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ABSTRACT. We have separately expressed Dietyostelium discoideurmyosin Il nonhydrolyzer point
mutations E459V and E476K [Ruppel, K. M., and Spudich, J. A. (1986l Biol. Cell 7, 1123-1136]

in the soluble myosin head fragment M761-1R [Anson et al. (1¥dBO J. 15,6069-6074] and
performed transient kinetic analyses to characterize the ATPase cycles of the mutant proteins. While the
mutations cause some changes in mantATERO-(N-methylanthraniloyl)-ATP] and mantADP binding,

the most dramatic effect is on the hydrolysis step of the ATPase cycle, which is reduced by 4 (E476K)
and 6 (E459V) orders of magnitude. Thus, both mutant myosin constructs do in fact catalyze ATP
hydrolysis but have very long-lived myosATP states. The E459V mutation allowed for a direct
measurement of the ATP off rate constant from myosin, which was found tobel@ > s1. Actin
accelerated ATP release from this E459V construct by at least 100-fold. Additionally, we found that the
affinity of the E476K construct for actin is significantly weaker than for the wild-type construct, while
the E459V mutant interacts with actin normally. Their functional properties and the fact that they can be
produced and purified in large amounts make the E476K and E459V constructs ideal tools to elucidate
key structural features of the myosin ATPase cycle. These constructs should allow us to address important
guestions, including how binding of ATP to myosin heads resultsirBarder of magnitude reduction

in actin affinity.

Myosin Il is a filament-forming motor protein that has
been found in virtually every eukaryote that has been
examined; it will be referred to simply as myosin for the
remainder of this communication. The interaction of myosin
with actin filaments produces force and displacement in
muscle contraction and is necessary for cytokinegisagd
capping of cell surface recepto®.( The general mechanism
by which actomyosin hydrolyzes ATas been elucidated
(3—5). However, many of the key features of the chemo-
structural cycle remain to be established. The crystal
structure of myosin proteolytic subfragment 1 (S-1) revealed
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that S-1 could be described by two major doma)s (The
actin and ATP binding regions are part of a globular domain
commonly referred to as the catalytic domain. The second
domain is a continuation of the catalytic domain into a long
o-helix that is surrounded by two light chains. Growing
evidence indicates that this light chain binding domain acts
as a mechanical amplifier of the structural changes that occur
in the catalytic domain4—12). A number of chemostruc-
tural models predict part of the S-1 molecule undergoes an
axial rotation relative to the filament axis. The forward axial
rotation that leads to actin filament sliding is probably
associated with the;lPelease step. One problem in elucidat-
ing the structural states of myosin during the biochemical
cycle has been the short lifetime of the intermediates. An
increase of the lifetime of the ATP state should allow for a
more detailed probing of the structural transition that
accompanies ATP binding.

Ruppel et al. 13) demonstrated that whebictyostelium
discoideunmyosin is expressed with any of the mutations,
E459V, N464K, or E476K, the mutant myosins have ATPase
rates that are below detection. Photo-cross-linking experi-
ments showed that they were deficient in their ability to
hydrolyze bound ATPX3). Thus, the myosin ATPase cycles
of the mutants were dominated by the ATP-bound state. The
mutations are within a highly conserved loelpelix region
of myosin (L3) which is roughly in the center of the catalytic
domain. This region is apparently stabilized in at least two
different positions that are dependent upon the state of the
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nucleotide that is bound to myosin. The loop is part of the transformed. discoideunmand sequenced to check fidelity
nucleotide binding pocket in the structure®f discoideum (ABI PRISM Dye Terminator Cycle Sequencing Ready
myosin catalytic domain complexed with ABRnadate (14),  Reaction Kit; Perkin-Elmer).

but is absent from this pocket in all other structures seen M761-2R, E476K, and E459V end in a C-terminal affinity
thus far (5—17). The residues of the loop may therefore tag consisting of eight His residues. M761-2R was purified
be important for coupling nucleotide hydrolysis to confor- via the methods described by Manstein and Huzm).(
mational changes of the protein. Kinetic and detailed E476K and E459V were purified in a similar fashion except
structural characterizations of the mutations require that theythat the first supernatant was applied directly to a nickel
be expressed in soluble head fragments rather than full-lengthcolumn and the eluted protein was further purified through
myosin because the latter forms filaments over a large rangegel filtration. Specifically 26-40 g of cells was grown,
of salt concentrationsl@) and cannot be crystallized. harvested, washed with phosphate-buffered saline, and

