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Caldesmon Binding to Actin Is Regulated by Calmodulin and Phosphorylation via
Different Mechanism's
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ABSTRACT: Smooth muscle caldesmon (CaD) binds F-actin and inhibits actomyosin ATPase activity. The
inhibition is reversed by Ca/calmodulin (CaM). CaD is also phosphorylated upon stimulation at sites
specific for mitogen-activated protein kinases (MAPKSs). Because of these properties, CaD is thought to
be involved in the regulation of smooth muscle contraction. The molecular mechanism of the reversal of
inhibition is not well understood. We have expressedsitigged fragments containing the sequence of

the C-terminal region of human (from M563 to V793) and chicken (from M563 to P771) CaD as well as

a variant of the chicken isoform with a Q766C point mutation. By cleavages with proteases, followed by
high-speed cosedimentation with F-actin and mass spectrometry, we found that within the C-terminal
region of CaD there are multiple actin contact points forming two clusters. Intramolecular fluorescence
resonance energy transfer between probes attached to cysteine residues (the endogenous C595 and the
engineered C766) located in these two clusters revealed that the C-terminal region of CaD is elongated,
but it becomes more compact when bound to actin. Binding of CaM restores the elongated conformation
and facilitates dissociation of the C-terminal CaD fragment from F-actin. When the CaD fragment was
phosphorylated with a MAPK, only one of the two actin-binding clusters dissociated from F-actin, whereas
the other remained bound. Taken together, these results demonstrate that while?bt@al@and MAPK
phosphorylation govern CaD’s function via a conformational change, the regulatory mechanisms are
different.

Smooth muscle contraction controls a wide range of vital the actin surface between the myosin motor domain and the
physiological functions. Its proper regulation is essential for C-terminal region of CaD, where the well-established
the normal operation of the human body. While smooth (3—7) actin-binding sites are located. It is also generally
muscles are usually stimulated by an increase in the believed that through actin binding CaD plays an inhibitory
intracellular calcium level, they do contract in a2Ca role in vivo, providing a fine-tuning of the contractile force
independent manner under some conditions. Understandingn the diverse smooth muscle activities.
how smooth muscle contraction is regulated under a variety  Bjnding of CaD to actin § and the inhibition of the

of different conditions is thus very important. The primary actomyosin ATPase activit) are reversed by calmodulin
mechanism of smooth muscle regulation relies on the level (CaM) in the presence of €a This property suggests a
o_f myosin activa_tion, which involves myosin _Ii_ght chain regulatory mechanism for CaD’s inhibitory functio® (L0).
kinase and myosin phosphatase. Whether additional regulajowever, whether Ga/CaM regulates CaD in vivo remains
tory proteins exist that may act via the actin filament to 4 point of debate, mainly because of the moderate affinity
enhance the versatility of smooth muscle contractility is a (10°—107 M~1) between CaM and CaD®(11—13), which
possibility that remains to be tested. ~ would require a relatively high intracellular concentration
Caldesmon (CaD)is a major actin-binding protein in  of free CaM. By using a fluorescently labeled CaD peptide
smooth muscle cells. Binding of CaD to F-actin in vitro [GS17C (4)], we have recently shown that sufficient free
inhibits the weak type of interaction between actin and myo- caM is indeed available in smooth muscle cells for interact-
sin, and thereby attenuates the actomyosin ATPase activitying with CaD, thus supporting a physiological role for the
(1, 2). Such inhibition is likely due to a partial overlap on cam—cabD complex {5). A mechanism for CaM-based
inhibition of CaD binding to actin is suggested by the close-
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f;ggfgvf‘};itggs %Ogg'tggtlggs%lgg!'&?w thézlvr"']%fgmin_ DAB-Mal. 4 in addition to simple steric blocking, although the nature of
(dimethylamino)phenyla,zophenyl-méleimiéie; DTT, diihiothreitoli; such a conformational effect is not clear.
ERK, extracellular signal-regulated ki'nase; FRET, quorescer_lce reso-  Another possible way to regulate CaD’s action is through
nance energy transfer, IAEDANS, 5-(iodoacetamidoethyl)aminonaph- ,hq5phorylation 16). One class of enzymes known to act
thalene-1-sulfonic acid; MALDI-TOF, matrix-assisted laser desorption . . . L.
ionization time-of-flight; MAPK, mitogen-activated protein kinase; MS, ONn CaD consists of mitogen-activated protein kinases (MAPKS)

