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ABSTRACT: Class III unconventional myosins are critical for the normal function of auditory hair cells
and the function and maintenance of photoreceptors; however, the roles of class III myosins in these
sensory cells are unknown. Class III myosins are unique in that they have a kinase domain at their
N-terminus; thus, they may have both signaling and motor functions. In the horseshoe crabLimulus
polyphemus, enhanced phosphorylation of an abundant, photoreceptor specific class III myosin at night
correlates with well-characterized circadian changes in photoreceptor structure and function. Thus, the
Limulusvisual system may be particularly useful for investigating the properties, modulation, and functions
of a class III myosin. Previously, we showed that two sites within the actin interface of full-lengthLimulus
myosin III expressed in baculovirus are substrates for both cyclic AMP-dependent protein kinase and
autophosphorylation. In the current study, mass spectrometry was used to show that these same sites are
phosphorylated in the endogenous protein extracted fromLimulus lateral eye, and that enhanced
phosphorylation at these sites occursin ViVo in response to natural circadian clock input to these eyes.
These findings demonstratein ViVo changes in myosin III phosphorylation in response to a natural stimulus.
This phosphorylation may modulate myosin III-actin interactions.

Class III unconventional myosins are present in the
photoreceptors of invertebrates and vertebrates including
humans (1-8) and in the auditory hair cells of mice and
humans (9, 10). In Drosophila photoreceptors, class III
myosins have been implicated in diverse processes impacting
the photoresponse (11-15), and the loss of class III myosins
leads to photoreceptor degeneration (1, 11). In humans, a
mutation in one of two class III myosin genes leads to
progressive hearing loss (9). Thus, class III myosins are
critical for the normal function of photoreceptors and auditory
hair cells and, in the case ofDrosophila, for the survival of
photoreceptors.

Class III myosins may express both signaling and motor
functions because in addition to the myosin motor, neck, and
tail domains typically found in other unconventional myosins,
they have a kinase domain at their N-terminus. All class III

myosins examined so far are active kinases capable of
phosphorylating their own myosin motor domain and other
substrates (16-19); however, motor activity has not been
observed in all of these proteins. Human myosin IIIA
(HMYO3A1) is a motor (17, 18, 20), but motor activity for
Drosophilamyosin III (NINAC) has not been demonstrated,
and there is good evidence thatLimulus myosin III (Lp-
MYO3) is not a motor (19).

LpMYO3, the focus of this study, is abundant in photo-
receptors (see Results) and concentrates over the actin-rich
photosensitive microvilli during the day under conditions of
natural illumination (2, 21). It was first identified as a
photoreceptor-specific phosphoprotein that becomes more
heavily phosphorylated at night in response to signals from
a central circadian clock. Circadian signals reachLimulus
eyes via well-characterized efferent neurons that project to
the eyes through the optic nerves (22). These neurons utilize
the biogenic amine octopamine (OA) as their transmitter
(23-25), and the application of OA toLimuluseyes elevates
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the intracellular concentration of cAMP in photoreceptors
(26) and activates cAMP-dependent protein kinase (PKA).
LpMYO3 is a major substrate for this clock-driven activation
of PKA (2, 27-29).

Enhanced phosphorylation of LpMYO3 at night correlates
with changes in the structure, electrophysiological properties,
and gene expression ofLimulus photoreceptors, changes
thought to contribute to the enhanced sensitivity and
responsiveness of the eyes to light at night (29-32). Clock
input to the lateral eye (LE) during the night is also required
to prime the LE to respond normally to light the next day.
For example, the synchronous internalization, or shedding,
of photosensitive membrane that normally occurs in LE
photoreceptors at dawn happens only after the LE receives
at least 3 h of nighttime clock input (33, 34). Transient
shedding can also be primed by treating LEs with OA or
other drugs that elevate cAMP or activate PKA in photore-
ceptors (35, 36). In addition, clock input during the night is
required for normal light-driven pigment migration in pho-
toreceptors during the day (37).

LpMYO3 phosphorylation may be involved in one or more
of these clock-driven or clock-primed changes in photore-
ceptors. To understand the importance of LpMYO3 and its
phosphorylation for photoreceptor function we must first
understand the functions of the protein itself and the impact
of phosphorylation on these functions.

We recently demonstrated that LpMYO3 expressed in
baculovirus binds to actin with similar affinity in the presence
and absence of ATP, and that it lacks actin-activated ATPase
activity, a requirement for motor function (19). Furthermore,
the predicted amino acid sequence of LpMYO3 shows that
it lacks a salt bridge in its myosin motor-like domain
(hereafter referred to as the myosin domain) that in other
myosins is critical for ATP hydrolysis (2, 38). These
observations indicate that LpMYO3 is an actin binding
protein but not a motor. We showed that LpMYO3 is an
active kinase that has substrate specificities and pharmaco-
logical properties similar to PKA (19). Finally, we demon-
strated that the same sites within the loop 2 actin binding
interface of the myosin domain of expressed LpMYO3 are
substrates for both PKA and intermolecular autophospho-
rylation (19). To our knowledge, this was the first demon-
stration of the phosphorylation of any myosin within the loop
2 actin-binding interface. The region of LpMYO3 that we
identify as loop 2 was predicted by aligning the primary
sequence of the myosin domain of LpMYO3 with that of
other myosins.

Others have shown that the net charge of loop 2 is an
important determinant of actin binding affinity (39, 40).
Phosphorylation of sites within loop 2 would clearly alter
the net charge of this actin-binding interface; thus, the
phosphorylation of sites within and near loop 2 of LpMYO3
may regulate its affinity for actin.