Manstein and colleagues have engineered proteins consisttesuspended in 4 mL of lysis buffer (50 mM HEPES, 5 mM
ing of the first 761 amino acids of the catalytic domain of benzamidine, 0.02% sodium azide, 7 MIE, pH 8.0) per
D. discoideummyosin fused to 1 or 2-actinin repeats in ~ gram of cells, and~5 mm diameter pellets were rapidly
place of the native light chain binding domain. They are frozen in liquid nitrogen for storage at80 °C. A typical
called M761-1R and M761-2R with 1R and 2R referring to Preparation began with the thawing, and therefore the lysing,
the number ofx-actinin repeats. These fusion proteins have ©Of 20 g of cells to which the following were added: 2 mL
very similar kinetic rate constants to recombin&nt dis- of lysis buffer per gram of cells, 100 units of alkaline
coideumS-1 (which will be referred to as M864), propel Phosphatase, Jzg/mL RNase, and protease inhibitors (units
actin filaments in vitro, form crystals, and can be expressed arexg/mL; 100 TAME, 80 TPCK, 2 pepstatin, 5 leupeptin,
to levels of tens to hundreds of milligrams in thz 40 PMSF). The lysed cells were centrifuged (158§0D
discoideumexpression systeni{, 19). We expressed the h), and the majority of the mutant myosin fragment appeared
nonhydrolyzer point mutations E476K and E459V separately in the supernatant (Figure 1, lane 5). A Waters 650E system
in M761-1R. The new proteins will be referred as E476K Was used to load and wash two columns. The supernatant

and E459V for simplicity for the remainder of this com- was loaded at 1 mL/min onto a WiNTA affinity column
munication. (0.7 x 11.5 cm) (Qiagen), and the column was washed with

: ot At low-salt buffer (50 mM HEPES, 30 mM KOAc, 1 mM
Here we report detailed kinetic characterizations of the L .
ATPase cycles of E476K and E459V and show that they Penzamidine, 7 mMBME, pH 7.4), high-salt buffer (low-
have a 16 and 106-fold slowing of the ATP hydrolysis step, salt k_)uffer plus 270 mM KOA.C)' and Iqw—salt butfer
respectively. They therefore have myosin catalytic domains containing 5.0 _mM imidazole. A linear gra@ent of low-salt
that do in fact catalyze ATP hydrolysis but have very long- buffer and imidazole buffer (500 mM imidazole, 1 mM

; ; benzamidine, pH 7.4) was used to elute the protein. Column
lived myosinATP states. The stable E4A59NTP complex . .
allowed for the measurement of the ATP off rate constant. fractions were analyzed with SD®’AGE and pooled based

We have also measured the general actin filament binding©" Yiéld and purity. The sample was then dialyzed overnight

: t 4 °C versus concentrating buffer (25% sucrose, 20 mM
properties of E476K and E459V, and learned that E476K a
may be permanently in a low actin affinity state. E459V HEPES, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 1 mM

binds to and releases from actin filaments in an ATP-sensitive P&nzamidine) which reduced the volume by-5%%. The

fashion, and b ideal t for the structural protein was then gel-purified _With a Pharmacia_ _HiLoad 15/
aiinsall/os?s gpthemr?yllos'rew;g Ist:f(la reagent for the structira 60 Superdex 200 column which had been equilibrated with

experimental buffer (25 mM HEPES, 100 mM KCI, 5 mM
and concentration of purified protein were 5 mg anahs,

Protein Expression and Purification.Plasmids were  respectively. The purity of a typical preparation is demon-
constructed by cloning a fragment of a pBIGMyD-X/X strated in Figure 1 (lane 7). A Centriprep 30 (Amicon) was
nonhydrolyzer plasmid1@) into a vector derived from  used to further concentrate the protein for the acid quench
pDH12-1R which is a plasmid that contains the gene for the experiments.
fusion protein M761-1RX1). Specifically, nonhydrolyzer The very slow rate of ATP hydrolysis of E459V (Results)
pBIGMyD-X/X and pDH12-1R were digested with the made necessary an unusual step in myosin protein purifica-
endonucleaseBcaNl and Bbd which have unique sites in  tion to remove bound ATP from the purified E459V. The
pDH12-1R. The pDH12-1R vector was treated with phos- preparation was dialyzed vessli L of modified experimental
phatase and ligated with the appropriate pBIG-derived buffer (1 mM EDTA and 20 mL of bagged DEAE resin were
fragment. The fidelity of the resulting plasmids was checked added, and no Mgglwas present) at 2624 °C for 2—3
through diagnostic digests and dideoxy-sequencing. pAF3days with daily buffer changes. To check the progress of
and pAF4 contain the genes for E476K and E459V, the evolution of the nucleotide-free form of E459V, a sample
respectively. D. discoideumorft cells were transformed  of protein was removed at various times during the dialysis,
through electroporation and then grown at 2 in broth and the fluorescence enhancement was measured on adding
containing (units are g/l) 20 protease peptone (Oxoid), 7 yeastprotein to mantATP.
extract (Oxoid), 8 glucose, 0.47 PO, 7H,0, and 0.35 Stopped-Flow and Fluorimetry ExperimentSluorimetry
KH,PQ,. Selection and maintenance of cell lines were experiments were performed with an SLM AB2 fluorimeter
achieved with 15g/mL G418 (Gibco), and expression was with excitation/emission bandwidths set at 4 nm. Mant
checked through Western analysis (below). Plasmid DNA fluorescence was excited and collected at 355 and 440 nm,
was rescued (Wizard Plus Minipreps; Promega) from the respectively; pyrene at 365 and 405 nm. Experimental
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volumes were typically 70&L. An addition of solution,

