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Phosphorylation on Threonine-18 of the Regulatory Light Chain Dissociates the
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ABSTRACT: We cloned the full-length cDNA for the cytoplasmic myosin II regulatory light chain (RLC)
from a stage 1—2 Xenopus oocyte library. The Xenopus RLC is 94% identical to the chicken smooth
muscle myosin RLC. Al of the protein kinase C and myosin light chain kinase phosphorylation sites are
conserved. Using trifluoperazine [Trybus, K. M., Waller, G. S., & Chatman, T. A. (1994) J. Cell Biol.
124, 963—969], we removed the RL.C of smooth muscle myosin and replaced it with recombinant Xenopus
RLCs. The wild-type Xenopus RLC substitutes for the gizzard RLC in actin-activated ATPase and in
vitro motility assays. We made alanine substitutions of the two residues phosphorylated by myosin light
chain kinase, Ser-19 and Thr-18. All of the myosin hybrids, regardless of their mutations or
phosphorylation, have similar KYEDTA ATPase activities. As expected, the T18A, S19A hybrid had no
actin-activated ATPase, whereas the T18A hybrid phosphorylated on Ser-19 had an actin-activated ATPase
similar to that of wild-type hybrids phosphorylated only on Ser-19. The actin-activated ATPase of myosin
phosphorylated only on Thr-18 is approximately 15-fold lower than that of myosin phosphorylated on
Ser-19. Phosphorylation of either Ser-19 or Thr-18 permits the formation of filaments. Remarkably, in
the gliding filament assay, myosin phosphorylated only on Thr-18 moves actin filaments at velocities

similar to myosin phosphorylated on Ser-19 or both Thr-18 and Ser-19.

Phosphorylation of the regulatory light chain (RLC)! of
myosin II initiates the contraction of vertebrate smooth
muscle (Somlyo & Somlyo, 1994) and is presumed to play
a similar role in the functions of myosin in nonmuscle cells.
For example, light chain phosphorylation of cytoplasmic
myosin has been implicated in cytokinesis, receptor capping,
and cell locomotion (Yamakita et al., 1994; Berlot et al.,
1985, 1987; Bourguignon et al., 1981). RLC phosphoryla-
tion primarily occurs on Ser-19 and is catalyzed by the Ca®*/
calmodulin-dependent myosin light chain kinase (MLCK).
RLC phosphorylation promotes myosin polymerization,
enhances the actin-activated ATPase of myosin, and is
essential for the movement of actin filaments by myosin in
vitro (Sellers et al., 1985; Ikebe & Hartshorne, 1985).

In general, it is believed that phosphorylation at Ser-19 is
sufficient to support the ATPase and motor functions of
myosin. In vitro, high concentrations of MLCK phospho-
rylate Thr-18 in addition to Ser-19 (Tkebe et al., 1986).
Although phosphorylation on both Ser-19 and Thr-18 of the
RLC increases the actin-activated ATPase of myosin, ad-
ditional phosphorylation on Thr-18 has no effect on the
velocity of myosin-coated beads moving along actin cables
(Umemoto et al., 1989). It is unknown if phosphorylation
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on Thr-18 supplements phosphorylation on Ser-19 in vivo,
or if this secondary phosphorylation site is physiologically
irrelevant.

The RLC is also a substrate for protein kinase C (PKC)
and p34°%? kinase which phosphorylate three residues on
the N-terminus of the RLC, Ser-1, Ser-2, and Thr-9 (Nish-
ikawa et al., 1984; Satterwhite et al., 1992). Myosin
phosphorylated by both PKC and MLCK has a lower actin-
activated Mg?t ATPase than myosin phosphorylated by
MLCK alone, due to lower a affinity for actin. Phospho-
rylation by PKC also inhibits phosphorylation on Ser-19 of
the RLC by MLCK (Nishikawa et al., 1984; Ikebe et al.,
1986).

To clarify the role of Thr-18 phosphorylation in the
regulation of myosin, we made alanine mutations at the
MLCK sites of the Xenopus RLC and reconstituted the
recombinant RLCs with the heavy chain of chicken smooth
muscle myosin. We used the Xenopus RLC of cytoplasmic
myosin to correlate in vitro biochemistry with ongoing in
vivo experiments. The Xenopus wild-type RLC substitutes
for the gizzard RLC. Phosphorylation only on Thr-18 allows
filament formation; however, the actin-activated ATPase of
this myosin is 15-fold lower than the ATPase of myosin
phosphorylated on Ser-19 or both Thr-18 and Ser-19.
Interestingly, phosphorylation at Thr-18 supports the move-
ment of actin filaments at velocities comparable to those for
myosin phosphorylated on Ser-19.

MATERIALS AND METHODS

Cloning of the Xenopus Regulatory Light Chain ¢cDNA.
A myosin II RLC c¢cDNA was cloned from a stage 1-2
Xenopus oocyte lambda ZAP cDNA library (kindly provided
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by Alan Wolffe) using the rat aortic smooth muscle RLC
¢DNA as the probe (kindly provided by Mark Taubman).
The nucleotide sequence was determined on both strands of
DNA by the dideoxynucleotide termination method (Sanger
et al., 1977).