Most of our previous identifications of LpMYO3 phos-
phorylation sites were conducted with protein expressed in
baculovirus. The two goals of the current study were to
determine whether the sites phosphorylated in the baculovirus
expressed protein are also phosphorylated in the endogenous
protein and to determine which of the phosphorylation sites
are regulated by circadian clock inputin ViVo. To achieve
these goals, mass spectrometry (MS)-based methodologies
for relative quantification were utilized. We examined

dynamic changes in phosphorylation by applying a dif-
ferential labeling technique developed by Ficarro et al. (41)
and a label-free technique similar to that described by
Bondarenko et al. (42) in conjunction with high performance
liquid chromatography (HPLC)-electrospray ionization (ESI)-
tandem mass spectrometry (MS/MS). From this MS-based
analysis we determined that the phosphorylated sites identi-
fied in baculovirus expressed LpMYO3 are indeed phos-
phorylated in native LpMYO3 extracted from the LE and
lateral optic nerve (LON). We also found that natural clock
input enhances the level of phosphorylation of two of the
previously identified PKA sites, S796 and S846, but that the
level of phosphorylation of S841, a putative protein kinase C
site within loop 2, is unchanged by clock input. These
findings provide direct evidence for the enhanced phospho-
rylation of sites within the loop 2 actin binding interface of
LpMYO3 in response to a natural stimulusin ViVo.

EXPERIMENTAL PROCEDURES

Animals and Standard Reagents. Adult Limuluscollected
from the Indian River near Melbourne, FL, were maintained
at the Whitney Laboratory in continuously flowing, natural
seawater held between 18°C and 20°C. These animals were
kept under diurnal illumination provided through a skylight
in the aquarium room. Unless otherwise specified, reagents
were obtained from either Fisher Scientific (Pittsburgh, PA)
or Sigma-Aldrich (St. Louis, MO).

Quantification of LpMYO3 in Lateral Eye and Lateral
Optic NerVe Extracts.Tissues were homogenized as de-
scribed previously (43) and centrifuged for 20 min at room
temperature at high speed (100 000g) (Airfuge, Beckman
Instruments) to obtain a soluble cell fraction. An aliquot was
denatured by sonication in sodium dodecyl sulfate (SDS)
sample buffer (44). A separate aliquot was mixed with an
equal volume of 2 M NaOH and heated at 60°C to solubilize
protein. The SDS-solubilized samples were fractionated by
SDS polyacrylamide gel electrophoresis (SDS PAGE) on
7.5% acrylamide gels, and the gels were stained to visualize
total protein with Coomassie Blue R-250. Scanned images
of the dried, destained gels were digitized. The amount of
LpMYO3 in the sample loaded was determined from the
intensity of its Coomassie Blue-stained band relative to that
of â-galactosidase standards processed on the same gel.
Protein staining was quantified using Image Quant software
(Amersham Biosciences). Total protein was determined using
the Lowry method (45) from the NaOH solubilized samples
with bovine serum albumin (BSA) as the standard.

Lateral Optic NerVe Transection, Lateral Eye and Lateral
Optic NerVe Extraction, and Gel Purification of LpMYO3.
At least one week before collecting the tissue used in assays
of clock-driven changes in LpMYO3 phosphorylation, the
right lateral optic nerve (LON) of each experimental animal
was cut as described previously (27) (Figure. 1A). Recall
that the axons of neurons activated by a central circadian
clock reach the lateral eye (LE) by projecting through the
LON (22, 29). Therefore, by cutting the right LON we
eliminated clock input to the right LE. The LON to the left
LE was left intact; thus, the left LE received normal clock
input.

The clock-driven efferent neurons innervating the eyes
begin to fire action potentials around dusk, and they remain
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active throughout the night. The firing rate of these neurons
slows as dawn approaches and then stops shortly after dawn
(46, 47). Therefore, at dusk on the day of the experiment,
animals were moved into an aquarium located in a dark room,
and unless otherwise stated, all subsequent manipulations
were done under infrared illumination. Between 11 PM and
midnight, when clock-driven efferent nerves are active and
retinal sensitivity is high (46, 47), both lateral eyes were
dissected from the animals and excess tissue was removed
from the back of the eye (Figure. 1A). A long section of the
LON was often removed together with the eye that had the
intact LON. Typically, this was cut from the back of the
eye and discarded. However, in some experiments LON
tissue was collected and processed in the same way as the
LE to obtain gel-purified LpMYO3 for MS analysis. LON

and LE tissues were always processed separately, and retinas
from eyes with cut optic nerves [(-) clock input] and intact
optic nerves [(+) clock input] were processed separately.
Each sample contained one retina or LON from three or four
different animals.

Samples were homogenized under infrared illumination
in a MOPS buffer containing phosphatase inhibitors, protease
inhibitors, and reducing agents (43), then centrifuged for 20
min in the dark at 120 000g in an Airfuge (Figure 1B).
Subsequent processing occurred in ambient light. Superna-
tants obtained from the high-speed centrifugation were filter
concentrated using 30 kDa cutoff membranes (Millipore) and
denatured with SDS sample buffer. Extracts of the (-) clock
input and (+) clock input LE samples and the LONs were
loaded onto different 7.5% Tris-glycine SDS-PAGE gels
poured from the same prepolymerized mixture and run at
150 V for 1 h. Gels were stained with Coomassie Blue for
5 min with shaking and were destained for approximately
5-6 h in a 10% glacial acetic acid (HAc)/10% methanol
(MeOH) solution (Figure 1C).

LpMYO3 Digestion.The stained bands corresponding to
LpMYO3 were excised from the gel, cut into 1 mm cubes,
destained with gentle shaking in 50% acetonitrile (ACN)/
50 mM ammonium bicarbonate (ABC) and subjected to in-
gel digestion with trypsin according to a protocol used by
the University of Florida’s Interdisciplinary Center for
Biotechnology Research (ICBR) Proteomics Core Facility
(Gainesville, FL). Approximately 200 ng of trypsin in 50
mM ABC was added per single lane of gel band. Digestion
was allowed to proceed for 17 h at 37°C. Peptides were
extracted by incubating gel pieces in a solution of 50% ACN
and 5% formic acid until the gel pieces began to turn white.
The supernatants were then removed and dried (Figure 1D).
Some samples were dried completely and esterified as
described below for differential labeling assays (Figure 1E-
G). Alternatively, for label-free analysis, the supernatants
were dried to near completion and resuspended in a solution
containing 5% ACN and 0.1% HAc and analyzed (Figure
1D,G).