mixing, and pause in data acquisition at an arrow in Figures 1 2 3 4 5 6 7
3, 5, and 6 occupiect20 s. Stopped-flow experiments were

performed with Applied Photophysics DX-17MV and Hi- Po— =]

tech Scientific SF-61MX systems. The mant derivatives of 200 -
ATP and ADP were excited at 355 nm, pyrene was excited

at 365 nm, and the emitted light passed through a KV 380

nm cutoff filter. Tryptophan fluorescence was excited at 295

nm, and emitted light was filtered through a SWG 305 nm 116 -
cutoff filter. The reported concentrations refer to post-mixing

in the experimental chamber. The buffer that was used for 97 -
all fluorimetry, stopped-flow, acid quench, and cosedimen-
tation experiments was the experimental buffer described
above.

Proteins and ReagentsRabbit skeletal muscle actin was
purified by the method of Pardee and Spudi@i)(and
labeled with pyrene essentially by the method of Criddle et
al. (22). The concentration measurement of pyrene-actin
included a correction for absorbance of the label at 280 nm
[Azso (Pyrene)= 1.06 x Agss (22)]. Exogenous ATP was
removed from F-actin by centrifugation directly before an
experiment. The mant derivatives of ATP and ADP were
prepared by reaction witiN-methylisatoic anhydride as
described by Hiratsuk&8), except that after reaction it was
purified on a DEAE-cellulose column as described by
Woodward et al. Z4). Protein concentrations were deter-
mined by the absorbance at 280 nm and the following
extinction coefficients (1 mg/mL, 280 nm) and molecular
masses: 0.73 cm and 103 kDa for E476K and E459V;
0.79 cm and 116 kDa for M761-2R; 1.15 chand 42 kDa

42 -

Ficure 1: SDS-PAGE and Western blot analyses of samples from
a typical purification of E459V. Lanes-13: SDS-PAGE of
Coomassie blue stained whole cell lysate (1), and supernatant (2)
and pellet (3) after the centrifugation step (Materials and Methods).
Lanes 4-5: Western blot of the same samples as in panel A.
Centrifugation removed the full-length myositZ00 kDa). Lane

7: purified E459V overloaded to demonstrate the level of purity.
E476K purifications gave similar results.

analyzed with SDSPAGE, and quantitative analysis of
for actin. Coomassie blue stained protein bands was performed with

Electrophoretic Methods SDS-PAGE and Western blot ~ Metamorph. The gel sample volumes were chosen to yield
analyses were performed using standard conditions. Wholestained bands that fell on the linear region of the stain/protein
cell lysates for expression level screening were prepared byCurve. ) .
resuspending cells in lysis buffer with protease inhibitors ~Data Analysis. Averages of one to three consecutive
(above) and 1% Triton. The transferred protein was probed Stopped-flow traces were analyzed with software that ac-
with the myosin catalytic domain-specific monoclonal an- companies the Applied Photophysics device. Scatter plots
tibody M2.42 (kindly provided by Dr. Thomas D. Pollard) (Figures 2B, 3C, 3D, 4, 5B, and 6B) were made with
and a horseradish peroxidase-coupled secondary antibody<aleidagraph (Abelbeck Software) and fits made with the
(Biorad). An enhanced chemiluminescence system (Amer- 9eneral curve-fitting feature of the software which uses the
sham Life Science) detected the secondary antibody. Levenberg-Marquardt algorithm. Error values in Table 1

Acid-Quench ExperimentsProtein (16-25 uM) and
mantATP were mixed in a 5:4 ratio and incubated at 20
°C. Samples were taken at different time points, and the
reaction was quenched with 10% trichloroacetic acid. The
samples were then centrifuged at@ at 14 000 rpm for 30

and results are those reported by the Kaleidagraph software
from a fit to a typical scatter plot.

RESULTS

The purification of myosin head fragments (MHFs) from

min in an Eppendorf 5415C centrifuge. Aliquots of the D. discoideumhas been describe@@ but needed some
supernatants were applied to fluorescent thin-layer chroma-modification before the nonhydrolyzer MHFs could be
tography plates (silica gel 60F 254 nm) and run with a 6:3:1 purified. In the published protocol, the cells are lysed, and
mixture of 1-propanol, ammonium hydroxide (30%), and ATP concentration is reduced. This causes wild-type MHFs
water. The plates were analyzed by excitation at 365 nm, to bind to cytoskeletal actin filaments and therefore pellet
conversion of the plate image to a TIF file (1S-1000 Digital after centrifugation at 1600@0 By contrast, immunoblots
Imaging System, Alpha Innotech Corp., San Leandro, CA), revealed that E476K and E459V remained mostly in the
and intensity measurements with Metamorph software (Uni- supernatant (Figure 1, lane’5100 kDa mass). The protein
versal Imaging Corp., Westchester, PA). was purified from the supernatant through Naffinity and
Actin CosedimentationA 4 uM sample of rabbit skeletal  sizing columns (Materials and Methods), and a typical sample
muscle actin was incubated on ice for 10 min with¥ appears in Figure 1, lane 7. The 200 kDa protein in lanes 4
purified E476K or M761-2R in experimental buffer. The and 6 is wild-type full-length myosin heavy chain which is
sample was then centrifuged at 300§d6r 30 min. The completely removed during the first centrifugation (lane 5).
supernatant was removed, and a volume of fresh experi-Approximately 3 days of dialysis were required to remove
mental buffer, equal to the supernatant volume, was used toall nucleotide from E459V. We chose to express E476K
resuspend the pellet. Supernatant and pellet samples werand E459V in cells expressing wild-type myosin because
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Table 1: Kinetic Constants for MHFs in the Absence of Attin