Construction of the XRLC Expression Vector. Using PCR
mutagenesis, an Ndel site was made at the start methionine
of the XRLC cDNA. An Ndel fragment of the XRLC was
subcloned into the Ndel site of the T7 expression vector
pMW172 (Way et al.,, 1990). Correct orientation of the
XRLC was confirmed by sequencing.

Bacterial Expression and Purification of the XRLC. BL21
(DE3) cells were transformed with pMW172-XRLC. A
colony was grown overnight at 37 °C in 50 mL of LB
medium containing 100 ug/mL ampicillin. A 1:100 dilution
of the overnight culture was used to inoculate 5 x 600 mL
of enriched medium (2% bactotryptone, 1% yeast extract,
0.5% NaCl, 2% glycerol, 50 mM KPO;) containing 100 ug/
mL ampicillin. The cultures were grown at 37 °C to an
ODyggo of 0.8 and then induced with 1 mM IPTG for 5 h.
The cells were harvested at 15000g for 10 min. The cell
pellet was resuspended in 60 mL of 50 mM Tris, pH 7.5, 2
mM DTT, 1 mM EDTA, and 8 M urea and sonicated for 6
x 10 s on ice. The lysate was centrifuged at 100000g for
30 min, and the supernatant was dialyzed for 36 h against
4.0 L of buffer P (20 mM imidazole, pH 7.0, 0.5 mM DTT,
1 mM EDTA, 0.02% NaNj3) with two buffer changes. Solid
NaCl was added to the dialyzed supernatant to 4 M with
stirring on ice and centrifuged at 100000g for 30 min. The
clarified supernatant was applied to a Phenyl Sepharose
(Pharmacia) column (2.5 x 25 cm) equilibrated in buffer P
containing 4 M NaCl. The column was washed with buffer
P containing 4 M NaCl and developed with a 4—0 M NaCl
linear gradient, followed by a second buffer P wash.
Fractions containing the XRLC were pooled and dialyzed
against 4.0 L of buffer D (20 mM Tris, pH 8.0, 0.2 mM
DTT, 1 mM EDTA, 20 mM NaCl, 0.02% NaNs;). The
dialyzed pool was applied to a Macro-Prep Q (Bio-Rad)
column (2.5 x 27 cm) equilibrated in buffer D. The column
was washed with buffer D and developed with a 20—300
mM NaCl linear gradientt Fractions containing the XRLC
were pooled and applied to a hydroxylapatite (Bio-Rad)
column (2.5 x 12 cm) equilibrated in buffer H (1 mM
potassium phosphate, pH 6.0, 0.1 mM DTT, 1 mM EDTA,
0.02% NaN;). The column was washed with buffer H and
developed with a 0—0.4 M potassium phosphate linear
gradient. The average protein yield was 12 mg per liter of
cells. The purified protein was dialyzed into 2 M urea, 5
mM KPO,, pH 7.0, and 0.1 mM DTT and concentrated in
an Amicon filtration unit using a PM10 membrane. DTT
was added to 1 mM, and the concentrated XRLCs were
stored at —80 °C.

Construction of Mutant XRLCs. Three oligonucleotides,
5-TCAACGCGCAGCATCCAATG-3, 5-ACGCGCAA-
CAGCCAATGTAT-3, and 5-TCAACGCGCAGCAGC-
CAATGTAT-3’, were used to mutate Thr-18 to Ala, Ser-19
to Ala, and both Thr-18 and Ser-19 to Ala, respectively. Site-
directed mutagenesis was performed using the Bio-Rad
Muta-Gene Phagemid in vitro Mutagenesis kit. The cDNA
sequences of mutant XRLCs were confirmed by sequencing
the coding region of the DNA. The mutant XRLCs were
subcloned into pMW172, expressed, and purified as de-
scribed for the wild-type XRLC.
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Protein Purification. Unphosphorylated smooth muscle
myosin was prepared from chicken gizzards as described
(Sellers et al., 1981). Rabbit skeletal muscle actin was
prepared from acetone powder by the method of Spudich
and Watt (1971) and further purified by gel filtration on
Sephadex G150 to remove low levels of contaminating
ATPase activity. Chicken gizzard tropomyosin was purified
as a by-product of the myosin purification using two rounds
of acid precipitation and solubilization followed by chro-
matography on hydroxylapatite (Smillie, 1982). Chicken
gizzard myosin light chain kinase (MLCK) was purified as
described by Conti and Adelstein (1991). Bovine calmodulin
was purchased from Calbiochem. Native gelsolin and
recombinant gelsolin were kindly provided by Paul Janmey
and Michael Way, respectively.

Phosphorylation of Recombinant XRLCs. Recombinant
XRLCs (2—4 mg/mL) were phosphorylated in 20 mM Tris-
HCI, pH 7.5, 15 mM KCl, 5§ mM MgCl,, 0.4 mM CaCl,, 2
mM DTT, 0.02% NaN3, ] mM ATP, 1 uM MLCK, and 1.2
4M calmodulin at 30 °C for 45 min. To phosphorylate wild-
type XRLC at both Thr-18 and Ser-19, 1.5 uM MLCK and
1.5 uM calmodulin were used. The extent of phosphoryla-
tion was monitored using glycerol polyacrylamide gels
according to Perrie and Perry (1970).