Methyl Esterification. Differential Labeling. Anhydrous
methanol was purged with nitrogen for 5 min prior to use.
The two labeling solutions [light (d0) and heavy (d3)] were
prepared immediately prior to use by addition of 45µL of
thionyl chloride to 1 mL of either anhydrous methanol-d0

(CH3OH) or methanol-d3 (CD3OH). One milliliter of the
appropriate labeling solution was added to peptides extracted
from eight gel bands immediately after the peptides were
completely dried. Tubes were blanketed with nitrogen, sealed,
sonicated for 10 min, and allowed to stand at room
temperature for 2 h. Reaction mixtures were then dried to
near completion under vacuum, and labeled peptide digests
were resuspended in a solution containing 5% ACN and 0.1%
HAc. Samples to be compared were pooled, and the final
volume was adjusted for repeated LC-MS/MS analysis
(Figure 1G).

Liquid Chromatography (LC)-MS/MS Analysis.Validation
of in ViVo phosphorylation sites was achieved using a
quadrupole ion trap MS (LCQ Deca MS, ThermoScientific,
San Jose, CA) in line with a 5 cm× 75 µm inner diameter
(i.d.) Pepmap C18 5µm/300 Å capillary column (LC
Packings, Sunnyvale, CA) or a self-packed 10 cm× 75 µm
i.d. Altima 5µm/300 Å capillary column (Alltech Associates,

FIGURE 1: Schematic of both label-free and differential labeling
experiments. Dashed arrows and boxes show additional steps
associated with the differential labeling method only. (A) Circadian
signals originate in the brain and reach the lateral eyes (LE) through
the lateral optic nerve (LON). The LON to one eye of each
experimental animal is severed (X) one week prior to extraction.
This eye is the (-) clock eye. The eye with the intact optic nerve
is referred to as the (+) clock eye. (B) The retinas from the (+)
clock and (-) clock eyes were dissected from the animals and
homogenized separately under infrared illumination, and high speed
soluble fractions were concentrated as described in Experimental
Procedures. (C) Concentrated soluble fractions were separated on
SDS-PAGE gels and the location of LpMYO3 was visualized with
Commassie Blue stain. (D) The LpMYO3 protein bands were cut
from the gels, processed, and digested with trypsin as described in
Experimental Procedures. Digests were extracted from the gel and
dried. For label free analysis, the work flow proceeds directly to
step G (solid arrows). Sample volumes were adjusted after drying
for repeated LC-MS/MS analysis. For differential labeling
analysis, the work flow includes E and F (broken arrows). (E) After
digests were dried completely, they were differentially labeled by
methyl esterification of carboxyl groups with either normal (d0)
or deuterated (d3) methanolic HCl and then pooled (F). (G) Labeled
samples are run in triplicate by LC-MS/MS as described in
Experimental Procedures.
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Inc., Deerfield, IL). An HPLC system composed of two
independent Applied Biosystems 140 pumps and a Perkin-
Elmer Series 200 autosampler, with a 1/30 precolumn split
from the analytical pump, was used to deliver a 60-min
gradient from 5% to 50% mobile phase B (mobile phase A
) 0.1% HAc, 0.01% TFA, 3% ACN; mobile phase B)
0.1% HAc, 0.01% TFA, 95% ACN) at a flow rate of 12
µL/min. Parent ion scans were followed by four data-
dependent MS/MS scans. For targeted analysis, one data-
dependent MS/MS scan and two to three single ion moni-
toring (SIM) scans followed the parent ion scan. SIM scans
were dedicated to isolating and fragmenting ions with a mass
corresponding to specific, suspected phosphopeptide ions
over the entire course of the chromatogram. Tandem mass
spectra from the raw data of these experiments were extracted
by Bioworks Browser version 3.0 and subsequently searched
against the NCBI (National Center for Biotechnology
Information) number database using the Mascot version 1.9
search engine. In these searches, the taxonomy specified was
metazoa, trypsin was identified as the cleavage enzyme, and
carbamidomethylation was defined as a fixed modification.
Serine/threonine phosphorylation and methionine oxidation
were selected as variable modifications. Mass tolerances were
set to 2 Da for MS and 1 Da for MS/MS. Extracted ion
chromatograms (EICs) were constructed to locate eluting
phosphopeptides based on the ion current of peaks in the
MS/MS spectra resulting from the neutral loss of 98 Da (H3-
PO4) from the parent ion. For SIM experiments, EICs were
constructed based on total ion current in the MS/MS spectra
measured during each individual SIM scan event. The mass
of the peptide produced by neutral loss of 98 Da (H3PO4)
from the targeted parent ion was added into the filter criteria
for EIC construction.

Both label-free and differential labeling quantitative
analyses were conducted using a hybrid quadrupole time-
of-flight mass spectrometer (QSTAR XL MS, Applied
Biosystems, Foster City, CA) interfaced with an Ultimate
Capillary HPLC system (LC Packings, Sunnyvale, CA)
operated at a flowrate of 180µL/min with a 1/1000
precolumn split. This integrated system delivered a 90 min
gradient from 3% to 40% mobile phase B (mobile phase A
and B as described above) through a 15 cm× 75 µm i.d., 5
µm/300 Å PepMap C18 capillary column (LC Packings,
Sunnyvale, CA). All samples were run in triplicate, and three
to four blanks were run between the different label-free
sample sets to prevent carry over. One survey scan followed
by one to three information dependent MS/MS scans was
performed. Data were extracted using Analyst version 1.1
and searched using Mascot with the settings given above
except for the following: mass tolerances was set to 0.3 Da
for MS and 0.3 Da for MS/MS, and in the differential
labeling experiments, methyl esterification at the C-terminus
and at acidic residues was set as a variable modification.
Defining methyl esterification as a variable modification
facilitated the detection of nonlabeled or inefficiently labeled
myosin peptide product. The first two isotope peaks of the
average mass spectrum for each ion of interest were
integrated for quantitative analysis.

