cleave titin
(29,30). Currently, 3D reconstructions lack sufficient resolu-
tion to resolve titin within the Z-band, although some details
about titin’s structure within the Z-band are beginning to
emerge (27,31–33).

Because a-actinin is a dimer, the back-to-back association
drawn in Fig. 4 A represents an effective ‘‘tetramer’’ of
a-actinin, presumably stabilized by low-affinity protein-
protein binding. Such protein binding would be entropically
favored at high temperature, ionic strength, or osmotic pres-
sure due to the release of solvation water from the protein
interfaces (the hydrophobic effect, see (34–36)), and we
thus interpret the prevalence of the small-square form under
these conditions as a direct effect on the molecular interac-
tions within the Z-band. Likewise, low temperature, ionic
strength, or osmotic pressure would disfavor protein-protein
binding, and these are the very same conditions that we have
shown to favor the basketweave form of the Z-band, where
the Z-links are not interacting with each other. Biochemi-
cally, a-actinin is also well known to form aggregates unless
held at low ionic strength (37), again consistent with our
finding that low ionic strength favors the basketweave form
of the Z-band. Evidence for an a-actinin tetramer has also
been seen by negative stain, where rods 7–8 nm wide, twice
the usual width of the dimer, were observed (38).

The work of Goldstein et al. (6–8) suggested that the
conversion from small-square to basketweave required
active tension, but our results effectively rule out that
hypothesis because we observed the basketweave form
even in muscles that were fully relaxed. Instead, our results
with vanadate and aluminum fluoride inhibition of calcium-
activated force suggest that, in addition to direct effects of
temperature, ionic strength, and osmotic pressure, the tran-
sition from small-square to basketweave in active fibers may
be associated with tropomyosin movement on the thin fila-
ments. It is now well established that in vertebrate skeletal
muscle tropomyosin can adopt three different positions,
called ‘‘blocked’’, ‘‘closed’’, and ‘‘open’’ (see (39) and
references therein). Because vanadate suppressed active
tension less effectively than aluminum fluoride under our



FIGURE 4 Models of Z-band structure based on

3D reconstructions from the Squire lab (21,22)

showing the small-square (A) and basketweave

(B) structures. Below each perspective drawing is

a projection image as viewed down the filament

axis. In C and D the projection image is repeated

with fourfold rotational symmetry and superim-

posed on the filtered Z-band images from Figure 1.
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conditions, a greater portion of the cross-bridges must be
able to complete the force-generating step to strong binding,
which in turn implies that a greater portion of the tropomy-
osin molecules would be in the fully open position. In
contrast, the almost complete suppression of calcium-acti-
vated force in the presence of aluminum fluoride suggests
that tropomyosin would be predominantly in the closed
position. It is unlikely that the small residual force present
during vanadate inhibition is responsible for the different
Z-band response to calcium compared to aluminum fluoride
inhibition, because Z-bands fail to show the basketweave
form when intact muscles are stretched to sarcomere lengths
beyond 2.7 mm and then tetanized (8), despite sufficient
overlap between the thick and thin filaments to generate
as much as 60% of the force at full overlap. Because the bas-
ketweave form of the Z-band was seen in the presence of
calcium when force was inhibited by vanadate, but not
when inhibited by aluminum fluoride, suggests instead
that the basketweave form is associated with tropomyosin
being in the open position, but not in the closed or blocked
position. Consistent with this hypothesis is the observation
that Z-bands are 100% in the basketweave form in rigor
(40), where strong cross-bridge binding and displacement
of tropomyosin to the fully open position should be
maximal.

Communicating tropomyosin movement from within the
A-band to the Z-band requires cooperative coupling
between overlapping tropomyosins and a long persistence
length to cross the I-band, which is ~0.33 mm long in our
experiments. Direct electron microscopic visualization of
the blocked, closed, and open states of thin filaments indi-
cated that tropomyosin movement could propagate into
regions free of myosin heads, but never beyond 0.5 mm
(41). MD simulations indicate that tropomyosin is inher-
ently curved and has a dynamic persistence length of
~0.5 mm (42), consistent with the observations of Vibert
et al. (41), and sufficient to span the I-band in our experi-
ments. The dynamic persistence length of tropomyosin
may explain why Z-bands did not show basketweave in teta-
nized muscles stretched beyond 2.7 mm (8). In rat soleus
Biophysical Journal 101(3) 709–717
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muscle stretched to a sarcomere length of 2.7 mm, the edge
of the Z-band is 0.5 mm from the edge of the A-band, and the
Z-band may simply be too far away from the overlap zone
for the tropomyosin movement to be communicated to the
Z-band. Thus, the results presented here and by others
(8,41) lend support to the idea that when tropomyosin is
either in the blocked or closed position the Z-band is
small-square, but when the tropomyosin is in the open posi-
tion the Z-band is basketweave. Tropomyosin has previ-
ously been shown to affect the axially repeating structure
of the Z-band (43,44), but intriguingly, tropomyosin does
not appear to be a component of the Z-band (45). The corre-
lation we find, between tropomyosin position and the trans-
verse structure of the Z-band, requires some other mediating
protein, and we suggest titin as a likely candidate because
titin is a Z-band component that also binds to tropomyosin
(46), as well as calcium (47,48) and calpain (49,50).
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