mass spectrometry; PMSF, phenylmethanesulfony! fluoride. (17), which add a phosphate group to serine residues at
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positions 759 and 789 near the C-terminus of mammalian the labeled speciesn(z 1600) was not detected. Thus, it
CaD (18). Although MAPK phosphorylation of CaD indeed appeared that the donor group (AEDANS) was primarily
occurs in vivo when smooth muscle is stimulaté@-21), attached to C595, even though no effort was made to achieve
its physiological significance is still controversi@2—24). site-specific labeling, presumably because of the differential
Conflicting results have been reported on whether CaD'’s reactivity of the two thiols. Both AEDANS-labeled and
ability to inhibit the actomyosin ATPase activity is affected unlabeled H32Kqgc were also examined (in terms of their
by phosphorylation5—27). Evidence has also been lacking, ability to bind CaM) by fluorescence titration (excitation
apart from one recent repor2?), that phosphorylation of  wavelengths of 295 and 336 nm for Trp and dansyl emission,
CaD would result in any significant change in the affinity respectively). Trp fluorescence exhibited a blue shift upon
for F-actin 8). addition of C&*/CaM and was fully reversible with EDTA.

In th|s Work' we have examined the effects OfZU@aM The IeVel Of dansyl emiSSion increased 60%, Wh|Ch was aISO

and MAPK phosphorylation on CaD binding to actin, using reversible (data not shown).

fluorescence (or Fter) resonance energy transfer (FRET)  Fluorescence Resonance Energy Transfestance mea-
and mass spectrometry coupled with proteolysis and cosedi-surements by FRET followed established procedures
mentation experiments. We found that the C-terminal CaD (30—32). The transfer efficiencyE, was obtained by mea-
fragment interacts with actin via multiple actin contact points Suring the effect of the acceptor (DAB) on the fluorescence
that may be grouped into two clusters. Binding of Cam lifetime of the donor (AEDANS), and applying the equation
stabilizes an extended structure of the C-terminal region and
maintains the separation of these two clusters, rendering CaD E=1- 1747

unable to interact with actin. Phosphorylation, on the other . )

hand, results in dissociation of only one of the two actin- Where 7« and 7¢, are donor fluorescence lifetimes in the
binding clusters, leaving the other cluster bound to actin. @°Sence and presence of the acceptor, respectively. The
Both mechanisms necessitate a conformational change thaflOnor-acceptor separation distanag {vas obtained from
may play a role in modulating the CaD's inhibitory effect. "€ Faster equation3s, 34):

— /
MATERIALS AND METHODS r=Ry(E*—1)"

Cloning and Expression of C-Terminal Fragments of CaD  whereR,, the critical transfer distance, at whi&w= 0.5, is
The C-terminal region of chicken CaD [H32K, residues given by
M563—P771, using the corrected numbering syst@9)](
was subcloned into a pET28 vector with a Hiag at the R, = [(8.79 x 10 9’ n QI Y A
N-terminus. A variant of the C-terminal fragment (H32Kgc)
was also prepared with Q766 mutated to Cys. Both H32K 3 the overlap integral between the donor emission and
and H32Kqc were expressed in BLEscherichia colicells  acceptor absorption spectra, and Q, the donor quantum yield,
and purified with DE52 and CaM-Sepharose columns. A were measured independently by spectroscopic metimods;
similar C-terminal fragment (h-H32K) corresponding to the refractive of the medium, was taken to be 1.36, a typical
residues L604V793 of human CaD was subcloned into a yajue for protein solutions, ane?, the orientation factor,
Bac-to-Bac vector (pFASTBacHTD, from Gibco) with aklis  \yas taken to bé/s, the isotropically averaged value. As
tag at its N-terminus, and expressed in High-Five cells. The described previously3g), the AEDANS-DAB-Mal donor—
overexpressed protein was purified from the insect cells on acceptor pair has a critical transfer distance~d A.
a Ni#* column followed by a CaM affinity column. The Mass Spectrometric AnalysiRigestion of H32Kqc or
purified CaD fragment expressed in insect cells tended to h-H32K was carried out at room temperature ferl% min
form aggregates more easily than the bacterially expressedn a buffer containing 20 mM Tris-HCI (pH 7.5), 50 mM
fragment, but no other differences in binding properties were Kc|, 1 mM CaCp, 1 mM DTT, and 5uM leupeptin, using
detected. V8 protease (1:20, w/w; from Sigma) in 0.1 mM PMSF or

