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ABSTRACT. Structural and functional properties of intrastrand, ANF(4-azido-2-nitrophenyl)-putrescine)
cross-linked actin filaments, between GIn-41 and Cys-374 on adjacent monomers, were examined for
several preparations of such actin. Extensively cross-linked F-actin (with 12% un-cross-linked monomers)
lost at 60°C the ability to activate myosin ATPase at a 100-fold slower rate and unfolded in CD melting
experiments at a temperature higher by°Clthan the un-cross-linked actin. Electron microscopy and
image reconstruction of these filaments did not reveal any gross changes in F-actin structure but showed
a change in the orientation of subdomain 2 and a decrease in interstrand connectivity. Rigor and weak (in
the presence of ATP) myosin subfragment (S1) binding and acto-S1 ATPase did not show major changes
upon 50% and 90% ANP cross-linking of F-actin; tkgandK, values were little affected by the cross-
linking, and the \tax decreased by 50% for the extensively cross-linked actin. The cross-linking of actin
(50%) decreased the mean speed and the number of sliding filaments in the in vitro motility assays by
~35% while the relative force, as measured by using external load in these assays, was inhibited by
~25%. The mean speed of actin filaments decreased with the increase in their cross-linking and approached
0 for the 90% cross-linked actin. Also examined were actin filaments reassembled from cross-linked and
purified ANP cross-linked dimers, trimers, and oligomers. All of these filaments had the same acto-S1
ATPase and rigor S1 binding properties but different behavior in the in vitro motility assays. Filaments
made of cross-linked dimers moved-a50% of the speed of the un-cross-linked actin. The movement of
filaments made of cross-linked trimers was inhibited more severely, and the oligomer-made filaments did
not move at all. These results show the uncoupling between force generation and other events in actomyosin
interactions and emphasize the role of actin flament structure and dynamics in the contractile process.

Much information has been accumulated over the years filament is an important component of force generation by
about the structure and dynamic properties of myosin andthe acto-myosin system.

its function in the acto-myosin cross-bridge cycle ). In As discussed in the preceding publicatie#), there are
contrast, the role of F-acfirin the cross-bridge cycle has  gseyeral reasons for a closer examination of the role of actin
been studied less extensively, perhaps because of thgjynamics in the myosin cross-bridge cycle. The flexibility

perception that F-actin is a passive element in the force- ot the filament structureSj is now well-established, and
producing process. This commonly accepted view has beeng,iinje conformational states of F-actin have been related

questioned by Oosawa3)( who suggested that F-actin 4 e presence of a specific metal cation, nucleotide, and
participates in the generation of_movement_ d_qnng the Cross- phosphate ion (or its analog) in the nucleotide cléft 10).
bridge cycle and that the dynamics and flexibility of the actin addition, the internal dynamics and structure of F-actin,

including the twist of the filament, can be modified by the
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Direct and indirect evidence on myosin-induced changes pelleted by centrifugation at 40 000 rpnr #h in aBeckman
in subdomain 2 and the C-terminus of acti®{24) is also 55.2 Ti rotor. The orangered F-actin pellet was homog-
adding interest in the dynamic changes in F-actin. Orlova enized in F-buffer (4.0 mM Tris-HCI, pH 7.6, 0.2 mM ATP,
and Egelman®) speculated that myosin binding may induce and 2.0 mM MgCJ) and then incubated for-12 h on ice in
a rotation of subdomain 2 in F-actin. The rigor binding of the dark. The photo-cross-linking of ANP-F-actin solution
myosin to F-actin may be cooperative under some conditionswas carried out as described in the preceding pager (
(5, 25, 2§ and/or can induce cooperative changes in F-actin. Aliquots of the reaction were denatured and examined on
The possible coupling between actin dynamics and function SDS-PAGE to determine the percentage of actin cross-
has been tested via modifications of actin. These studieslinking. That percentage was defined as being equal to the
established that proteolyti@7) and cross-linking modifica-  percentage decrease in the intensity of the actin monomer
tions of F-actin 28, 29 can be made that inhibit actomyosin band in the cross-linked sample relative to that in the un-
motility without much change in the binding of myosin to cross-linked actin.
actin and the actomyosin ATPase. Thermostability of ActinThe thermostabilities of ANP

The cross-linking approach is particularly well-suited for cross-linked (90%) and un-cross-linked F-actin were com-
probing the relationship between actin function and its pared in acto-S1 ATPase assays after heat treatment of actin
structural dynamics. Selected sites on actin monomers canat 60°C (21) and in CD melting experiments. The unfolding
be chemically linked to abolish or inhibit structural rear- Of actin is accompanied by the loss of its ability to activate
rangements in the filaments. However, among the reagentsS1 ATPase activityZ1). Thus, actin solutions (16M) were
used so far, onlp-phenylenedimaleimide has the desirable heated at 60C and aliquots were removed at different times
specificity and cross-links adjacent actins on the two strands for measurements of acto-S1 ATPase activity at@5The
of F-actin, between C374 and K19B0j. This reaction melting points of the cross-linked and un-cross-linked F-actin
appears to have little effect on actin’s motilitgg). Other ~ were determined by monitoring the changes in protein
actin cross-linkings, by glutaraldehyde and carbodiimide, €llipticity at 222 nm in a Jasco J-600 spectropolarimeter
inhibit the actomyosin motility, but the low specificity and ~ (Japan Spectroscopic Co., Ltd.). The F-actin samples (4.0
unassigned sites of these reactions on actin complicate theipM) were heatedri a 1 mmpathway cuvette at a constant
interpretation. rate of 1°C/min up to 80°C. The melting temperature was