M864° M761-2R E476K E459V
Kon, mantADP (Mt s7%) 9x 10 (7.9+£2.2)x 10° (5.3+£0.8) x 1(® (1.1£0.2)x 10°
Koft, MantADP (s?) 15 1.5+ 0.1 (1.6£0.1)x 10! (5.4+0.1) x 102
Kg, mantADP (tM)¢ 1.7 1.9 0.3 0.5
Kon, MantATP (M-1s71) 7 x 108 (29+0.7)x 10° (3.6+£0.2)x 1C° (0.76+ 0.14) x 10°
Kott, mantATP (s?) na na na 105
Kg, mantATP (nMy na na na 0.3
hydrolysis (s%) 24 27+1 (1.24+0.1)x 10°° (5.9+1.4)x 10°

aConditions: 25 mM HEPES, 100 mM KCI, 5 mM Mg£1s5 mM SME, pH 7.0.° Ritchie et al. (1993)25). ¢ Calculated fromky/Kon.

wild-type cells grow in suspension culture whereas cells A
lacking myosin must be grown on surfaces. M761-1R and
M761-2R have nearly identical kinetic rate constarit9),(

and M761-2R was used as the wild-type control in all
experiments presented in this communication.

On and Off Rate Constants for Nucleotide Bindirigpint
mutations may cause changes in any of the rate constants of
the ATPase cycle. It is therefore important to determine
which kinetic steps may be altered and by how muéh.
discoideummyosin head fragments do not change their
intrinsic fluorescence when nucleotide binds, but the rates
of nucleotide binding can be measured by using the
fluorescent analogue mantATR5S, 19). A typical reaction
observed on adding 1,8 mantADP to 0.25M E476K is
shown in Figure 2A with a fit of a single-exponential function
to the data. The observed rate constadgt( was plotted
versus nucleotide concentration, and the data could be
described by a straight line. The slopes of linear fits to the
data points defined the second-order rate constant of mant- - —B— —a—
ADP binding. Similar data were collected for M761-2R and 0 1 o 3 4 5 6
E459V with both mantADP and mantATP, and the data are [mantADP] (uM)
summarized in Figure 2B and Table 1. The mantATP on
rate constants for both mutants and the mantADP on rate] >-"C

. . with fit, and second-order rate constant measurements. (A) An
constant for E4_76K sh_owed little change_relatlve to the rate average of three consecutive traces obtained by mixing AN25
constants obtained with the M761-2R wild-type construct. mantADP with 0.25:M E476K. The observed rate constant of the
However, the mantADP on rate constant for E459V was reaction was 0.967. (B) Observed rate constant versus [mantADP]
reduced by an order of magnitude. The mantADP off rate for M761-2R @), E476K @), and E459V M). The slopes of the

; : ; fits are the second-order rate constants of mantADP binding and
constant was measured by incubating@MimantADP with are listed in Table 1. Conditions for Figures@: 25 mM HEPES,

0.5uM E476K, E459V, or M761-2R and using the stopped- 100 mM KCI, 5 mM MgCb, 5 mM SME; pH 7.0. The temperature
flow device to rapidly mix 20Q«M unlabeled ATP with the  for the experiments in Figures 2, 3, 5, and 6 was’@0

complex. The resulting decay in fluorescence could be
described by a single-exponential function whose rate change of fluorescence upon binding and a very slow
constant was taken as the mantADP off rate constant. Thishydrolysis step relative to M761-2R.
parameter was reduced by about 1 order of magnitude in The rates of the hydrolysis step of the mutants were
the mutants. The ratios of the dissociation and associationmeasured by performing single mantATP turnover experi-
rate constantskq/kon) defineKq for ligand binding and are ments. Adding 1.25 molar excess of either mutant to
given in Table 1. The values are similar for the three mantATP caused a fluorescence enhancement which showed
constructs at 1.%M, 0.3 uM, and 0.5uM for M761-2R, saturation at concentrations above @M. These control
E476K, and E459V, respectively. experiments indicated that the affinity of mantATP wa8.2
Hydrolysis Rate ConstantsRitchie et al. (25) demon-  uM, and thus essentially all of the mantATP was bound at
strated that ATP binding does not cause an intrinsic concentrations above this value. Figure 3A shows the
fluorescence increase . discoideumS-1, as it does for  increase in the fluorescence of 1 mantATP on adding
rabbit S-1. However, the hydrolysis step in the discoi- 0.5uM E476K (filled arrow, upper trace). Following the
deum S-1 ATPase cycle is associated with an intrinsic rise in fluorescence, which indicated the formation of the
fluorescence increase. The rate of the hydrolysis step of mantATPE476K complex, the signal decreased slowly as
M761-2R was measured by Kurzawa et al. (32 sef 19) the mantATP was hydrolyzed, and &d mantADP were
using this change in fluorescence. This experiment was subsequently released. A significant fraction of mantADP
repeated and gave a very similar result, 2¥ @able 1). remained bound to the protein at the end of the reaction
E476K and E459V failed to show any change in intrinsic because th&qis 0.3uM (Table 1). To prevent mantADP
protein fluorescence on the tens of seconds time-scale wherrebinding, 20QuM unlabeled ATP was added at the unfilled
mixed with ATP. This is consistent with the absence of a arrow. The signal dropped rapidly by a small fraction,
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Ficure 2: MantADP on rate constants. Typical stopped-flow trace,