Labeling of H32KgcPurified and freshly reduced H32Kgc  a-chymotrypsin (1:500, w/w; from Sigma) in 0.1 mM
(19 uM) was first labeled with IAEDANS (1QcM). Part of diisopropyl fluorophosphate. Diisopropyl fluorophosphate
the AEDANS-labeled sample was used as the control. The (for V8) or PMSF (for chymotrypsin) was added to stop the
remaining sample continued to react with DAB-Mal (120 reaction. After digestion, the peptide solution was mixed with
uM), followed by dialysis. In the final sample, [H32Kqge] a saturated matrix solution{cyano-4-hydroxycinnamic acid
6 uM, [AEDANS]incorp ~ 3.0uM, and [DAB]incorp = 8.5uM. in an acetonitrile/trifluoroacetic acid mixture) and spotted
To determine the position of the label, unlabeled H32Kgc onto a 100-well stainless steel plate. Mass spectrometric
and that stoichiometrically labeled with AEDANS were analysis was then performed on a MALDI-TOF mass
examined by mass spectrometry following digestion with V8 spectrometer (PerSeptive Biosystems Model Voyager-Elite
protease (see below). The species with a mass of 2054 Dawith Delayed Extraction Technology) primarily in linear
(K590—E607, which contains C595) present in the digest mode. The accelerating voltage was typically set at 20 kV.
of the unlabeled protein disappeared, with the concomitant A nitrogen laser with intensity at 1562500 was used. Other
emergence of a new peak at 2360 Da, consistent with it beingsettings were as follows: grid voltage of 93.5%, guide wire
the labeled segment (2054 Da plus the mass of the AEDANS voltage of 0.200%, delay time of 150 ns, and source chamber
moiety, 306 Da). A short piece ofVz 1294 (corresponding  pressure of~2 x 107 Torr. Spectra were obtained by
to the C766-containing segment of residues F7/BI71) was averaging 166230 scans. The instrument was calibrated
found, as in the digest of the unlabeled H32Kqc, whereas externally with insulin as a molecular mass standard.
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ERK2 PhosphorylationThe 42 kDa extracellular signal- on microtiter plates. Reaction mixtures without actin or
regulated kinase (ERK2), a member of the MAPK family, myosin were used as controls. Additional controls were
was used to elicit CaD phosphorylation. Typically, a/@0 performed using unphosphorylated smooth muscle myosin.
sample of h-H32K [14:M in 20 mM Tris-HCI (pH 7.5), 50
mM KCI, 1 mM CaCh, 1 mM DTT, 5uM leupeptin, and RESULTS

0.1 mM PMSF] was treated at room temperature wighL4 e L .
of recombinant ERK2 [from BioLabs, Inc., catalog no. Identification of Actin-Binding Site$MALDI mass spec-

e L trometry coupled with proteolysis and actin cosedimentation
P6080S, 2000 units in of buffer containing 100 mM ' ) e .
NaCl 50 mM 'Il'Jri;,-HICIZ([ip))LH 7 51; 0.1 mMIEIDgl'A 1mm Wwas used to identify the actin-binding sites of CaD. H32Kqc
DTT ’and 50% glycerol]. To thé mixture were a;dded o 7 Was treated with either V8 proteasecchymotrypsin. The
ul (t70 make a total volume of 27L) of a stock (10¢) digests were then mixed with F-actin and centrifuged. Both
solution of reaction buffer [% buffer contains 50 mM Tris- the supernatant and pellet fractions were subjected to mass

HCI (pH 7.5), 10 mM MgC}, 1 mM EGTA, and 2 mM DTT] spectrometric analysis. On the basis of the known amino acid
and 0.15 mi\/l ATP. For fhe sample L;sed in the ATPase Seduence and the cleavage specificity (at glutamic acid

activity measurements (see below), 100f the h-H32K residues for V8 and at aromatic and leucine residues for
stock and 1QuL of the ERK2 solutié)n were used. In this Chymotrypsin), the digestion products were predicted along

case, the reaction took a longer time to complete because oi\g'th calctulated m_ass%sAfUimEt? 3;)mputertprogra][T1 [Protein-
a lower enzyme:substrate ratio. To monitor the extent of Irlospec ?r, versllpr; T d p- tpro_sr%ec or.utc;j -€8i0)] (.
phosphorylation, aliquots (2.) of the reaction mixture were 3. ovlvlngd or mtlrj] Iple MISSe tcu S ethpep 'Ide ts.]f.’edc'ebs
taken out at various time points and treated with V8 protease ISplayed on € mass spectra were nus identtied by
(1:20, wiw) at room temperature for 10 min, followed by comparing their observed masses with the predicted ones.
MALDI mass spectrometric analysis. The phosphorylated ~For both proteases, the mass spectra of the supernatants
CaD fragment appeared to be stable. There was no evidencé&ontained considerably more species than the pellet fractions.
of dephosphorylation throughout the course of all experi- Since actin binding was not expected to be complete because

ments, including cosedimentation with F-actin and ATPase of moderate affinities9), only the peptides present in the
activity assays. pellet fractions were analyzed. There were five CaD pep-