Denuding and Reconstitution of Myosin. Myosin (1.5—3
mg/mL) in 20 mM imidazole, pH 7.0, 0.5 M NaCl, 0.02%
NaN3, 1 mM DTT, 5 mM EDTA, 5 mM CDTA, and 2 mM
EGTA was incubated with 10 mM DTT, 1.5 mM ATP,
0.05% Triton X-100, and 1.5—3 mM trifluoperazine (TFP,
Sigma) for 30 min at O °C. Free RLCs and myosin were
separated on a S300 column (2.5 x 12.5 cm) equilibrated in
the same buffer as the incubation except with 1 mM DTT,
0.5 mM ATP, and 1 mM TFP. Denuded myosin was passed
through a Sephadex G235 (coarse) spin column, equilibrated
in 20 mM imidazole, pH 7.0, 0.5 M NaCl, 0.02% NaN3, 2
mM MgCl,, and 0.5 mM DTT, to remove free TFP.
Denuded myosin was incubated with an excess of recom-
binant XRLCs, 5 mM MgCl,, and 5 mM DTT at 0 °C for
60 min. Reconstituted myosin was dialyzed overnight
against 5 mM PIPES, pH 6.5, 20 mM NaCl, 1 mM DTT, 5
mM MgCl,, and 0.02% NaN;. Unbound XRLCs were
removed by four cycles of centrifugation at 5000g for 10
min. The final myosin pellet was resuspended in a small
volume of 10 mM imidazole, 0.55 M NaCl, 2 mM DTT,
and 0.02% NaNj; and incubated on ice for 90 min. The
myosin was clarified by centrifugation at 240000g for 25
min. Typically, the final yield of reconstituted myosin was
20—25% of the starting material.

ATPase Measurements. Mg>t ATPase assays were per-
formed at 22 °C using an ATP-regenerating system (Catterall
& Pederson, 1971). Gel-filtered G-actin was polymerized
in the presence of a 500:1 molar ratio of actin to gelsolin
and preincubated with tropomyosin at a 4:1 molar ratio.
Myosin hybrids (10—20 ug/mL) were incubated with F-actin
(0—30 uM) in 20 mM Tris, pH 7.5, 18—28 mM KCl, 5 mM
MgCl,, 0.2 mM EGTA, 1 mM DTT, 2 mM Mg?"ATP, 0.5
mM phosphoenolpyruvate (Sigma), 0.25 mM NADH (Boe-
hringer Mannheim, € = 6.2 ODas/mM), 5 units of lactate
dehydrogenase (Sigma), and 2 units of pyruvate kinase
(Sigma) per 500 uL volume. The rate of oxidation of NADH
to NAD was measured by absorbance at 340 nm. The
dependence of the ATPase rate on the concentration of actin
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CTCATTTAATCTCAGCCTGCAGAGCAGACTACTCACTACCCTCTCTCCCTCCCACACGAA 60
. - - -
TAACCCACCGCCARGATGTCCAGCARARGAGCARAGACCARGACCACCARAAAGCGCCCT 120
M 5 S KR AEKTUEKTTUEKIE KR RP 15
. N " * . .
CRACGCGCAACATCCAATGTATTCGCCATGTTTGACCAGTCCCAGATCCAGGAGTTCARG 180
Q R AT SNV F AMFDOQS QIQETF K 35
- - * . - .
GAGGCGTTTAACATGATCGATCAGAACCGTGACGGCTTTATTGATARAGAAGATCTGCAT 240
E A F NMIDOQNRDTGT FTIDIEKTETDTLH 55
. " . . . .
GACATGCTTGOCTCTCTTGGGARRAACCC TACAGACGAGTATTTAGATGCCATGATGAAT 300
D M L A S LGEKWMNTPTUDTETYTULTDA AMUM N 75
N . . . . N
GAAGCCCCCGGCCCTATCAACTTCACCATGTTCCTTACCATGTTTGGTGAGAAGCTGAAT 360
A PGP INTFTMTFLTMTFGETE KTLHN 95

. - . . . .

GGGACCGACCCTGAGGATG TCATTAGGAACGCATTTGCATGCTTTGATGRAGAAGCAATA 420
G TDPEUDUVIRNAAZFACTFTDETE2ATI 115
. * .