Validation of Quantification Methods. The methyl esteri-
fication reaction used for differential labeling was tested for
reaction efficiency by performing the reaction on a simple
mixture of synthetic phosphopeptides and assaying by MS

for mass shifts of the peptide ions equivalent to the addition
of the mass of one methyl group. To test for equal labeling
efficiency with both regular (d0) and deuterated (d3)
methanol, aliquots of tryptic peptides from expressed Lp-
MYO3 were labeled with d0- or d3-methanol, pooled in a
1:1 and 1:2 ratio and analyzed by HPLC-MS/MS. The area
ratios of the nonoxidized, phosphorylated peptide RSpS846-
IQENMLLPER, and control peptides VLPLYGDQTAVK,
SDNPPHVFAVADR, and YYSEEYLSR were compared to
their expected values. Additionally, to identify nonreacted
or incompletely reacted peptide byproduct from LpMYO3
tryptic digests, all experimental data files were searched using
Mascot with C-terminal and aspartic or glutamic acid
methylation listed as a variable modification (as described
in Experimental Procedures).

The label free method for quantification was validated by
creating and assaying standard samples that mimicked the
biological samples to be analyzed. Specifically, different
quantities of one of two synthetic phosphopeptides (RSp-
SIQENMLLPER or KKSVpSTPF) were added to aliquots
of a tryptic digest of BSA to create four standard samples
for each phosphopeptide with each sample containing a
unique ratio of phosphopeptide to BSA peptides. All samples
were analyzed four times by LC-MS/MS, and the signals
corresponding to the phosphopeptides and three BSA pep-
tides were integrated. One of the four peptide mixtures
containing each phosphopeptide (Sample 2, for example) was
chosen arbitrarily as the “control” sample, and signal
intensities for each peptide analyzed from the other samples
were compared to the signal intensities of the same peptides
in Sample 2. Average BSA peptide ratios were determined
for each sample comparison (Sample 1 to 2; Sample 3 to 2;
Sample 4 to 2), and these values were used to normalize
the measured phosphopeptide ratios obtained in each
sample. The normalized phosphopeptide ratio in each
sample was then plotted against the theoretical ratios
calculated from the actual molar quantities of components
in the solutions.

Interpretation of the Differential-Labeling Data.EICs were
generated for both d0- and d3-labeled versions of all peptides
studied. Mass spectra were averaged over the elution profile
of each d0- and d3-labeled peptide pair to account for
chromatographic shifts resulting from differential labeling.
As is illustrated in Figure 2, the first two isotope peaks of
each isotopic cluster were integrated using Applied Biosys-
tems’ Analyst software, and areas of peaks associated with
the same peptide were summed. The area values from each
of three runs were then summed to obtain a total area value
for each peptide for each set of animals. To obtain the ‘raw’
(+) clock/(-) clock ratio, the total area of peaks correspond-
ing to each peptide from retinas in the (+) clock cell state
was divided by the total area of peaks corresponding to the
same peptide from retinas in the (-) clock cell state. This
calculation was performed for each phosphopeptide studied.
Similar (+) clock/(-) clock ratios were also obtained for
four control peptides, nonmodified peptides derived from
LpMYO3 that contained at least one acidic residue. The (+)
clock/(-) clock ratios obtained for the four control peptides
were averaged to obtain a factor that was used to normalize
the (+) clock/(-)clock ratio obtained for the phosphopep-
tides, and thus control for any differences in retinal tissue
collection, tissue homogenization, LpMYO3 extraction,
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digestion, labeling, and any other discrepancies in sample
handling prior to pooling.

Since all individual control peptide ratios should theoreti-
cally be equal, the relative 95% confidence interval obtained
from control peptide ratios during the determination of the
normalization factor was considered the error introduced by
the method. The normalized (+) clock/(-) clock ratio for
each phosphopeptide was multiplied by the relative 95%
confidence interval (determined from the control peptide
ratios) to determine the error in each measurement for each
experiment. Final (+) clock/(-) clock ratios are the calcu-
lated change in phosphorylation at each site in response to
circadian clock input determined by averaging values
obtained from experiments using three different sets of
animals. The error reported in this final value, which
represents biological variation, is the 95% confidence interval
determined from these averaged values.

Interpretation of the Label-Free Data.The (+) clock/(-)
clock ratios for phosphopeptides assayed with the label- free
technique were calculated and normalized as described for
the differentially labeled data sets except that six control
peptides were measured. The error for each experiment was
also defined as described for the differential labeling sets.
Tables 1A-D presented in Supporting Information show
sample calculations for a label-free experiment. Table 2 in

the Supporting Information shows the calculations used to
determine the methodological and biological errors for both
the differential labeling and label-free experiments.

RESULTS

Quantification of LpMYO3 in Soluble Fractions of LE and
LON. The current studies of endogenous LpMYO3 in
photoreceptors were facilitated by the high concentration of
LpMYO3 in soluble extracts ofLimulusLE and LON: 2.4
( 0.3% and 5.8( 0.4% respectively of total soluble proteins
as averaged from three separate determinations. Previous
analyses of soluble extracts of LE and ventral photoreceptor
proteins showed that LpMYO3 migrates as a prominent
Coomassie Blue stained band on SDS PAGE gels with an
apparent molecular mass of 122 kDa (see, for example, ref
19). Two-dimensional studies showed further that this band
contains a single protein (27).

Identification of in ViVo LpMYO3 Phosphorylation Sites.
Three phosphorylation sites, S796, S841, and S846, were
identified in previous mass spectrometric analyses of bacu-
lovirus-expressed LpMYO3 that had been phosphorylated
in Vitro with PKA (19) (Figure 3). These same three
phosphorylation sites were identified in analyses of endog-
enous LpMYO3 using the LCQ Deca MS (Figure 4A, 4B,
5B, 5D). Phosphorylated peptides containing either S841 or
S846 were identified by standard data dependent LC-MS/MS
experiments. Both phosphorylated serines are located within
loop 2: S846 is a known substrate for PKA (19); S841 is a
predicted PKC substrate (49).