In this study we took advantage of the specific intrastrand determined from derivative plots of ellipticity changes as a
cross-linking between Q41 and C374 on adjacent actins byfunctlon of temperature. EPPS (5.0 mM), pH 7.5, containing
ANP (4) to connect between and restrict the mobility of the  0-2 MM ATP, 0.2 mM/-mercaptoethanol, and 2.0 mM
two dynamic regions on actin discussed above, the C- MgCl, was used as a buffer in all experiments involving
terminus and the DNase | loop on subdomain 2. The resultsheat treatment of actin. .
of functional studies on the cross-linked actin are reported ~Fluorescence and Light-Scattering MeasuremeBisth

in this work. assays were carried out in a Spex Fluorolog spectrofluo-
rometer (Spex Industries, Inc., Edison, NJ) at’25in 250
MATERIALS AND METHODS uL cuvettes. The excitation wavelengths were set at 350 and

o . i 490 nm, and emissions were monitored at 350 and 515 nm
ReagentsDistilled and Millipore-filtered water and ana-  for the light-scattering and the 5-IAF fluorescence assays,
lytical grade reagents were used in all experiments. ATP, respectively.

DTT, p-mercaptoethanol, phalloidin, an¥,N'-p-phenyl- S1 Binding Experiment&-IAF-labeled S1 was used for
enebismaleimide were purchased from Sigma Chemical Co-measuring S1 binding to actin. The labeling of S1 was
(St. Louis, MO). 5-lodoacetamidofluorescein and rhodamine required because the standard analysis of S1 bound to actin
phalloidin were obtained from Molecular Probes (Eugene, by SDS-PAGE is complicated by similar electrophoretic
OR). 4-Azido-2-nitrophenyl-putrescine was synthesized as mopility of S1 and ANP cross-linked actin dimers. 5-IAF
described b_y Hegyi et al4j. Ca”—indgpendent bacterial  modification of SH1 groups on S1 was carried out as
transglutaminase was a generous gift of Dr. K Seguro, gescribed by Schwyter at aB%). Co-sedimentation assays
Ajimoto, Co., Inc. (Kawasaki, Japan). for the binding of 5-IAF-labeled S1 to 4 M phalloidin-
Proteins. Rabbit actin and myosin were prepared from stabilized F-actin were carried out at 23 in 4.0 mM Tris-
rabbit skeletal muscle according to the methods of Spudich HCI, pH 7.6, 2.0 mM MgCJ, and 100 mM KCI. 5-IAF S1
and Watt 81) and Godfrey and Harringtoi3®), respectively.  and F-actin mixtures were centrifuged in a Beckman Airfuge
S1 and HMM from rabbit myosin were prepared following at 14000@ for 15 min. The amounts of 5-IAF S1 bound to
the procedures of Weeds and PoB8)(@nd Margossian and  F-actin were determined by measuring the 5-IAF fluores-
Lowey (34), respectively. cence of the resuspended pellets.
ANP Labeling of Actin and UV Cross-Linking of ANP ATPase Assay#ctin-activated ATPase activity of S1 was
F-actin. G-actin (2 mg/mL) in G-buffer (4.0 mM Tris-HCI,  determined under steady-state conditions at°@5by a
pH 7.6, 0.4 mM ATP, and 0.2 mM Caglwas incubated in ~ colorimetric assay in solutions containing Q81 S1, 3.0
the presence of ANP (8 M excess) and TG-ase (0.3 units/ymM ATP, 3.0 mM MgC}, 10 mM KCI, 10 mM imidazol,
mL) at 4 °C overnight. This labeling procedure yields pH 7.0, and varius concentrations of cross-linked and un-
between 0.7 and 0.95 mol of ANP incorporated into G-actin, cross-linked F-actin. The ATPase data were fitted to the
as measured by visible absorption of the label at 470 nm. Michaelis—Menten equation to obtain values ¥, andVmax
To obtain various degrees of actin cross-linking, we copo- by using Sigma Plot Il for Windows.
lymerized ANP G-actin by 2.0 mM Mgglwith different Acto-S1 ATPase was measured also for S1 complexes with
amounts of unlabeled G-actin. The resulting F-actin was filaments reassembled from the purified cross-linked actin
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dimers, trimers, and oligomers. The purification of these
materials is described in the companion paj3€j.(Because

of limited quantities of such actin, the acto-S1 ATPases were
obtained in these cases by monitoring the clearing time of
1.0 uM solutions of F-acto-S1 after the addition of 0.4 mM
ATP. Control light-scattering measurements with solutions
of un-cross-linked 1.0uM F-acto-S1 showed a linear
dependence of the clearing time on ATP concentrations
between 0.2 and 1.0 mM. Clearing time is defined as the
time during which the light scattering of acto-S1 is decreased
by ATP to that of the sum of individual F-actin and S-1
light-scattering contributions. Upon hydrolysis of ATP the
light scattering of the acto-S1 solution increases sharply
leading to a determination of the clearing time, that is, the
time of ATP hydrolysis.