- - -

GGTTTTATCCAGGAGGACAATC TGAGGGAATTGCTGACARC AATGGGTGACCGATTTACA 480
G F I Q EDNILMBRETLTLTTMGTDRTFT 135
* N . * . *
GATGAGGACGTAGATGAGC TTTTCAGAGAGGCCCCAATCGACAAGAAGGGCARTTTCAAT 540
0D E DV DELVFREA AUPTIUDIE KI KT GNTFN 185
* * * . . .
TACRACGAATTCACCCGCATCTTGAAACATGGAGCTARAGACAAGGATGACTARGCTACA 600
Y N EFTZRTIULI KUHGAMIIEKDEKTDTUD?* 172
AGTGCCACTGCARCAAGAACTGCACTGCTCTCTGCCATTCTCATGTCTGTCTTCAACTCA 660
TTGCATGCATATAGCTCTAGATCTTTTCTTTTCTGTGTATTTATGGATC TGTACCAGGCC 720
TTTTTGGTACATGEGCACATACTGTATGTAACCAAAC TGGAARACAARAAGTGCAATGTT 780
AACAAGCAGTACACAGCAGGTCTTTTCTGGGGACTTARGCTGGATTTTTTGCAATTTTGT B40
AATAMAATTTGGAATTTARATTAACTGTCAGTTGARACTTTTGTCCGAATGC TCTGGCAT 900
ATCCATGGAATATTACAGATCCACTGARACACAGTTTTTGTTGOCGTGAGC TACACACAC 960
AATTTTTTTTITATATGACTCTGTGTTTGTGTGTATACACACAGTCATATGARAATGTTG 1020
GGAATATATAACATGCCTTATGGARACAGTAGTATTTCAGCAGTGACATARAGTTTATTG 1080
GATTAACAGAAAATATACAATATGCATCATAACAAAATTAGACAGGTGAATARATTTGGG 1140
CACCCCAACAGAGATATTACATCAATACTTACTTGAGCCTCCTTTTGCARATGTAACAGT 1200

CTCTAGACTCC 1211
Xen RLC MSSKRAKTKTTKERPQRATSNVFAMFDQSQIQEFKEAFNMIDONRDGFID
|
ChG RLC MSSKRAKAKTTKKRPQRATSNVFAMFDQSQIQEFKEAFNMIDONRDGFID
Xen RLC KEDLHDMLASLGENPTDEYLDAMMNEAPGPINFTMF LTMFGEKLNGTDEE
ChG RLC KEDLHDMLASMGHENPTDEYLEGMMS EAPGPINFTMF LTMFGEKLNGTDPE
Xen RLC DVIRNAFACFDEEAIGF IQEDNLRELLTTMGDRFTDEDVDELFREAPIDK
| |1l
ChG RLC DVIRNAFACFDEEASGF IHEDHLRELLTTMGDRFTDEEVDEMYREAPIDK
Xen RLC KGNFNYNEFTRILKHGAKDKDD
|
ChG RLC KGNFNYVEFTRILKHGAKDKDD

FIGURE |: (A, top) Amino acid and nucleotide sequence of the
Xenopus RLC of cytoplasmic myosin. (B, bottom) Alignment of
translated amino acid sequences of the Xenopus and gizzard RLCs.
Bold indicates the phosphorylation sites. The Xenopus RLC is 94%
identical to the gizzard RLC.

was fit to an equation for a hyperbola using the computer
program Regression.

K EDTA ATPase assays were performed with minor
modifications of the method of Geladopoulos et al. (1991).
Myosin (20—40 ug/mL) was incubated at 22 °C in 0.5 M
KCI, 10 mM imidazole, pH 7.0, 2 mM EDTA, 0.02% NaNj,
I mM DTT, and 1.5 mM K"ATP. Inorganic phosphate was
quantitated in a microtiter plate by quenching 10 uL aliquot
time points in 200 uL of MGAMPVST [0.023% malachite
green, 1.6% ammmonium molybdate in 6 N HCI, 0.32%
poly(vinyl alcohol) and 0.034% sterox (Bacharach)]. After
1 min, 50 4L of 34% sodium citrate was added to stop
complex production. Samples were incubated for 1—1.5 h
to obtain full color development prior to reading at a
wavelength of 600 nm.

In Vitro Metility Assay. The gliding actin filament assay
was performed at 24—26 °C essentially as described by Kron

Bresnick et al.

FiGure 2: Bacterial expression and purification of the wild-type
XRLC. A 14% SDS—polyacrylamide gel electrophoresis stained
with Coomassie Blue showing (lane 1) the whole cell lysate. (lane
2) Phenyl Sepharose pool, (lane 3) Macro-Prep Q pool. and (lane
4) hydroxylapatite pool.

etal. (1991) and Sellers et al. (1993). For some experiments
myosin hybrids were attached to the nitrocellulose with the
smooth muscle myosin monoclonal antibody S2.2 (Horowitz
& Trybus, 1992), kindly provided by Kathy Trybus. Fila-
ment velocities were quantitated by marking the centroid
position of the filament at 5 s intervals for a total of 20 s.
Under conditions in which the filament velocity was slow,
the velocity was measured for =1 min. For each experi-
mental condition. the velocities of 20 or more filaments are
presented as the means and the standard deviations of the
means.

RESULTS

Cloning of the Xenopus cyvtoplasmic regulatory light chain.
The myosin II regulatory light chain ¢cDNA from a stage
1—2 oocyte Xenopus library consisted of a 76 nucleotide
5’-untranslated region, a 519 nucleotide open reading frame,
and a 617 nucleotide 3’-untranslated region (Figure 1A). The
predicted amino acid sequence of the XRLC is 94% identical
to the sequence of chicken smooth muscle RLC (Messers &
Kendrick-Jones, 1988) (Figure 1B). In particular, all three
PKC phosphorylation sites (Ser-1, Ser-2, Thr-9) and both
MLCK phosphorylation sites (Thr-18, Ser-19) are conserved.
Of the 12 amino acid differences between the Xenopus and
chicken gizzard RLCs. eight substitutions are conservative.
We constructed mutants of the Xenopus RLC in which Thr-
18 and Ser-19 were individually or both replaced with
alanine. These mutations allowed us to assess the effect of
Thr-18 phosphorylation on the activity of myosin.