Phosphorylated peptides containing S796, a known PKA
substrate in the expressed protein, and S926, a predicted PKA
site that can be autophosphorylated in the expressed protein
(19), were not identified in data-dependent experiments.
Rather, a targeted analysis (single ion monitoring) using the
LCQ Deca MS was required to identify these phosphopep-
tides. Figure 5A shows the base peak chromatogram from
one experiment using LpMYO3 from LON. The selected ion
chromatograms for these peptides are shown in Figures 5B
and 5C, and the MS/MS spectra are presented in Figures 5E
and 5F. All the phosphopeptides detected in LpMYO3 from
the LE were detected in the protein extracted from the LON.
Interestingly, an additional phosphopeptide containing S926

was found in LpMYO3 extracted from the LON. The MS/
MS spectra generated from the targeted experiments dem-
onstrated the characteristic predominant neutral loss fragment
ion of both phosphopeptides (M+ 2H - H3PO4) in addition
to one or more additional fragment ions. Nevertheless, the

FIGURE 2: Sample determination of the raw of (+) clock to (-)
clock ratio using differential labeling and the peptide shown. In
this example, LpMYO3 peptides from (+) clock eyes and (-) clock
eyes were labeled by methyl esterification with normal (d0) or
deuterated (d3) methanol, respectively. The first isotope cluster is
from the d0-labeled phosphopeptide while the second cluster is from
the d3-labeled phosphopeptide. All acidic residues and C-terminal
residues (bold) were labeled by conversion of carboxylic groups
to methyl esters. All parent ion scans across the elution profile of
both phosphopeptides in each pair were summed to generate a
representative spectrum of each pair and thus account for chro-
matographic shifts in differentially labeled peptides. To calculate
a (+) clock to (-) clock ratio, the first two isotope peaks (arrows)
from each isotope cluster (d01 and d02, or d31 and d32) were
integrated and the areas of each peak were summed [(d01) + (d02)].
The summed areas from the (+) clock phosphopeptide was divided
by the summed area from the (-) clock phosphopeptide to obtain
a raw (pre-normalization) ratio. The raw ratios were subsequently
normalized to ratios obtained with control nonphosphorylated
peptides as described in Experimental Procedures and shown in
Table 1A-D. m/z, mass-to-charge ratio.

FIGURE 3: Sequence of the predicted loop 2 region of LpMYO3
showing all phosphopeptides (highlighted in gray) and phospho-
rylation sites (serines in white) identified by MS. Loop 2 is in italics.
Serines shown in white on gray are substrates for PKA and
autophosphorylation; the one serine boxed in black is not phos-
phorylated by PKA or autophosphorylation, but is a predicted
substrate for PKC. The first three sites, S796, S841, and S846, were
identified in both recombinant LpMYO3 (19) and native LpMYO3
(Figures 4-6) while the most C-terminal site, S926 was identified
only in native protein originating from the LON (Figures 5 and 7).
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relatively low signal-to-noise ratio of these MS/MS spectra
warranted further verification of these results. Using the
QSTAR XL MS, phosphorylation at S796 was supported by
the observation of coeluting peaks that matched the+2 and
+3 charge state of this phosphorylated, tryptic peptide with
high mass accuracy (∼5 ppm for the+2 charge state) (Figure
6). MS/MS of the peptide containing phosphorylated S926

obtained by qTOF-MS confirms the ion trap assignment of
phosphorylation at this site (Figure 7). Importantly, all of
the phosphorylation sites identified in the expressed protein
were identified in the endogenous protein and all are within
or near loop 2.

Validation of Quantification Methods. The two approaches
used to quantify the influence of the circadian clock on the

relative levels of phosphorylation at each phosphorylation
site in LpMYO3, a differential isotope labeling approach
using methyl esterification and a label-free approach, were
validated in preliminary experiments.

When the methyl esterification reaction was performed on
a simple mixture of synthetic phosphopeptides, the spectra
obtained before and after the reaction demonstrated a mass
shift of all peptide ions equivalent to the addition of the
mass of one methyl group. No nonreacted peptide by-
product was detected, suggesting the reaction is highly
efficient (data not shown). When aliquots of tryptic peptides
from expressed LpMYO3 were labeled with d0- or d3-
methanol, pooled in a 1:1 and 1:2 ratio, and analyzed by
HPLC-MS/MS, the average area ratios of the nonoxidized,

FIGURE 4: MS/MS verification of the two most easily detected phosphopeptides found in LpMYO3in ViVo: (A) RSpS846IQENMLLPER,
(B) AIFSSENPSPFLSpS841PR. MS/MS spectra are labeled according to the Beimann (48) model for peptide fragmentation. Both peptides
were identified by data dependent MS/MS using the LCQ Deca ion trap mass spectrometer. A and B, upper panels: survey scans from
which the ion was chosen for fragmentation. The phosphorylated parent ion is circled. A and B, lower panels: MS/MS spectra for the ion
located by neutral loss filtering postacquisition. The area surrounding the prominent ion resulting from neutral loss of the phosphate group
is magnified by a factor of 10 or 20 as is indicated on the figures.
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phosphorylated peptide RSpS846IQENMLLPER and control
peptides VLPLYGDQTAVK, SDNPPHVFAVADR, and
YYSEEYLSR were within 20% of their calculated values.
This indicated similar reaction efficiencies for heavy and light
labeling schemes. Finally, our search of all experimental data
for nonreacted or incompletely reacted peptide byproduct
from LpMYO3 tryptic digests with Mascot using C-terminal
and aspartic or glutamic acid methylation listed as a variable
modification (as described in Experimental Procedures)
produced no evidence for incomplete peptide labeling over
the course of this work.

To validate the label-free method for quantification, we
added different amounts of one of two phosphopeptides to
aliquots of a standard mixture of tryptic peptides of BSA so
that each resulting sample contained a unique ratio of
phosphopeptide to BSA peptides (Figure 8, upper panel).
All samples were analyzed by LC-MS/MS. The ratio of
phosphopeptide peak areas (determined as described in
Experimental Procedures) in samples 1, 3, and 4 to that in
sample 2 (arbitrarily selected as the control sample) were
normalized using the average ratio of BSA peptide peak areas
in samples 1, 3, and 4 to that in sample 2. The lower panel
of Figure 8 shows these values plotted against the theoretical
ratios calculated from the actual molar quantities of com-

ponents in each sample. Linear regressions with slopes close
to 1 with y-intercepts near 0 were obtained for each
phosphopeptide, indicating a close correlation of the mea-
sured and calculated values. These findings validate the use
of the label-free method for quantifying differences in
phosphorylation levels of an individual peptide obtained from
two different biological samples.