In Vitro Motility Assays.In vitro motility assays were
performed at 25°C as described previoush8T). Unless
indicated otherwise, HMM at a concentration of 3a§ymL
was adsorbed to the nitrocellulose-coated coverslips. In all
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Ficure 1: Semilogarithmic plot of the S1 ATPase activation by

actin as a function of the incubation time of F-actin at°@d O,

F-actin; and®, extensively (90%) cross-linked ANP-F-actin. Actin

concentration during the heat treatment was @8, and the

experiments ATP-desensitized HMM was removed from concentrations of S1 and actin in the ATPase assays (4C25
stock solutions by pelleting HMM in the presence of actin were 0.3 and 9.@M, respectively. The first-order rates of the loss

and ATP @8, 39. All procedures, including the use of
rhodamine phalloidin and the composition of the solutions
were the same as those described previou8R). (The

of ATPase activation obtained from the slopes of the straight lines
were 0.340 and 0.003 mih for F-actin and cross-linked ANP-F-

' actin, respectively. (A 90% cross-linked ANP-F-actin contains
according to SDSPAGE 10% of total actin in the form of un-

composition of the 50 mM ionic strength assay solution was cross-linked monomers).

25 mM MOPS, pH 7.4, 25 mM KCI, 2.0 mM Mggl 2.0
mM EGTA, 1.0 mM ATP, and the glucosexidase-

algorithm @3) and rendered with the Advanced Visualizer

catalase system to slow photobleaching. Methylcellulose software (Wave front Technologies).

(0.4%) was present in all solutions. Quantification of the
sliding velocities of actin filaments was done with an
Expertvision system (Motion Analysis, Santa Rosa, CA).
Uniformly moving filaments are defined in this work as those
with an SD of less than 0:3 the mean spee®$). pPDM-
HMM was prepared as described by Chalovid®)(with
modifications 41). pPDM-HMM was mixed at different
concentrations with 20Q«g/mL of HMM prior to their
adsorption to coverslips to generate external load in the
motility assays.

Electron MicroscopyThe ANP cross-linked Mg -actin

RESULTS

Structural Properties of ANP Cross-Linked F-actBev-
eral previous studies provided evidence for the high sensitiv-
ity of actin filament stability and structure to modifications
or cleavage at the C-terminu8, (44, 45 and the DNase |
loop in subdomain 2 of actin7( 15, 46, 2). These results
and the likely involvement of the C-terminus and the DNase
I loop in intermolecular interactions in F-actin suggested that
the cross-linking of these regions may change filament
stability.

filaments used for el_ectron microscopy were prepa_red as  Figure 1 shows the effect of ANP cross-linking on the
described above, while control un-cross-linked?¥gctin  functional thermostability of F-actin. Clearly, the un-cross-
filaments were prepared from the same actin preparations|inked F-actin loses its ability to activate S1 ATPase activity
as the cross-linked filaments, using the procedure describedmyych faster than the cross-linked actin when both are heated
in Orlova and Egelman7j. Samples were diluted to a final ¢t 60°C. The rates of thermal “inactivation” of the cross-
concentration of 0.050.1 mg/mL with polymerization |inked and un-cross-linked F-actin at 60 (0.003 and 0.34
buffers and applied to lightly glow-discharged carbon-coated mjn-1, respectively) differ by a factor of about 100 (Figure
grids. The samples were then washed with53drops of 1) Consistent with this observation, CD melting experiments
the polymerization buffer and negatively stained with 2% show a shift of 11°C in the melting point of F-actin, from
(w/v) uranyl acetate. A JEOL 1200EXII electron microscope 63 to 74°C, upon its cross-linking by ANP (Table 1). The
was used at an accelerating voltage of 80 kV, at a magnifica- cross-linking also sharpened notably the melting transition
tion of 30000¢, and with a typical defocus of less than 0.5 of F-actin indicating increased cooperativity of actin unfold-
um. Minimal dose procedures were employed, such thating (data not shown). It appears that the cross-linking
specimens received no irradiation at high magnification prior jncreases the structural uniformity of F-actin which can
to the recording of images on film. Electron micrographs normally equilibrate among multiple conformational states
were scanned with an Eikonix 78/99 digital camera, resulting of subdomain 2 7).