Kinetic Characterization of Mutant Myosin Biochemistry, Vol. 37, No. 27, 19989683

A B
10 10
3° [ 8 °
c [
86 I 36
n [72]
o4 | S 4
S =2
T2t + 9 2
o 1 1 [ o
0 5 10 15 0 5 10 15 20 25
time (min) time (min)
C 12 D 1.2
[} >y — ° ®
S So
2908 = 208
a N o N
E© E©
< £ T £
8 804 @ 50.4
c o~
[$] o
0 . . 1 1 1 L L O L 1 . | 'l
0O 20 40 60 80 100 120 0 5 10 15 20 25
time (min) time (hours)

Ficure 3: Single mantATP turnover experiments with E476K, E459V, or M761-2R. (AuM5E476K was added to 0. 4M mantATP

at the filled arrow (upper trace), and 20 unlabeled ATP at the unfilled arrow. Data were corrected for dilution. The same experiment
was performed with M761-2R (lower trace in panel A) and E459V (panel B). In panel B, the open circles are data points collected when
the excitation shutter was opened briefly, which demonstrated that the slow decrease irt sigh@a-25 min) was due to photobleaching.
(Inset) Addition of the unlabeled ATP after incubation of the E458%ntATP solution for 1.7 days. (C) The amplitude of the fast phase
of the signal decrease, after the addition of the unlabeled ATP, plotted versus time for M7@)-2RA(E476K @). (D) A repeat of the
previous experiment with E459\Kps was 1.2x 103 st and 5.9x 107° s71 for E476K and E459V (Table 1).

indicating displacement of bound mantADP, before returning subsequent decay in fluorescence at different times after the
to the slow rate of decay. The rates of decrease of the signaladdition of unlabeled ATP. For E476K, the signal decreased
at 8 and 15 min are similar because both are limited by the in two phases, consistent with the signal decrease seen in
actual hydrolysis step of the ATPase cycle. The single Figure 3A (open arrow). A double-exponential function was
mantATP turnover experiment for M761-2R is also shown fit to the signal, and the observed rate constants of the faster
in Figure 3A (lower trace); 0.aM M761-2R was added to  and slower phases were 0.280.03 s and 0.021+ 0.002

0.4 uM mantATP, and bound quickly which resulted in a s*(mean+ sem;n = 15), respectively. The slow phase is
rapid rise in fluorescence. The signal returned to close to thought to be dominated by photobleaching because of the
the initial level within 5 min as the ATP was hydrolyzed intense light source used in the stopped-flow device. The
and Rand mantADP were released. Complete return to the observed rate constant of the faster phase was similar to the
base line required addition of unlabeled ATP to displace the rate constant of mantADP release (0.18;sTable 1) as
small amount of mantADP that remained bound to the protein expected. The amplitude of the faster phase increased with
at the end of the reaction. E459V was also characterized intime and followed a time course that was well described by
this way but did not show any decline in signal on the a single exponential with ks 0f 1.2 x 1073 s7 (Figure
minutes time-scale (Figure 3B). The very slow decrease in 3C, circles; Table 1). When the same experiments were
signal for E459V (= 10—25 min) was due to photobleach- performed with M761-2R and E459V, the turnover rates were
ing; when the dye molecules were excited for only 10 s per 1.5 x 102 s (Figure 3C, diamonds) and 5.0 10°s!

data point (open circles), the slow decrease was eliminated.(Figure 3D; Table 1). The turnover rate of E476K could be
When the E459V/mantATP sample was incubated for greater reduced~4-fold by lowering the temperature from 20 to 4
than 1 day, the release of bound mantADP was detected by°C.

again chasing with 20@M unlabeled ATP (inset). The Direct measurements of evolved mantADP demonstrated
signal returned to base line which indicated that E459V had that the single-turnover rates of E476K and E459V were
completely hydrolyzed the mantATP within 1 day. controlled by the hydrolysis step. The evolution of bound