Changes in LeVels of Phosphorylation in Response to
Clock Input.Using the differential labeling method, phos-
phorylation changes could be measured only at phosphory-
lation sites, S841 and S846. The average (+) clock/(-) clock
ratios obtained were 0.96( 0.27 for S841 and 1.97( 0.28
for S846. Ratios were calculated from three independent
labeling experiments performed with three different sets of
animals (Figure 9), and each set contained tissue pooled from
three to four animals. Furthermore, the values determined
for each group of animals represent the sum of at least three
independent LC-MS/MS runs. These results show that the
phosphorylation of S846 increases nearly 2-fold in response
to signals from the circadian clock while the level of
phosphorylation of S841 is unchanged. The errors reported
with the average normalized value represent the 95%
confidence interval of normalized ratios obtained from
experiments with three different sets of animals and describe

FIGURE 5: MS/MS verification of two additional phosphorylation sites in LpMYO3 using the LCQ Deca MS. These sites were not identified
by data-dependent analysis. (A) Base peak chromatogram for the targeted data dependent analysis of LpMYO3 from the LON. (B and C)
Selected ion chromatograms for KVpS796YDATDLVK and RIpS926FVDFLNR, respectively, identified by single ion monitoring. The absolute
intensity (a.i.) is noted in the upper right-hand corner of chromatograms in A-C. (D and E) MS/MS spectra for KVpS796YDATDLVK and
RIpS926FVDFLNR, respectively. The area surrounding the prominent ion resulting from neutral loss of the phosphate group is magnified
by a factor of 5. MS/MS spectra are labeled as in Figure 4.
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the biological variation between sample sets. The average
relative 95% confidence intervals determined from control
peptide ratios for differential labeling was 9.7%, indicating
the error introduced by the method within each experimental
set.

During the analyses of sample set 3, the LpMYO3 from
each set of eyes was labeled in both configurations [d0-
labeled (+) clock, d3-labeled (-) clock; d3-labeled (+)
clock, d0-labeled (-) clock] to test, once again, whether the
labeling step contributed to the final ratio. Values obtained
from both labeling configurations were similar, and thus raw
data were summed to determine a single set of values for
this animal set.

The label-free approach produced results consistent with
data from the labeling experiments (Figure 10). In addition,
we were able to measure changes in the levels of phospho-
rylation at S796. Three label-free analyses based on three
different groups of animals were completed, yielding an
average (+) clock/(-) clock ratio at S796 of 2.39 with a 95%
confidence interval of 0.73. As with the differential labeling
method, each group of animals tested consisted of LpMYO3
obtained from one retina pooled from three animals, and the
(+) clock/(-) clock ratio of S796 for each experiment was
determined from the summed integrated peak areas from at

least three independent LC-MS/MS analyses. Although the
average relative 95% confidence interval generated within
each experiment by the label-free method (17.9%) was
greater than that generated by the differential labeling
approach, the label-free approach was more sensitive than
the differential labeling technique, permitting detection of
changes in the phosphorylation of S796.

After combining data obtained from assays performed with
the differential labeling and label-free methods, the (+) clock/
(-) clock phosphorylation ratios for S841and S846 are,
respectively, 0.94( 0.12 (95% CI), and 1.84( 0.24 (95%
CI) (Figure 11). These values represent the average from
six independent measurements. The final (+) clock/(-) clock
ratio for S796 is 2.39( 0.73. This represents the average of
three independent experiments in which the samples were
processed for label-free analysis. These data demonstrate a
statistically significant and reproducible elevation in phos-
phorylation at two PKA phosphorylation sites, S796 and S846,
in response to circadian clock input. In contrast, no clock-
driven change in level of phosphorylation was observed at
S841, the putative PKC site. No clock-driven change in the
level of phosphorylation at S926 was measured as no
phosphorylation at this site was detected in extracts of the
LE retina by either method.

FIGURE 6: Additional verification of phosphorylation at S796 using the QSTAR XL hybrid quadrupole time-of-flight mass spectrometer. A:
superimposed selected ion chromatograms of the masses corresponding to the+2 and+3 charge state of KVpS796YDATDLVK. Coelution
of these masses suggests their relationship to the same peptide. B and C: MS spectra of the+2 and+3 charge states of this peptide,
respectively. The experimentally determined mass/charge ratios (m/z) of the first two peaks in each charge state are shown. The theoretical
mass/charge ratio for the monoisotopic peak (arrows) in each charge state is presented in the boxes for comparison.
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DISCUSSION

This study reports two major findings: (1) LpMYO3
extracted fromLimulusLE is phosphorylated at three sites
within the loop 2 actin binding interface of its myosin
domain: S796, S841and S846, and (2) natural clock input
enhances by roughly 2-fold the phosphorylation of two PKA
sites, S796 and S846. The phosphorylation sites were identified
by standard HPLC-MS/MS methods; changes in phospho-
rylation levels were measured with two different quantitative
methods.

Comparisons of the Methods Used To Measure Changes
in Phosphorylation.A comparison of the two methods used
to quantify changes in phosphorylation, differential labeling
by methyl esterification, and label-free relative quantification,
shows that the label-free method has some clear advantages.
Only the two most easily detected phosphorylation sites, S841

and S846, were detected in the differential labeling assays.
However, in label-free analyses, phosphorylation at S796 was
detected consistently in both the (+) clock and (-) clock
cell states, permitting us to quantify changes in its level of
phosphorylation. The limitation to the sensitivity of the
differential labeling by methyl esterification method is
attributed to sample loss during the multiple sample drying
steps required for efficient labeling.