in a sampling of about 3.0 A/pixel. The exact magnification  Ejectron Microscopy and Three-Dimensional Reconstruc-
was determined from the 23 A pitch helix of tobacco mosaic tion In an effort to see if the cross-linking introduces
virus (TMV) particles co-prepared with the actin. significant structural perturbations into F-actin, we have used
Filament images were straightend®), and images were  electron microscopy and three-dimensional reconstruction
processed as described in Orlova and EgelnGnThree- techniques to visualize the filaments. Filament images were
dimensional surfaces were generated with a Marching CubesFourier transformed, and the axial spacings of the layer lines
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Table 1: Effect of ANP Cross-Linking on the Properties of F-&ctin

rigor IAF-S1
binding Acto-S1 ATPase
F-actin Tm (°C) Kq (uM) Vmax (S Km (uM)
un-cross-linked 632 1.0+0.1 13.0+0.6 183+21
cross-linked (50%) 1.+0.1 10.3£0.7 20+3.0

cross-linked (90%) 743 1.0+0.1 6.5+ 0.8 25+3.6

a T values, the melting temperatures of F-actin, were obtained from
CD experiments by determining the temperatures of ellipticity transi-
tions at 222 nm for un-cross-linked and a 90% cross-linked F-actin.
Kg values for rigor binding of IAF-S1 to actin and th&ax and K,
values for acto-S1 ATPases were determined for F-actin and 50% and
90% ANP cross-linked F-actin.

contained within these transforms were used to estimate the
twist of the actin filaments in subunits per turn of the 5.9
nm pitch left-handed helix. The control filaments= 125)

had 2.1677+ .0061 (SD) subunits/turn, while the cross-
linked filaments § = 147) had 2.1626+ .0062 (SD)
subunits/turn. This shift is highly significant statistically (

< 0.001) and corresponds to a change in average angular
rotation between adjacent subunits (separated by a 2.7 nm
axial rise) of about 0.4 or a rotation of about 0°&etween
neighboring subunits along the same long-pitch helical strand.

Individual filaments were selected for further processing
on the basis of the number of visible and symmetrical layer
lines. Following procedures previously describéd 8, 47),
we generated an average of 19 filaments for the un-cross-
linked control and 26 cross-linked filaments. Eight layer lines
were extracted for each filamert €0,n=0;L=1,n= FiIGURE 2: A comparison of the rendered surfaces for control
2:.L=2,n=4,L=5n=-3;L=6,n=-1;L=7,n filaments (left) and extensively (88%) cross-linked filaments (right).
=1;L =8,n=3;L = 13,n= 0). The averaging statistics The two arrows indicate the main difference seen between these

: s . two populations: (A) a reduction in the connectivity between the
for these layer lines were very similar for the two different two long-pitch helical strands; and (B) a change in the conformation

populations, with arF-weighted up-down phase residual  of subdomain-2 and the nucleotide-binding cleft. Numbers 1 through

(47) of 49° versus 75 for the control, and 50versus 78 4 indicate the subdomains of actin. The surfaces were generated
for the cross-linked filaments. This statistic reflects the by choosing a threshold that yielded about 115% of the expected
strength of the intrinsic structural polarity, the signal-to-noise Molecular volume, using a partial specific volume for protein of

ratio, and the homogeneity of the samples, and the fact thato'75 cnlg.
it is so similar for both populations suggests that these threeunlabeleol S1 were used in the measurements of acto.S1

part_:lmeters have not been greatly changed. ATPase activity. Surprisingly, none of the tested parameters
_Figure 2 shows the rendered surfaces from the three-\yas significantly affected by a 50%4-6%) cross-linking of
dimensional reconstructions of the control and cross-linked actin (Table 1), that is, for actin filaments containing0%

fi|amentS, (88% CI’OSS-|inked) while Figure 3 shows cross- un-cross-linked monomers (according to SEPAGE ana|y_
sectional contour plots from the same reconstructions. Thesjs). The small change in thénay value is similar to the
contour plots show that the resolution of the reconstructions changes observed for actin labeled at Cys-374 with some
is sufficient to resolve the subdomains of the actin protomer. fjyorescent compound<.?). The K, values (Table 1) and
The reconstructions show that there are no gross changes ifhe results of cosedimentation of acto-S1 in the presence of
F-actin structure, but they also reveal two differences that MgATP (now shown) indicate virtually no change in the
were deemed to be significant. The first (arrow A, Figure 2) weak binding of S1 to F-actin after its cross-linking.
involves a decrease of connectivity between the two long- similarly, the cross-linking does not alter the rigor binding
pitch helical strands, while the second (arrow B, Figure 2) of S1 to actin (Table 1) (which is reduced by 5-IAF labeling
involves a change in the orientation of subdomain 2. of S1; ref35). However, these results do not exclude the

Could the differences observed between the two popula- possibility that the intrastrand cross-linking of the DNase |
tions be due to differences in resolution? A comparison of binding loop and the C-terminus of adjacent actins might
the R-weighted power contained in the averaged layer lines change individual rate constants of the cross-linked mono-
(data not shown) suggests that this is not the case, since botimers for acto-S1 binding and dissociation without obvious
reconstructions appear to be of comparable resolution. effects on the equilibrium constants.

Solution Interactions with SIThe rigor (in the absence More extensive cross-linking of actin, up to 90%5%),
of nucleotides) and weak (in the presence of MgATP) did not result in any significant changes in rigor S1 binding
binding of 5-IAF-labeled S1 to F-actin was determined by but caused about 50% decrease in\the value of acto-S1
cosedimentation assays. The same actin preparations buATPase (Table 1).
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Ficure 5: Dependence of the motility of F-actin on the extent of

its cross-linking by ANP. Mean speeds of uniformly sliding
filaments were determined as a function of the un-cross-linked
monomer present in these preparations (The percentage of un-cross-
linked monomers was determined by SBSAGE).