Bacterial Expression and Purification of XRLCs. We
purified bacterially expressed Xenopus RLC by sequential
chromatography on Phenyl Sepharose, anion-exchange, and
hydroxylapatite columns (Figure 2). This method yielded
approximately 12 mg of homogenous XRLC per liter of
culture. Purification of the Xenopus RLC by anion-exchange
chromatography of solubilized inclusion bodies (Sweeney
et al.. 1994; Trybus et al., 1994; Kamisoyama et al., 1994)
yielded only small amounts of impure Xenopus RLC.

Phosphorylation of Recombinant XRLCs. Myosin light
chain kinase (MLCK) quantitatively phosphorylated acceptor
sites on all of the recombinant mutant XRLCs (Figure 3).
Thus wild-type had two phosphates (lane 2). the TISA and
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FiGure 3: Recombinant XRLCs phosphorylated with chicken
gizzard MLCK. Phosphorylation was analyzed using glycerol PAGE
stained with Coomassie Blue. (Lane 1) Unphosphorylated wt
XRLC: (lane 2) wt XRLC phosphorylated at Thr-18 and Ser-19;
(lane 3) TI8A XRLC phosphorylated at Ser-19: (lane 4) S19A
XRLC phosphorylated at Thr-18; and (lane 5) unphosphorylated
TI8A,S19A XRLC. Marks indicate the mobility of light chains with
zero, one, or two phosphates.

3 4 5 6 7 8

- ofaean
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FIGURE 4: Reconstitution of denuded myosin with recombinant
XRLCs. Myosin analyzed by gel electrophoresis in SDS and stained
with Coomassie Blue. (Lane 1) Native gizzard myosin; (lane 2)
myosin denuded of RLC; (lane 3) myosin hybrid with wt XRLC
phosphorylated on Ser-19; (lane 4) myosin hybrid with unphos-
phorylated wt XRLC; (lane 5) myosin hybrid with TISBAS19A
XRLC; (lane 6) myosin hybrid with wt XRLC phosphorylated on
Thr-18 and Ser-19; (lane 7) myosin hybrid with unphosphorylated
S19A XRLC; and (lane 8) myosin hybrid with S19A XRLC
phosphorylated on Thr-18.

S19A single mutants each had one phosphate (lanes 3 and
4), and the T18A,S19A double mutant had no phosphates
(lane 5).

Reconstitution of Smooth Muscle Myosin with XRLCs.
Gizzard myosin, denuded of its endogenous RLC by the
method of Trybus et al. (1994), was reconstituted with
phosphorylated recombinant XRLCs. The addition of tri-
fluoperazine caused >98% of the endogenous RLC to be
dissociated from the heavy chain of myosin (Figure 4, lane
2). The extent of reconstitution of the gizzard myosin heavy
chain with the recombinant XRLCs was the same for all of
the mutant light chains (Figure 4).

ATPase Activity of XRLC/Myosin Hybrids. Regardless of
their mutations or phosphorylation, most of the myosin
hybrids had K"EDTA ATPase activities approximately 2-fold
higher than that of native myosin (Table 1). Even myosin
hybrids in which the XRLC was exchanged onto gizzard
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Table 1: K'EDTA ATPase of XRLC/Gizzard MII Hybrids®
activity [nmol of P; of
(nmol of head) ' s7']
gizzard MII-0P” 079+ 0.3 (6)
gizzard MII-2P 1.5+ 04 (3)
wt XRLC/MII-OP 20+ 1.0 4
wt XRLC/MII-1P 1.8 £ 0.6 (1)
wt XRLC/MII-2P 1.9 £05 (8)
TI8A XRLC/MII-1P 1.54+£03 (10)
S19A XRLC/MII-0P 0.9 (1
S19A XRLC/MII-1P 1.7+0.6 (13)
TISAS19A XRLC/MII-OP 0.95 (1

“The mean and standard deviation of the mean from independent
preparations is indicated with the number of preparations shown in
parentheses. ” Native gizzard myosin, unphosphorylated. © Gizzard
myosin heavy chain reconstituted with diphosphorylated gizzard RLC.

1.5
3 Gizz-2P
2
o WT-2P
=
LY
=
-
E
= WT-IP
g TI8A-P
£
S19A-P
25

actin (UM)

FIGURE 5: Actin-activated Mg?" ATPase activities of myosin
hybrids in 20 mM Tris, pH 7.5, 18—28 mM KCI, 5 mM MgCl,,
0.2 mM EGTA, | mM DTT, 2 mM ATP, and 0—30 M actin at
22 °C. The low rates of hydrolysis by actin alone and myosin alone
are subtracted. (O) Gizzard RLC phosphorylated on Thr-18 and
Ser-19: (@) wt XRLC phosphorylated on Thr-18 and Ser-19; (O)
wt XRLC phosphorylated on Ser-19; (l) TI8A XRLC phospho-
rylated on Ser-19; (a) S19A XRLC phosphorylated on Thr-18.
Symbols represent averages of two or three observed data sets.

myosin by the method of Morita et al. (1991) had a higher
K"EDTA ATPase (data not shown). Thus removal of the
gizzard RLC and reconstitution with recombinant RLCs is
not deleterious to the ATPase of myosin.