The label-free method of analysis also has disadvantages.
The instrument time required is at least triple that of the
differential labeling method since samples are not pooled
and blanks are required in between analysis of samples from
different cell states. Also, the average relative 95% confi-
dence interval of the control peptides determined from label-
free analyses was nearly double that determined from
differential labeling analysis. However, this increased varia-

tion may be influenced by other noncontrolled factors, since
differential-labeled and label-free analyses were performed
at different times and with different animal sets.

Identification of in ViVo Phosphorylation Sites on Endog-
enous LpMYO3. Three of the phosphorylation sites found
in endogenous LpMYO3 extracted from the LE and LON,
S796, S841 and S846, were previously identified by HPLC-MS/
MS in baculovirus expressed LpMYO3 afterin Vitro PKA
phosphorylation (19). A fourth phosphorylation site, S926, was
identified only in endogenous LpMYO3 extracted from the
LON. Our previous studies showed that although S926 is a
predicted PKA phosphorylation site, it is not phosphorylated
by PKA in Vitro in the expressed protein, and it is a poor
substrate for autophosphorylation by full-length LpMYO3
(19). Thus, in endogenous LpMYO3, the level of S926

phosphorylation is probably low and the result of autophos-
phorylation or the phosphorylation by an as yet unidentified
kinase.

Our failure to detect phosphorylated S926 in LpMYO3
extracted from the LE could reflect a biological difference
between LpMYO3 located in the LE and the LON. Alter-
natively, it may be the result of the different protein levels
in these tissues combined with the sensitivity limits of the
methods used or poor ionization efficiency in ESI. As we
showed, the concentration of LpMYO3 in LON extracts is
higher than that in LE extracts. Future enhancements in
method sensitivity may enable the semiquantitative analysis
of phosphorylation at this site in LpMYO3 from the LE.

Measurement of Site Specific Changes in Phosphorylation
in ViVo in Response to Circadian Clock Input. Of the four
phosphorylation sites identified in endogenous LpMYO3
only two, S796 and S846, showed statistically significant and

FIGURE 7: Additional MS/MS verification of phosphorylation at S926 on LpMYO3 derived from the LON using the QSTAR-MS. A: Full
MS of the+2 charge state of RIpS926FVDFLNR. The theoretical monoisotopic mass/charge ratio (m/z) of this peptide is shown in the box.
B: MS/MS spectrum of this peptide labeled as in Figure 4.
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reproducible changes in their phosphorylation levels in the
LE in response to clock inputin ViVo, and both sites
demonstrated a roughly 2-fold increase in phosphorylation.
It should be emphasized that the 2-fold change in the
phosphorylation of S846 was observed with both differential-
labeling and label-free techniques.

Both clock-regulated phosphorylation sites are known
substrates for PKA in baculovirus-expressed LpMYO3 (19).
Interestingly, the level of phosphorylation at S841, a putative
PKC site, did not change in response to clock input. These
findings suggest that the changes in phosphorylation we
observe are specific, and they are consistent with previous
results showing that OA, the neurotransmitter released from
the clock-driven neurons innervating the eyes, elevates cAMP
in photoreceptors and activates PKA (2, 23-29), while there
is no evidence for clock activation of PKC in photoreceptors.
Our current observations also confirm and extend the results

FIGURE 8: Evaluation of the label-free relative quantification method with four standard peptide mixtures. Upper panel: Schematic showing
the preparation of four standard peptide mixtures containing a fixed concentration of a BSA tryptic digest and a different concentration of
a synthetic peptide (P). Two different synthetic phosphopeptides were assayed, RSpSIQENMLLPER and KKSVpSTPF. Peak areas for
three BSA peptides (A, B, and C) and the added phosphopeptides (P) were determined in each sample using the QSTAR XL MS. From
these data, a normalized phosphopeptide ratio was determined for each sample as described in Experimental Procedures using Sample 2 as
the “control” sample. Lower panel: The experimentally determined normalized phosphopeptide ratio obtained for each sample relative to
that in Sample 2 is plotted against the calculated ratios determined from the known number of moles of each phosphopeptide added to each
sample. These assays were repeated four times for each phosphopeptide and the mean( the standard deviations are plotted. Plots with
slopes close to one indicate a good correlation between the actual and measured ratios and validate the use of this technique for relative
quantification.. RSpSIQENMLLPER:([[) Slope) 0.90 andR2 value) 0.978. KKSVpSTPF (00) Slope) 1.00 andR2 value) 0.996.

FIGURE 9: Normalized (+) clock to (-) clock ratios calculated
from three independent animal sets via differential labeling.
Phosphopeptides containing S841 and S846 were identified for
quantification. An approximate 2-fold elevation in phosphorylation
at S846 (spotted bars) was detected in each sample set in response
to clock input while no change was detected for S841 (striped bars).
Results reported in data set 3 were obtained by averaging ratios
from sample sets labeled in both configurations, (+clock [d0]/-
clock [d3]) and (+clock [d3]/-clock [d0]). Error bars represent the
95% confidence interval determined from four control peptides in
each experimental set and indicate the error introduced by the
method. The dashed line at a+clock/-clock ratio of 1.0 denotes
the ratio of no change.

FIGURE 10: Comparison of average normalized (+) clock/(-) clock
ratios obtained from differential labeling and label-free experiments
for S841 (striped bars) and S846 (spotted bars). Each method was
applied to LpMYO3 obtained from the eyes of three separate sets
of animals, and animal sets used for the differential labeling and
label free experiments were different from one another. Error bars
represent the average 95% CI determined from the normalized
phosphopeptide ratios calculated from each set. This error indicates
the amount of biological error observed between different animal
sets processed by each method. The dashed line at the (+) clock/
(-) clock ratio of 1.0 denotes the ratio of no change. The two
different methods produced similar results.
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of previous back-phosphorylation studies demonstrating a
global increase in the phosphorylation of PKA sites in
LpMYO3 in ViVo in response to clock input (28). The
identification of the exact sites regulated by clock inputin
ViVo provided by the current study is critical for the design
of future experiments examining the physiological conse-
quences of clock-driven phosphorylation.