(a) (b) companied by a parallel decrease (35%) in the number of

Ficure 3: The cross-sectional contour plots of the reconstruction Sl!dmg filaments. ANP Iabelln_g .(95100%) of Gln-41,.
in Figure 2: (a) control filaments; (b) cross-linked filaments. The Without the subsequent cross-linking, caused only a minor,
sections have been cut at a spacing of 0.9 nm. Given the helicalif any, decrease in the motility of F-actin to a mean sliding
symmetry of actin, the next section at 2.7 nm would be the same speed of 4.1 0.8 um/s. These results show that ANP cross-
;si;r&?c:\?gg%?/ ?ﬁg;@s’sbi‘:]t ég?;es‘lggoib%%téltﬁesgaellt':g;ﬁ‘s'sfso 4 linking of F-actin and not the labeling of GIn 41 inhibits the
The arrow in (a) indicates the density d’ue to subdomain 2 in the sliding of actin filaments in the in vitro r_nOt,'I'ty assays..
control filament, and it can be seen that this density is significantly Furthermore, they show that ANP cross-linking of F-actin
weaker than the corresponding region in the cross-linked filament (50%) impacts its motile properties without obvious changes
(b). The increase in density in this region in the cross-linked filament in the activation of S1 ATPase and S1 binding by actin
g?‘gdsg%iﬁggﬁtgnegpgi Sas‘::ggg;é?nthe orientation of subdomain 2 Tape 1), As shown in Figure 5, the 90% cross-linked F-actin
' (10% un-cross-linked monomers) is virtually immobile; very
‘ | few filaments slide £5%), and those that do move at very
‘ low speeds. Thus, complete movement inhibition of F-actin
0r — can be achieved via its cross-linking by ANP.

Some possible reasons for the inhibition of actin sliding
by ANP cross-linking were tested in the in vitro motility
assays by changing the standard conditions of these experi-
ments. The deletion of methyl cellulose from the assays had
no effect on the sliding of cross-linked and un-cross-linked
filaments (at 50 mM ionic strength). This supports the
solution resultsi, and cosedimentation) that the ANP cross-
linking does not impair significantly the weak acto-S1
binding. When the weak binding is decreased, for example
by tryptic cleavage of loop 2 (the 50:20 kDa junction) in
HMM (57) or charge substitutions in yeast actBv( 48,

4 5 the absence of methyl cellulose in the assay leads to motility
Sliding Speed (um/s) loss due to diffusion of actin filaments.

Ficure 4: Effect of ANP cross-linking on the in vitro motility The possibility that the cross-linked actins in F-actin bind
properties of F-actin. The plot shows distributions of speeds for HMM especially strongly and thus introduce load into the

uniformly sliding F-actin (white bars), 95% labeled and un-cross- ; ; ;
linked ANP-F-actin (gray bars), and 50% cross-linked ANP-F-actin assay, Wr;.'CE S(;OWS the IT:OUO? ?Fnerat;ad V.V'th gclj\/lM by dthg
(black bars). Mean sliding speeds for F-actin, ANP F-actin, and un-cross-iinked segments of filaments, 1S addresse y

cross-linked ANP F-actin are 42 0.8, 4.1+ 0.8, and 2.7 0.6 monitoring the sliding speeds of F-actin versus the percentage
um/s, respectively. of its cross-linking. Figure 5 shows the results of such

experiments and reveals only a small inhibition of actin
In Vitro Motility of ANP-F-Actin.The effect of ANP cross-  motion at up to 25% cross-linking of F-actin (75% un-cross-
linking (50%) on the sliding speed of F-actin is shown in linked monomers). The observed dependence of actin speeds
Figure 4. The mean sliding speeds of the un-cross-linked on the percentage of actin cross-linking (Figure 5) virtually
and cross-linked filaments were 42 0.8 and 2.7+ 0.6 rules out a mechanism by which motion is arrested due to a
um/s, respectively. This decrease in the speed was ac-‘trap” of rigor complexes of HMM with the cross-linked

N
(=]

Number of Filaments
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actins. As shown by Cuda et al49) rigor bond type 7
inhibition of actin motion would yield a much stronger A
decrease in the sliding of flaments with an increase in the 6
percentage of cross-linking than that shown in Figure 5. The
decrease in the percentage of moving filaments in these
assays with a decrease in the percentage of un-cross-linked
actin was similar to that shown for filament speeds in Figure
5.

A variation on the scenario of a rigor trap for HMM is
that only a small fraction of cross-linked actin does not detach
well from HMM and, thus, arresting the movement of actin
requires its greater cross-linking. To test for this possibility,
HMM at different concentrations was added also to the
motility assay solutions. The rationale behind this experiment : L
was that the added HMM would block the “trapping” 0 100 200 800
monomers on F-actin and consequently accelerate the move- pPDM-HMM (ug/ml)
ment of the cross-linked filaments. However, the only effect
of the added HMM was to slow the sliding of the cross-
linked and un-cross-linked filaments by a similar factor (data
not shown). This slowing of sliding is probably due to the
competition for actin between the HMM in solution and the
motion-generating HMM on the coverslip surface and
indicates the absence of rigor-like traps for HMM on the
cross-linked actin.