If the rapid signal changes at the open arrows in panels and free mantADP was measured by simply acid-quenching
3A and 3B were due to displacement of the protein-bound the reaction instead of chasing with unlabeled ATP. The
mantADP by the excess ATP, then the amplitude of these concentrations of mantATP/ADP at each time point were
signal changes should have increased with the time of measured by TLC and plotted versus time (Figure 4A,B).
incubation of the mantATP and the protein (e.g., time The rate constants of the reactions were 203 s and 6
between closed and open arrows in panel 3A). To examine x 10°° s* for E476K and E459V, respectively, which are
this, we preincubated 04M mantATP with 0.5uM of one in general agreement with the results from the stopped-flow
of the proteins, and then used a stopped-flow device to experiments (Figure 3C,D, Table 1). The consumption of
rapidly add the 20QuM unlabeled ATP and record the mantATP by M761-2R was complete within the earliest time
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FIGURE 4: TLC measurements of the concentrations of the total Dependence of the observed rate constant on actin concentration.

mant nucleotide, after acid quench, from single-turnover experi- 1he slope of the fit is (4t 1) x 10 M~! s™* and defines the

ments at 26-24 °C. Panel A: 16uM E476K; kqps values for the apparent second-order rate constant for the actin-induced dissocia-

mantADP @) and mantATP W) fits were 2.0x 103stand 1.2 tion of mantATP.

x 1073 s71. Panel B: 25uM E459V; 7.5x 10°s1 (@) and 4.7

x 1075 s71 (M). Panel C: Measurement of the mantATP off rate ways: backward to the nucleotide-free state (determined by

constant by repetition of the E459V experiment (Figure 4B) with the mantATP off rate Constankl), or forward to the

2 mM unlabeled ATP added 10 min after the mantATP addition. . ; ;
The fits to the mantADP®) and mantATP M) data gavekys of M-products state (determined by the hydrolysis rate constant,

6.0 x 105s1and 3.9x 105 s1, with amplitudes of 1«tM and ko).
13 uM, respectively.

Scheme 1
point (30 s) of the acid quench experiments. This result is K K
consistent with the hydrolysis rate constant of 272 s M + ATP — M-ATP — M-products
measured by the intrinsic fluorescence change (above).
MantATP Off Rate Constant for E459\.he extremely An ATP binding step does not exist because unlabeled

slow rate of the hydrolysis step of E459V allowed for the ATP prevents rebinding of mantATP. One feature of the
use of the “cold-chase” approac®s( 27) to directly measure  model is that the mantATP off rate constakt)(can be

the mantATP off rate constant from E459V. The E459V calculated by multiplying the final mantATP:mantADP ratio
quench experiment (Figure 4B) was repeated in the presenc&3.3 uM/10 uM) by the E459V hydrolysis rate constant
of 2 mM unlabeled ATP (Figure 4C), which was added 10 (k;; 5.9 x 10°°s™%, Table 1). Thus, the mantATP off rate
min after the protein was mixed with the mantATP. After constant from E459V is % 10°°s™! (Table 1).

21 h, by which time all of the mantATP in control A further important question that was addressed with
experiments was completely hydrolyzed (Figure 4B), the E459V was whether actin accelerates the ATP off rate
mantATP:mantADP ratio was 0.33 (Figure 4C). This result constant. The experiment of Figure 3B was repeated with
demonstrated that unlabeled ATP displaced about one-thirdan inclusion of a +6 uM actin addition step. Figure 5A

of the bound mantATP. The experiment was repeated shows that 0.4«M E459V-mantATP complex was again
without protein, and<5% of the mantATP was hydrolyzed formed, but now a large excess of unlabeled ATP was added
within 21 h. The data were analyzed in terms of Scheme 1 to ensure that the released mantATP would not rebind (open
where MATP breaks down irreversibly along two path- arrow). Following actin addition (filled arrow), the fluo-
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A guenched in a fashion similar to the M761-2R experiment.
1 When the 5uM excess ATP was added (unfilled arrow),
E459V released rapidly from pyrene-actin but did not rebind
on the minutes time-scale. This result was consistent with
a very long-lived myositATP state. The protocols used for
the experiments presented in panels A and B differ only in
that photobleaching was minimized by closing the excitation
3 shutter between acquisition of data points (circles) in panel

1 1 1 B.
0 4 8 12 16
time (min)

05

fluorescence

The relationship between ATP concentration and the rate
of release from pyrene-actin filaments (Figure 6; open
arrows) was investigated with a stopped-flow devi2b)(

1 The fluorescence signal was well-described by a single

: exponential, and the observed rate constant was linearly
dependent on ATP concentration over a range ef4@uM
ATP. The slopes of linear fits to the data points defined a
second-order rate constant which was about an order of
magnitude higher for E459V [(1.4& 1) x 1¢° M1 s77]

4 relative to M761-2R [(0.4H 0.03) x 10° M~t 571

0 t : — When the actin binding protocol was repeated with E476K
0 4 8 12 16 preparations, additions of E476K caused no detectable
time (min) . . . .
. ) decreases in the fluorescence signal (Figure 6B, diamonds).

pyrene-labeled actin filaments. (A) 1A of 103 uM M761-2R - :
was added to 700L of 0.8 uM pyrene-actin at = 0.5, 1.0, 1.5, The activities of the E476K preparations were checked by