Gizzard myosin reconstituted with either gizzard or
Xenopus RLCs phosphorylated on both Thr-18 and Ser-19
had a maximum actin-activated ATPase activity of ap-
proximately 1.7 s™! (Figure 5 and Table 2). Myosin hybrids
containing RLCs phosphorylated only on Ser-19 had an actin-
activated ATPase activity approximately one-half of those
hybrids containing RLCs phosphorylated on both Ser-19 and
Thr-18 (Figure 5 and Table 2). These results confirm that
phosphorylation on Thr-18 enhances the actin-activated
ATPase of myosin phosphorylated on Ser-19 of the RLC
(Tkebe & Hartshorne, 1985; lkebe et al., 1986). Myosin
reconstituted with the TISA, S19A double mutant had no
detectable actin-activated ATPase activity even if treated with
MLCK.

In 25 mM KCI and 30 uM actin filaments, myosin
phosphorylated on Thr-18 had an actin-activated ATPase of
0.05 s~' as compared to 0.74 s~! for myosin phosphorylated
on Ser-19 alone, and 1.63 s~! for myosin phosphorylated
on both Ser-19 and Thr-18. Kamisoyama et al. (1994)
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Table 2: Actin-Activated ATPase Activity of XRLC/Gizzard MII
Hybrids®

Vinax [nmol of P;
(nmol head)™! s7!]

gizzard RLC/MII-2P 1.75 2)
wt XRLC/MII-2P 1.63 £ 0.49 3)
wt XRLC/MII-1P 0.82 £0.33 4)
T18A XRLC/MII-1P 0.66 (@)
S19A XRLC/MII-1P 0.05 £ 0.025 3)
T18AS19A XRLC/MII-OP 0 )

@ The mean and standard deviation of the mean from independent
preparations is indicated with the number of preparations shown in
parentheses. ATPase values for myosin hybrids phosphorylated on Thr-
18 (S19A XRLC/MII-1P) are only for those preparations which
supported motility similar to that of myosin hybrids phosphorylated
on Ser-19. The ATPase activity in the absence of actin is subtracted.

determined actin-activated ATPase values of 0.08, 0.18, and
0.41 s~ for smooth muscle myosin phosphorylated on Thr-
18 alone, Ser-19 alone, or both Ser-19 and Thr-18. Their
conditions were 65 mM KCl and 48 4M actin. In our
ATPase assay using KCl concentrations of 65—80 mM, the
maximum actin-activated ATPase rates were 0.01, 0.21, and
0.38 s~! for myosin phosphorylated on Thr-18 alone, Ser-
19 alone, or both Thr-18 and Ser-19. The S19-P and S19-
P, T18-P values are similar to those of Kamisoyama et al.
(1994), although in our hands the actin-activated ATPase
for myosin phosphorylated only on Thr-18 was 15-fold lower
than myosin phosphorylated on Ser-19 at both low and high
KCl concentrations.

In the buffer used for the ATPase assays, more than 90%
of the myosin containing XRLCs phosphorylated on either
Ser-19 or Thr-18 pelleted when centrifuged at 250000g for
20 min (data not shown). This suggests that phosphorylation
on Thr-18 stabilizes myosin in the 6S extended conformation,
allowing polymerization, and confirms observations by
Kamisoyama et al. (1994) that smooth muscle myosin
phosphorylated only on Thr-18 favors the 6S conformation
and forms filaments.

Motor Properties of XRLC/Myosin Hybrids. We assessed
the movement of actin filaments by myosin hybrids in an in
vitro motility assay. Myosin hybrids containing XRLCs
phosphorylated on both Thr-18 and Ser-19 or Ser-19 alone
moved actin filaments at a velocity of 0.81 £ 0.10 ym s™!
(Figure 6). Myosin reconstituted with the T18A, S19A
double mutant did not move actin filaments. Although the
myosin hybrid containing the XRLC phosphorylated only
on Thr-18 had a very low actin-activated ATPase, it moved
actin filaments at velocities similar to those for myosin
phosphorylated at Ser-19 (0.65 £ 0.13 gm s71),