Force Measurement#t sufficient density of HMM on
the coverslip surface actin filaments slide at a sp¥ee
dits, whered is the mean step size per cross-bridge sl
the duration of the power strok&@). Clearly, one mecha-
nism by which the speed of actin filaments may be reduced
is via an increase in the fraction of time (out of the total
cycle time) in which cross-bridges generate motion. Such
an increase ints can be related to a decrease in the rate of
cross-bridge detachment from actin or ADP release from PPDM-HMM (pg/ml)
actomyosin. The consequent increase in the population ofFicure 6: Effect of ANP cross-linking of F-actin on the relative
cross-bridges in the force-generating steps should lead to arforce produced with HMM as measured by the pPDM-HMM load.

increased force production at the same time as the unloaded”) ?A%fj‘t“ fgding Speedr? VerS(LéS) g‘e Contce””agitﬁ” ?If pPD':/"HMM
e : - - applied to the assay surface. (B) Percentage of the filaments moving
sliding velocity of the actomyosin system is decreased. versus the concentration of pPDM-HMM applied to the assay

To test whether the slow sliding of cross-linked actin over surface: O, F-actin; ®, 50% cross-linked ANP-F-actin. The
HMM can be related to an increased duration of force- concentration of HMM applied to the assay surface was 260
generating complexes, we measured the relative forcesmé;mecifemg of between 100 and 300 filaments was monitored
developed by HMM with the cross-linked and un-cross- '
linked actin by monitoring their motion against external load.  The force and speed changes observed for the cross-linked
As in previous studies, in which NEM-HMM was used to actin raise the possibility of an effective decrease in the
produce the load37, 41, 51, 52 the amount of load-  number of force-generating cross-bridges. This possibility
producing HMM needed to halt actin movement is a measure was tested further by comparing the dependence of cross-
of the force exerted by the unmodified HMM. The external linked and un-cross-linked actin sliding speeds on the HMM
load was generated by adsorbing to the coverslip surfaceconcentration. As expected, a decrease in HMM concentra-
different amounts of pPDM-modified HMM which is tion from 300 to 50ug/mL had only a small effect on the
catalytically inactive but binds actin weakly. As shown in speed of un-cross-linked actin (Figure 7). The sliding speed
Figure 6, both the sliding speed (A) and the percentage of of the cross-linked actin showed a considerably steeper
filaments sliding (B) decrease linearly with an increase in dependence on HMM concentration. This type of behavior
the concentration of the pPDM-HMM solution used for the would be observed with un-cross-linked actin only in the
adsorption of modified HMM (in the presence of 20@/ lower range of HMM concentrations {@00ug/mL). Thus,

mL HMM) to the coverslip surface. Both plots yield similar it appears that at least some aspects of the mechanical
extrapolated values; the movement of cross-linked and un-performance of HMM with cross-linked actin can be modeled
cross-linked actin stops at 250 20 and 325+ 35 ug/mL by lowering the effective HMM concentration on the
pPDM-HMM, respectively. This means that the 50% cross- coverslip surface.

linked actin generates with HMM only 75% of the force In sitro Motility of Actin Filaments Assembled from Cross-
exerted with un-cross-linked actin. Simple changessin  Linked Actin Dimers, Trimers, and Oligomershe ANP
cannot account for both the force and sliding speed decreasesross-linked filaments used up to now contain random
with the cross-linked actin. sequences of un-cross-linked monomers and cross-linked

Sliding Speed (um/s)

Moving Filaments (%)

0 100 200 300
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(Table 2). When uniformly moving filaments are selected
for analysis, only 12% of trimer-made filaments satisfy the
criteria of such movement while about 70% of dimer-made
filaments still move uniformly (Table 2). These results show
a progressive loss of actin’s motility with the increase in
the length of the cross-linked actin oligomers despite the
invariant acto-S1 ATPase and rigor S1 binding of F-actin
reassembled from such cross-linked actins.

DISCUSSION

Sliding Speed (um/s)
w

Electron microscopy and three-dimensional reconstructions
of ANP cross-linked F-actin eliminate the possibility that
this cross-linking introduces a large structural change in
° 100 200 300 F-actin. The change seen in the conformation of subdomain

2 is not unexpected; this subdomain is the most labile part

HMM (pg/ml) of the F-actin structure (reviewed in rg8), and it contains

FiGure 7. Effect of ANP cross-linking of F-actin on the sliding  one site of the cross-linking (GIn-41). The change observed
speed of actin in the in vitro motility assays at different HMM iy the interstrand connectivity, although somewhat unex-
?(?rnfheent;?jté%rrlsﬁgrl]\/lx cHoMnK/zlarg(t)re;ﬂce)ngse;raeytk;%s;feac(;f@t_hg_zcélﬁrt:p.ns usedpected, is consistent with the previously observed destabi-
50% cross-linked ANP-F-actin. ’ b lization of actin filaments by the removal of two or three