2.0, 2.5, and 3.0 min. 5, 10, or 18\ ATP was added at= 4.2, performing single-turnover experiments with the fluorimeter,
7.5, or 11.8 min, respectively. (B) Repetitions of the experiment and the results were the same as those presented in Figure
with E476K (@) and E459V @), with the samples protected from  3A; the 3-fold increase in mantATP fluorescence (Figure

the excitation radiation between data pointgL50f 54 uM E476K i ide-
was added at= 0.7, 1.5, 2.5, and 3.5 min. &Vl ATP was added Sﬁr)if?cilr':i]c?: St‘:%tee(ijng]bailltit;hgf [I)Erz;eGIlQ :g)absinndugfoor:qetfézit?r? N
att = 4.2 min. 25uL of 7.7 uM E459V was added dt= 0.8, 1.6, P : gly

2.5, 3.3, and 4.1 min. BM ATP was added at= 7.5 min. E476K was confirmed by cosedimentation ofid E476K and 4
and E459V data points were corrected for dilution. uM actin. Less than 14% of the E476K appeared in the

. ) _ pellet when incubated with unlabeled actin in the absence
rescence signal decreased to base line and was well describeg nycleotide and centrifuged at 300@P0Cosedimentation
by a single-exponential function. A plot &fsversus actin - axperiments with M761-2R confirmed that the actin prepara-
concentration is shown in Figure 5B. Analysis of the tjon was able to bind myosin normally. The DNA that codes
products of the reaction by TLC showed no evidence of for the catalytic domain of E476K was sequenced, and as
mantATP hydrolysis on the time scale of the fluorescence expected, no additional mutations were present. Thus,

change. Thus, the fluorescence change represents thg476K may not interact strongly with actin in the absence
displacement of mantATP from E459V by actin with no  of nycleotide.

evidence of any acceleration of the ATP cleavage step by
actin. The slope of the line in Figure 5B defines the apparent p|SCUSSION
second-order rate constant for the actin-induced dissociation
of mantATP and is (4 1) x 1@ Mt s L Hydrolysis Rate ConstantsThe rates of the hydrolysis
Actin Binding. The interaction of E476K and E459V with ~ steps for E476K and E459V were obtained from the single-
actin was further investigated by measuring binding and turnover experiments and found to be 21072 s™* and
release from pyrene-labeled actin filaments. The fluores- 5.9 x 107°s™. Intrinsic fluorescence was used to measure
cence ofN-(1-pyrene)iodoacetamide covalently bound to the rate of the hydrolysis step for M761-2R which yielded a
cysteine-374 of actin is mostly quenched when rabbit S-1, value of 27 s* as seen in previous measureme@.(Thus,
M864, or M761-2R binds to the actir2@, 25, 19). Figure the hydrolysis steps of E476K and E459V are reduced by 4
6A shows the fluorescence of 70 of 0.8 uM pyrene- and 6 orders of magnitude relative to the wild-type constructs
actin to which 1.54L aliquots of 103uM M761-2R were and are rate-limiting in the ATPase cycles when micromolar
added until the fluorescence was fully quenched, which substrate is used. The hydrolysis steps of E476K (&)
indicated the occupation of available myosin binding sites. and E459V (at 20C) are slowed to such an extent that the
5 uM ATP was then added to the reaction, and the signal proteins form ATP-bound complexes that are stable on the
rapidly increased as M761-2R dissociated from actin (unfilled order of hours.
arrow att = 4.2 min). The pyrene signal was again On and Off Rate Constants for Nucleotide Bindinthe
quenched when the complex re-formed after the ATP was mantADP off rate constants for both E476K and E459V were
fully hydrolyzed ¢ = 6 min). When 10 or 1%M excess reduced by about an order of magnitude but were much faster
ATP was addedt(= 7.5 or 11.8 min), the amount of time  than the hydrolysis steps (Table 1). These off rate constants
necessary for the protein to fully rebind to actin increased were measured by chasing mantADP from the protein in two
proportionally. When the same experiment was repeatedways. The first was to chase protein-bound mantADP after
with E459V (Figure 6B, circles), the pyrene signal was it had been created by the hydrolysis of mantATP on the

05

fluorescence
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protein (Figure 3). The second was to simply bind mantADP positioning and polarizing a water molecule for attack on
to the protein and then chase it off. Both experiments gave the y-phosphate 14, 40). In the E459V mutation, the
similar results for M761-2R (1.53), E476K (0.2 sY), and charged oxygen of the glutamic acid residue is no longer
E459V (0.05 s?). available to participate in this interactio#Qj. Onishi et al.