Our results show a roughly a 2-fold increase in phospho-
rylation at both the S796 and S846 sites, but they do not show
the absolute levels of phosphorylation at each site. This
measurement cannot be made with the available data due to
unpredictable differences in the ionization efficiency of
phosphorylated peptides and their nonphosphorylated coun-
terparts. But with the phosphorylation sites that are regulated
by clock inputin ViVo now clearly identified, this question
can be addressed in future experiments. The 2-fold increase
in phosphorylation observed may seem small. However, this
increase was measured in LpMYO3 prepared from total cell
homogenates. Since LpMYO3 is distributed throughout the
photoreceptor, the increase we measured may greatly under
estimate increases that take place in specific cell compart-
ments, such as near the photosensitive membrane.

Significance of Enhanced Phosphorylation at S796 and S846

by Circadian Clock Input. One of the PKA sites influenced
by clock input, S846, is located within loop 2 of the myosin
domain of LpMYO3, a known actin binding region of other
myosins. The other site, S796, is located on the N-terminal
side of loop 2 within the actin binding cleft (50). In other
myosins (39, 40), as the net positive charge in loop 2
increases, actin affinity also increases both in the absence
and presence of nucleotide. Therefore, we propose that a
reduction in net charge in loop 2 via phosphorylation of S846

will decrease the affinity of myosin for actin. Phosphorylation
of S796 may have a similar affect. However, since the primary
sequences of the myosin head domain of LpMYO3 is among
the least conserved, phosphorylation in its loop 2 region also
may have unexpected functional consequences.

Comparisons with Other Class III Myosins.These studies
provide the first identification of specific phosphorylation
sites in any myosin within or near loop 2in ViVo. However,
the phosphorylation of the myosin motor domain in this
region may be characteristic of class III myosins. For

example, although exact phosphorylation sites have not yet
been identified, the baculovirus-expressed kinase domain of
Drosophila class III myosin (NINAC) phosphorylates the
short form of NINAC within either the myosin or tail domain
(16). Furthermore, baculovirus-expressed HMYO3A auto-
phosphorylates a peptide located near the C-terminus of the
myosin motor domain that includes a portion of loop 2 (17).
The functional consequences of the phosphorylation of
NINAC and HMYO3A are not yet known, but recent studies
with HMYO3A and fish MYO3A provide indirect evidence
that either autophosphorylation of the myosin domain, or the
presence of the kinase domain, reduces the affinity of the
myosin for actin (10, 18, 20, 51). These observations are
consistent with our predictions based on the current study
of LpMYO3.

Possible Functional Consequences of the Clock-DriVen
Phosphorylation at S796 and S846 for LimulusPhotoreceptors.
One major effect of the clock-driven phosphorylation of both
S796 and S846 in LpMYO3 at night may be a nighttime
reduction in the affinity of LpMYO3 for actin within the
axial core of the photosensitive microvilli and a reduction
in the concentration of LpMYO3 in the photosensitive
microvilli. MYO3 in Drosophila photoreceptors (NINAC)
is thought to stabilize the actin within the axial core of the
photosensitive microvilli. NINAC typically binds to the actin
in the photosensitive microvilli (52), and in Drosophila
lacking NINAC, the actin within these microvilli is frag-
mented or missing even before eclosion (53). Thus, the clock-
driven phosphorylation of sites within and near the loop 2
actin-binding interface of LpMYO3 lead us to propose that
LpMYO3 phosphorylation participates in circadian processes
involving changes in the stability of actin within the
photosensitive microvilli. One such process is light-triggered
transient shedding of photosensitive membranes which
involves the rapid, light-triggered breakdown of the photo-
sensitive microvilli and internalization of photosensitive
membranes (33, 34, 54). This process may be partly
responsible for rapidly converting the photoreceptors from
a high to a low sensitivity state. Although triggered by light,
transient membrane shedding must be “primed” by the
activation of PKA in response to clock input (35, 36). The
clock-driven phosphorylation of S796 and S846 in LpMYO3
described here may contribute to this priming event.

The phosphorylation of S841, the predicted PKC site also
located within loop 2, may further reduce the affinity of
LpMYO3 for actin and contribute to the light-trigger for
transient shedding. Light-dependent phosphorylation of Lp-
MYO3 has been described (55). Light is thought to activate
PKC in arthropod photoreceptors (56, 57), and inLimulus,
the activation of PKC triggers shedding in photoreceptors
previously “primed” by clock input (58)

The clock-driven phosphorylation of LpMYO3 may have
other consequences. A clock-driven change in the affinity
of LpMYO3 for actin could change the concentration of
LpMYO3 at photosensitive microvilli and lead to changes
in LpMYO3-mediated phosphorylation of proteins that
participate in the photoresponse and thus modify the pho-
toresponse. This idea is consistent with observations showing
that the photoresponse is abnormal inDrosophilaexpressing
a NINAC that lacks the kinase domain even though the
photoreceptors are structurally stable (11). The endogenous
substrates of LpMYO3, other than LpMYO3 itself, are not

FIGURE 11: Final (+) clock to (-) clock ratios obtained for three
phosphorylation sites indicating the degree to which phosphorylation
changes in response to clock input. The average values for S841

and S846 were determined from six experiments (three differential
labeling and three label-free analyses). The average value for S796

was determined from three label-free experiments. Error bars
represent the 95% confidence interval of the ratios obtained from
each experiment and indicated the degree of biological variation.
The dashed line at a (+) clock/(-) clock ratio of 1.0 denotes the
ratio of no change. An approximate 2-fold increase in phosphory-
lation is observed at S796 and S846 in response to clock.
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yet known, but previously we showed that the C-terminus
of opsin is a candidate (19).

In summary, the studies described here present definitive
evidence for circadian clock-driven phosphorylation of two
sites within the myosin domain of LpMYO3 in LE photo-
receptorsin ViVo. One site is within and the other is near
loop 2. The identification of these sites permits further
investigations into the impact of these phosphorylation events
on the function of LpMYO3.
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4. Dosé, A. C., and Burnside, B. (2000) Cloning and chromosomal
localization of a human class III myosin,Genomics 67, 333-
342.
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