C-terminal residues in actid®, 45, 54. It has been shown
dimers, trimers, and higher oligomers. Differences in the that this destabilization appears to occur by a weakening of
distribution of actin monomers among the different cross- the interstrand connectivity4?). Since these C-terminal
linked species may introduce obvious variations in filament residues are not located near the filament b, @nd since
properties_ Both the number and the distribution of un-cross- the shift in mass seen at low resolution involves much more
linked actin-actin contacts in the filament and the length than two or three residues, the cleavage of these residues
of the blocks of such un-cross-linked contacts may determine@ppears to generate an allosteric conformational change in
the motile properties of these filaments. To examine the the actin filament 47). The cross-linking between the
inhibition of actin filament movement via well-controlled ~C-terminus (Cys-374) and subdomain 2 on another subunit

changes in the frequency of un-cross-linked actintin appears to introduce a similar conformational change in the
contacts (within the same strand), we formed actin filaments filament.
from the purified cross-linked dimers, trimers (withl0% The main result of this part of the work is that intrastrand

contamination by dimers and oligomers), and oligomers. In cross-linking of adjacent actin monomers in F-actin, but not
the filaments made of cross-linked dimers every other actin the labeling of GIn-41 alone, inhibits motion and force
actin intrastrand interface is un-cross-linked while in fila- generation by the actomyosin system. This effect is docu-
ments of trimers every third such contact is un-cross-linked. mented most extensively on preparations~d#0% cross-

In electron micrographs these filaments do not appear linked actin, that is, actin filaments which contairb0%
different from un-cross-linked actin filaments except for their un-cross-linked monomers and, thus, a greater percentage
greater tendency to bend and for the presence of shorterof un-cross-linked subdomain 2/C-terminus interfaces. The
filaments 36). rationale for the choice 0f50% cross-linked actin is that

Because of a limited Supp|y of cross-linked actin multimers such filaments still exhibit SUfﬁCiently uniform and fast
only those experiments which do not require much actin were motion in the motility assays for accurate measurements of
carried out with the reassembled filaments. The acto-S1 motion inhibition by the external load generated by pPDM-
ATPases of filaments made of dimers, trimers, and oligomers HMM. The measurements in the presence of pPDH-HMM
were approximately the same for all of them, as determined Provide an estimate of relative forces developed by acto-
by the clearing time of these solutions@.5 s%). This myosin and are similar to relative force measurements made
activity was about 2-fold lower than that obtained with un- Py using NEM-HMM load in motility assays37, 41, 51,
cross-linked actin (Table 2), perhaps because of the additional®?)-
manipulations and the time involved in the purification of ~ As argued in the Results, the simultaneous decrease (by
these species36). The rigor binding of S1 to F-actins, ~25%) in the relative force produced by HMM and the
monitored by light-scattering measurements, was similar for ~50% cross-linked F-actin and in the sliding speed of these
all actins (data not shown). However, in vitro motility assays filaments in the absence of load (by 35%) cannot be
revealed large differences between these F-actins. The dimeraccounted for by postulating a changésialone, the duration
made filaments moved over the HMM surface at about 40% of the force-generating steps in the cross-bridge cycle. In
lower mean speeds that those of un-cross-linked filamentsprinciple, a reduction in force may result from a decrease in
(Table 2). The mean speed of all moving cross-linked trimer- either one or both of the unitary force generated per power
made filaments is reduced even more, between 70% andstroke and the flux of HMM cross-bridges through the cycle.
75%, when compared to the speed of un-cross-linked actin.The loss of motility for >90% cross-linked filaments
Furthermore, close to 50% of trimer-made filaments do not suggests that actomyosin interactions are mechanically
move in the motility assays and none of the filaments made unproductive for such a system; that is, the unitary force
from cross-linked oligomers moves in these experiments produced by HMM and the cross-linked stretch of actin is
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Table 2: Actin Filaments Assembled from Cross-Linked, Purified Dimers, Trimers, and Oligomers: Acto-S1 ATPase and Actin Sliding in the
in Vitro Motility Assays*

filaments moving (%) mean speeah(/s)

F-actin composition ATPase(® all moving filaments moving uniformly all moving filaments moving uniformly
un-cross-linked actin 1.01 100 88 381.0 4.0£0.9
cross-linked dimers 0.52 100 70 2130.4 24+ 04
cross-linked trimers 0.48 52 12 1400.8 22+04
cross-linked oligomers 0.48 0 0 0.0 0.0

aThe rates of acto-S1 ATP hydrolysis were determined as described in Materials and Methods by light-scattering determination of the clearing
time of equimolar (1.Q«M) mixtures of S1 and F-actin after the addition of 0.4 mM ATP. Filaments of cross-linked actin were obtained by the
polymerization of purified cross-linked dimers, trimers, and oligomers with 2.0 mM MgCIPase activities are expressed as turnover rates
(micromoles of Pper micromole S1 per second). In vitro motility of actin filaments was monitored as described in Materials and Methods. Uniformly
moving filaments are those filaments for which the ratio of the SD of their speed/mean speed is smaller or equa%o 0.3 (