The mantATP on rate constants of the proteins were easily (41) found that the mutation E459A made in chicken smooth
obtained and found to be similar (Table 1). The extremely muscle heavy meromyosin reduced the basal ATPase rate
slow rate of the hydrolysis step of E459V allowed for a direct by at least 1 order of magnitude and eliminated thleupst.
measurement of the ATP off rate constant, and was found They concluded that the rate of the hydrolysis step was
to be 2x 1075 st A number of groups have calculated greatly reduced but did not report the actual amount that the
the ATP off rate constant from rabbit S-1 through measure- step was reduced relative to their wild-type construct. In
ments of other rate constants of the ATPase cycle, and athe present experiments, the glutamic acid residue was
range of values has been reported: £.60°3to 2 x 1077 replaced by a valine, and the hydrolysis step was reduced
s (29-32). Their calculations were necessarily more by 6 orders of magnitude.
involved than the current measurement because the hydroly- Many structural techniques require a protein conformation
sis step is rapid in S-1. Thig for mantATP binding to  be essentially static on the minutes time-scale, and therefore
E459V is calculated ag/kon = 0.3 nM (Table 1), whichis  E459V provides an excellent starting point for investigating
compatible with estimates for the mammalian muscle myosin the differences between the apo- and ATP-bound states. The
(32 33). This suggests that the recognition of ATP by E459V structures may help test whether the reversal of the
Dictyosteliummyosin and the E459V mutant is similar to  |ever arm Swing accompanies the actomyosin to myosin
the well-characterized mammalian myosin. ATP transition &, 5). Also, a single preparation could be

The use of E459V also clearly demonstrates that actin canused to reveal the time-dependent structural changes that
accelerate the release of ATP from the mye&irP complex occur when myositATP evolves to myositADP.
by 100-fold and probably by at least 1000-fold at saturating  £476 is not part of the nucleotide binding pocket but
actin 90”09”“3"!0”334 39). This is required in mammz_ah_an positioned in the center of the switch Il helix, where it forms
myosin by detailed balance as ATP reduces the affinity of part of a communication path that links the nucleotide
myosin for actin by at least 1000-fold. The actin-induced pinding and actin binding sites. Residues 1514, H572, and
dissociation of the myosimantATP complex (Figure 5A,  y573 which are important in positioning the actin binding
filed arrow) and the ATP-induced dissociation of the region formed by residues 53868 on the surface of the
actomyosin complex (Figure 6B, open arrow) demonstrate myosin motor, are located only5 A away from E476. Two
that myosin will bind either substrate tightly if one is in  f these residues, H572 and Y573, are part of the HYAG
excess over the other. motif, a highly conserved sequence motif that is found in
_ Actin Binding. The second-order rate constant of ATP- myosins from all classes. Substitution of E476 with a
mducgd actomyosin dissociation is about an order _ of glutamine instead of a lysine results in uncoupling of
magnitude larger for E459V than for M761-2R. This go|ytion-activated ATPase activity from in vitro motilitg.3).
enhancement was also seen in experiments on M754 byag mentioned above, the surprising feature is that the actin
Woodward et al. 6). Pyrene-actin titration experiments binding interface of M761-1R with the E476K mutation
showed that nucleotide-free E459V binds actin filaments with remains in a low actin affinity state. Thus, the structure of
aKq of <1 uM, as does M761-2R. By contrast, E476K  actin pinding interface of this mutant compared to M761-
does not bind actin at micromolar concentrations of the 1R wjll be of interest since current crystal structures give
proteins as shown by titration and cosedimentation experi- jitle information on how the binding of ATP to myosin heads
ments. Under the conditions used, the actin binding interface yggits in a3 order of magnitude reduction in actin affinity.
of E476K may be uncoupled from changes that occur at the In summary, we have generated and characterized myosin

nutgleo':clf(_ie_tblndlr;g 5|tet_, and remain permanently in a low head fragments that are greatly slowed at the ATP hydrolysis
actin attinity contormation. . . step, and used one of the constructs to make a direct
Importance of the Mutated ResidueShe mutations that measurement of the ATP off rate constant. M761-1R with
were inv_estigated are p_ositioned .Within a highly co_nserved the mutation E459V hydrolyzes ATP on the hours time-scale
loop—helix structure Whl_ch contains the loop that is com- at 20°C and thus forms a stable ATP complex relative to
tmhoplyt/hrefelrred rtlolfas s;/wtcth ”3(7)‘. I;tha;]s lbeen SUQQG.Stetd the time necessary to gather structural data. Thus, structural
at this loop-helix structure might help communicate analyses of E476K and E459V may elucidate key structural
conformational changes at the nucleotide binding pocket to features of the myosin ATPase cycle. The ATP off rate
both the putative lever-arm and the actin binding 538)'(. constant was obtained with the E459V construct, and could
Our results demonstrate that the ATPase cycle of either be accelerated by at least 100-fold by actin. Kaéor ATP
m%&;\nt Ids don;;]natEZSZ)(/the ?‘I;P-bound ﬂstatea the h binding was obtained by direct measurements. It is compat-
y does the mutation greatly reauce € Ny= ;pe \with values estimated from mammalian muscle myosin

g.mes('js step? SW'tCh.” (re%dgles_ G4S7t tot?465 |n||rh? q which suggests that the recognition of ATPDigtyostelium
iscoideunmsequence) is probably important for nucleotide and mammalian myosin is similar.

triphosphate hydrolysis by myosin, kinesin, and a number
of G-proteins 87, 39). E459 and G457 are within switch Il AckNOWLEDGMENT
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