To test whether low concentrations of active myosin are
capable of producing maximum actin filament motility, we
diluted active myosin with either buffer or inactive myosin.
Monomeric smooth muscle myosin phosphorylated on Ser-
19 moves actin filaments at the maximum velocity down to
a concentration of 10 ug/mL (data not shown). This is a
lower threshold than filamentous phosphorylated smooth
muscle myosin with which movement becomes discontinuous
at concentrations below 62 ug/mL (Warshaw et al., 1990).
However, dilution of wild-type hybrids phosphorylated on
Ser-19 with either unphosphorylated wild-type hybrids or
unphosphorylatable T18A, S19A hybrids slowed the gliding
motility such that mixtures consisting of myosin with 12.5%
WT-1P and 87.5% WT-0P or T18A, S19A moved actin
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FIGURE 6: In vitro motility of myosin hybrids. The velocity of
actin filament motility was assayed for myosin hybrids. Values are
the means and standard deviations of the mean for a minimum of
20 filaments for two preparations of T18A, S19A, 18 preparations
of S19A-P, eight preparations of T18A-P, 13 preparations of WT-
1P, and eight preparations of WT-2P. Myosin hybrids phosphoryl-
ated on Thr-18 and Ser-19, or Ser-19 alone, and Thr-18 alone move
actin filaments at the similar velocities.

filaments at only 0.128 um s~! (Figure 7A). The movement
of the actin filaments was discontinuous in mixtures contain-
ing <25% of the WT-1P myosin. The velocity of actin
filament motility was constant over a wide range of
concentrations of the phosphorylated S19A hybrid (Figure
7B).

All preparations of myosin hybrids containing XRLCs
phosphorylated on Ser-19 moved actin filaments at constant
velocity with little variation over time (Figure 8A,B).
Although myosin phosphorylated on Thr-18 moves actin
filaments at velocities comparable to myosin phosphorylated
on Ser-19, the velocity and quality of actin filament motility
of the 18 different preparations was more variable than other
myosin hybrids. Myosin reconstituted with the XRLC
phosphorylated only on Thr-18 produced three types of actin
filament motility: (1) in some preparations of the S19A-P
myosin the actin filaments moved persistently, but with
greater variation in their velocity (Figure 8C); (2) in some
preparations of this hybrid the actin filaments moved
consistently at a slow velocity (0.201 um s™!) (Figure 8D);
and (3) in other preparations of the S19A-P hybrid the actin
filaments moved intermittently (Figure 8D). One of these
patterns of actin filament motility predominated in each
hybrid preparation. All preparations of myosin hybrids
phosphorylated on Thr-18 had similar K"EDTA and actin-
activated ATPase activities.

Tethering of the myosin to the nitrocellulose via an
antibody did not improve the performance of myosin
containing RLC phosphorylated on Thr-18. Instead the actin
filament velocity was lower when the myosin was attached
directly to the coverslip with a smooth muscle myosin
monoclonal antibody (Figure 9A). The addition of free
RLCs phosphorylated on Ser-19 to myosin hybrids phos-
phorylated on Thr-18 failed to increase the velocity of actin
filament motility (Figure 9B).

DISCUSSION

Myosin II phosphorylated on Thr-18 of the RLC has low
actin-activated ATPase activity but moves actin filaments
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FiGure 8: Motility of individual actin filaments by myosin hybrids. (A and B) hybrids phosphorylated on Ser-19; (C and D) different
preparations of myosin hybrids phosphorylated on Thr-18 produce more variable actin filament motility.

in an in vitro motility assay nearly as well as myosin
phosphorylated on Ser-19 which has a 15-fold higher ATPase
activity. The actin filaments moved with velocities that were
79% of the velocities obtained for myosins phosphorylated
on Ser-19, or both Thr-18 and Ser-19, and an average of
90% of the filaments in the field moved. The average
velocity determined for the S19A-P hybrid (Figure 6)
includes filaments that moved at the same velocities observed
for wild-type phosphorylated hybrids as well as filaments
which moved discontinuously. Although all preparations of

the S19A-P myosin had the same K"EDTA and actin-
activated ATPase activities, this hybrid was variable in the
gliding filament assay. It is possible that direct binding of
the S19A-P myosin to the nitrocellulose impairs its motor
properties, causing variability in the movement of actin
filaments. However, attachment of the SI9A-P myosin to
the coverslip via an antibody did not improve the actin
filament motility. The absence or poor binding of the
S19A-P RLC to the myosin heavy chain could also contribute
to the variability in movement observed with the S19A-P
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FIGURE 9: (A) Velocity of actin filaments by myosin hybrids
tethered by an antibody. Myosin hybrid phosphorylated on Ser-19,
or attached by the S2.2 antibody; myosin hybrid phosphorylated
on Thr-18, or attached by the S2.2 antibody. (B) Effect of free
phosphorylated XRLCs on the myosin phosphorylated on Thr-18.
Myosin hybrid phosphorylated on Ser-19; myosin hybrid phospho-
rylated on Thr-18; myosin hybrid phosphorylated on Thr-18
incubated with free wt XRLC phosphorylated on Ser-19.

myosin. The addition of an excess of free S19-P RLCs did
not alter the actin filament motility, indicating that the
S19A-P RLC binds the myosin heavy chain as well as the
S19-P RLC. Although we have been unable to determine
why the S19A-P myosin is variable in the in vitro motility
assay, clearly this hybrid can move actin filaments at
velocities similar to those observed for myosin phosphoryl-
ated on Ser-19.