either small or 0. The-50% cross-linked filament contains elaborated in the companion publication; 3éj do not reveal
probably some fraction of such mechanically inactive actin, any differences in S1 binding (rigor) and acto-S1 ATPase
thereby decreasing the effective or productive flux of HMM among them. Clearly, the dimer-, trimer-, and oligomer-made
cross-bridges through the cycle. Because single moleculefilaments differ from each other in the percentage of un-
measurements are not easily accessible at present, helpfutross-linked subdomain 2/C-terminus interfaces (50%, 33%,
insight into this issue can be sought in motility assays carried and <33%, respectively). The sliding of actin over HMM
out at various densities of HMM on the motility surface. decreases sharply when the percentage of un-cross-linked
Thus, if the~50% cross-linking of F-actin would decrease interface decreases te33% and below.
by 25% (Figure 6) only the unitary force developed per acto- The above considerations about inhibition of actin sliding
HMM interaction with such filaments, one might expect that and force production by ANP cross-linking of actin in-
their sliding speed over HMM, albeit lower than that of un- clude: (i) the lack of strong effects on acto-S1 ATPase; (ii)
cross-linked F-actin, would be equally insensitive to HMM little, if any, effect on strong and weak binding of S1; (iii)
density on the motility surface. In fact, the higher dependence possible changes in the unitary forces and/or fluxes of HMM
on HMM concentration of the movement of cross-linked than through the cycle; and (iv) the effect of length of the cross-
un-cross-linked F-actin implies a decreased flux of force- linked blocks of monomers on the inhibition of actin sliding
producing HMM through the cross-bridge cycle with the lead to the proposal of the uncoupling of mechanical and
cross-linked actin. The decrease in flux may result from catalytic events in the cross-bridge cycle of cross-linked
changes in the rate constant(s) of some steps in the cycle ofilaments. It is suggested that such uncoupling occurs due
from the mechanically unproductive interaction of HMM to the immobilization of the subdomain 2/C-terminus inter-
with the cross-linked segments of actin. In the later case, if face in F-actin. The dynamic properties of subdomain 2 are
the cross-linked actin units execute a mechanically futile largely responsible for transitions between conformational
cycle, motion and force would be generated only by un- states of F-acting2) and are the main basis for two different
cross-linked actin monomers. conformations of G-actin observed by X-ray crystallography
If the decrease in the relative force Z5% for the 50% (55, 56. It has been speculated that such transitions are
cross-linked filaments) describes the percentage loss of forceimportant for motion and force generation and that they may
generating acto-HMM interactions, why does the speed of need to be “synchronized” with conformational transitions
these cross-linked filaments decrease by so much (up to 35%n S1 during the cross-bridge cycle. Our results suggest that,
for the 50% cross-linked actin)? A simple answer might be while the blocking of such actin transitions does not impair
that the cross-linking evokes a combination of responses inmuch acto-S1 interactions in solution, it uncouples the
actin. In addition to mechanical inactivation of a fraction of mechanical and catalytic events.
actin in the filaments, another fraction could show increased It is also apparent that the mechanical deactivation of
ts, leading to a greater net decrease in the filament speedF-actin increases with the length of the cross-linked block
than in the force produced with HMM. Quantitative analysis of actin monomers. This can be easily rationalized if dynamic
of the force and speed parameters could be complicated alsdransitions along the subdomain 2/C-terminus interface are
if a weak load is produced by the mechanically inactivated needed to release the cumulative strain in the structure of
actin. F-actin produced by myosin. Alternatively, it is possible that
The experiments with filaments assembled from cross- the cross-linking traps actin filaments in a strained conforma-
linked dimers, trimers, and oligomers illuminate another tion and the impact of longer stretches of cross-linked actins
aspect of motion and force inhibition via ANP cross-linking is more difficult to dissipate. In both cases such longer
of actin. All of these filaments do not contain un-cross-linked stretches of cross-linked actin could inhibit force generation
actin monomers, that is, according to the terminology used by HMM with actins which are not cross-linked to each
up to now, they are 100% cross-linked. Yet, while dimer- other. It is noted also that tampering with subdomain 2
made filaments move still well (at50% sliding speed of  integrity via subtilisin cleavage of DNase | loop leads to a
un-cross-linked actin), the trimer-made filaments barely strong inhibition of actin sliding47). Thus, for different
move, and the oligomer-made filaments do not move at all. reasons, the cleaved actin, like the ANP cross-linked actin,
At the same time, the limited tests that could be done with may impair the structural adaptation of actin filaments to
the small amounts of such filaments (preparative constraintsthe changes in myosin needs for force generation during the
involved in the purification of the cross-linked species are cross-bridge cycle. However, on the side of caution, it should
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be noted that electron microscopy shows some structural 28.

perturbation of F-actin caused by the cross-linking and leaves
open the question of whether a conformational difference
alone, such as the weakening of the interstrand connectivity,

or the inhibition of dynamic changes in actin is responsible
for the loss of force.
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