One interpretation is that most of the myosin phosphoryl-
ated on Thr-18 is inactive, accounting for the low actin-
activated ATPase, and that a small fraction of active heads
moves the actin filaments in the gliding filament assay.
However, several lines of evidence suggest this explanation
is incorrect. The KTEDTA ATPase of myosin hybrids
phosphorylated on Thr-18 is comparable to the ATPase
observed for other myosin hybrids, thus indicating that all
of the heads are active. In a pelleting assay, myosin
phosphorylated on Thr-18 forms filaments as well as myosin
phosphorylated on Ser-19, suggesting the S19A-P hybrid
favors the 6S extended conformation. Thus it is unlikely
that the low ATPase of the SI9A-P myosin results from the
trapping of ADP and Pi in the folded 10S conformation
(Cross et al., 1988). If the ATPase measured for the SI9A-P
myosin were due to a mixture of fully active heads (like
myosin phosphorylated on Ser-19) and inactive heads (with
zero activity), only 6—8% of the heads would be active.
Motility assays with mixtures of WT-1P (active heads) and
either WT-OP or T18A, S19A hybrids (inactive, nonrigor
heads) indicate that a fraction of less than 12% active heads
does not support the movement of actin filaments (Figure
7A). Therefore 7% active heads could not move actin
filaments at 79% the velocity of wild-type motility. These
observations suggest that most of the heads in the SI9A-P
myosin preparations are active and participate in the move-
ment of actin filaments.

It is surprising that myosin with a low actin-activated
ATPase supports the motility of actin filaments. One
explanation is that the S19A-P myosin has a low affinity
for actin and requires significantly higher actin concentrations
for activation than those needed for myosin phosphorylated
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on Ser-19. The local concentration of actin on the surface
of the myosin-coated surface may be much higher than the
20 M limit that we could test in solution, resulting in a
high ATPase and the observed motility. The methycellulose
in the buffer used for the gliding filament assay decreases
the lateral diffusion of actin filaments (Umemoto & Sellers,
1990), thus creating a local high concentration of actin.

This is not an isolated example of the steady state actin-
activated ATPase activity not being correlated with the
velocity of actin filaments in the gliding filament assay.
Myosin phosphorylated on both Thr-18 and Ser-19 has a
2-fold higher actin-activated ATPase than myosin phospho-
rylated only on Ser-19, yet both move actin filaments at the
same velocities (Figure 6). Smooth muscle and platelet
myosin have similar actin-activated ATPase activities (Sellers
et al., 1981), but smooth muscle myosin moves actin
filaments 1.5 times faster that platelet myosin (Umemoto &
Sellers, 1990). Recent experimental evidence suggests that
a low actin-activated ATPase can support the motility of actin
filaments in vivo. Dictyostelium myosin containing a mutant
RLC in which the MLCK phosphorylated serine was
substituted with alanine has a maximum actin-activated
ATPase of 0.09 s!. Expression of this mutant RLC in
Dictyostelium RLC™ null cells rescues defects in cytokinesis
and development as well as the wild-type RLC (Ostrow et
al., 1994).

Phosphorylation at Ser-19 of the RLC of smooth muscle
myosin stabilizes the myosin in the 6S extended conforma-
tion and enhances its actin-activated ATPase (Suzuki et al.,
1978; Sellers et al., 1981; Craig et al., 1983). Although
phosphorylation at Thr-18 occurs in vivo (Colburn et al.,
1988; Haeberle et al., 1988), this phosphorylation only occurs
in conjunction with phosphorylation at Ser-19 in the diphos-
phorylated RLC. The contribution of phosphorylation at Thr-
18 to the physiological activity of myosin remains unknown.

The N-terminus of the RLC contains several positively
charged amino acids. The reduction in net charge which
occurs as a result of phosphorylation of the RLC is believed
to regulate the transition from the 10S folded monomer to
the 6S extended conformation. The replacement of Thr-18
and Ser-19 with negatively charged amino acids unfolds
smooth muscle myosin to the 6S extended conformation;
however, these mutations fail to activate the ATPase of
myosin (Kamisoyama et al., 1994) or promote the motility
of actin filaments (Sweeney et al., 1994). These observations
suggest that although electrostatic interactions regulate the
conformation of myosin, the regulation of its ATPase and
motile activities specifically requires phosphorylation.

The pK.s of phosphoserine (Vogel & Bridger, 1982) and
related functional groups (Dawson et al., 1986) are reported
to be in the range of 6.1—6.6. Therefore it is likely that at
neutral pH the phosphate moieties on Thr-18 and Ser-19 will
be nearly dianionic. Incorporation of a dianionic phosphate
at Ser-19 is sufficient to activate the ATPase of myosin and
promote the movement of actin filaments. Our results
demonstrate that the incorporation of a dianionic phosphate
at Thr-18 cannot significantly activate the ATPase of myosin.
However, phosphorylation at Thr-18 combined with an
additional negative charge at position 19 via substitution of
Ser-19 with either an aspartic or glutamic acid activates the
ATPase (Kamisoyama et al., 1994) and motile (Sweeney et
al., 1994) activities of myosin to levels observed for myosin
phosphorylated on Ser-19. These observations suggest that



Threonine-18 Phosphorylation of Myosin RLC

electrostatic interactions not only regulate the 10S to 6S
transition of myosin but also are involved in the regulation
of its ATPase activity.
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