Actin Binding AssaysPurified H32K or h-H32K (3-4 tides in the V8 digest, with masses of 2054, 2707, 3045,
uM) was partially digested with V8 protease (for 5 min at 3563, and 3883 Da, corresponding to the peptide residues
room temperature), and subjected to cosedimentation with K590-E607, 6714"5_738' F611-E638, V,V707_E738' and
57 uM rabbit skeletal muscle F-actin (with or withoup®/ Q639-E675, respectively. These peptides were therefore
chicken gizzard tropomyosin), in a solution containing 2 mM t@ken to be the actin-binding segments. In the pellet of the
HEPES (pH 7.5), 50 mM NaCl, 2 mM Mggl0.2 mM chymotryptic digest, four CaD peptides were recognized,
CaCh, 0.5 mM DTT, and 0.4 mM ATP (F-buffer). Cen- 2057, 3190, 3654, and 4138 Da, corresponding to the actin-
trifugation was performed in a TL-100 rotor at 100@d0r binding segments of residues KS9R611, L612-Y640,

30 min at 4°C. Both the supernatant and the pellet fractions, E738-P771, and T641F680, respectively (Figure 1 and
the latter being washed three times with the same buffer, Table 1). Inclusion of tropomyosin did not appreciably
along with the total digest before mixing with F-actin, were C¢hange the results. The N-terminal peptides containing the
analyzed by MALDI mass spectrometry. For testing the Hisg tag and the linker sequence were not found in the pellets,
effect of CaM, the digest mixture of H32K was added with indicating that the engineered tag does not bind actin. In the

CaM (30-40 uM) in the presence of 0.2 mM CaCbr 1 control experiments, pellet fractions resulting from mixtures
mM EGTA before ultracentrifugation. For competition with either the CaD fragment or F-actin deleted did not have
experiments, samples containing equimolan(8) H32K any peaks in the mass range of interest.

and actin in F-buffer were mixed with varying amounts of ~ To test whether the interaction between the cleaved CaD
untreated or F-actin-treated (to remove the actin-binding fragments and actin is specific, we have performed competi-
peptides) total V8 or the chymotryptic digest (15 min at room tion experiments. For both V8 protease and chymotryptic
temperature; see above) of H32K, ultracentrifuged after cleavages, the digestion mixtures were able to quantitatively
incubation, and analyzed by SB®AGE. The reciprocal  displace the undigested H32K from actin filaments (Figure
control experiment was carried out by addition of the 2). However, if the actin-binding peptides in the digests were
uncleaved H32K fragment to the digest prior to actin removed by prior cosedimentation with F-actin, then the
cosedimentation, followed by mass spectrometric analysis.remaining substances in the supernatants were no longer
Actomyosin ATPase Aeily Assay.Rabbit skeletal actin  effective in competing with the CaD fragment (lanes 7 and
(3 or 7uM) and gizzard tropomyosin (0.43 oriM), in the 8 in Figure 2). Conversely, uncleaved H32K was also able
presence or absence of equimolar (3 @rM) unphospho- to displace all the actin-binding peptides in the digests from
rylated or ERK2-phosphorylated h-H32K, were incubated actin filaments without preference (data not shown). Thus,
with rabbit skeletal muscle myosin (0/8V) or chicken the observed actin binding activity for the individual peptides
gizzard smooth muscle myosin (0M). In the case of resulting from proteolytic digestions indeed reflects the
smooth muscle myosin, the light chains were phosphorylated Properties of the intact CaD fragment, and not an artifact.
by recombinant smooth muscle myosin light chain kinase Notably, the peptides resulting from two independent
expressed in insect cells (a gift from Z. Grabarek). The enzymatic cleavages yielded similar actin-binding regions
reactions were initiated by addition of 2 mM ATP. Release in the H32K sequence (Figure 1). These results, therefore,
of inorganic phosphate (10 min at 3T) was assessed in  strongly suggested that each of these segments indeed
quadruplicate by using an improved molybdate mett88)l (  contains actin-binding elements, thus supporting the idea that
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Ficure 1: Actin-binding clusters in H32Kqc (top sequence) and h-H32K (bottom sequence) determined by mass spectrometry in combination
with proteolysis and actin cosedimentation. The actin-binding peptides generated by cleavages with V8 protease (under the sequence) or
chymotrypsin (above the sequence), identified in the pellet fractions, are marked with thin black lines. The combined stretches of amino
acid sequences covering all these actin-binding peptides are marked with thick gray lines. Note that in both isoforms there is a gap between
the two clusters of actin-binding sites. The avian (top) and mammalian sequences (botton®08&beidentical in this region, although

there are both conserved (highlighted in gray) and nonconserved (highlighted in yellow) amino acid replacements. The peptide segments
in light gray are added Higags and linkers that do not belong to the CaD sequence. Also included in this diagram are the cysteine residues
(in bold black), ERK-phosphorylatable serines (in bold red), and the previously reported GS17C peptide, the CaM-binding sites (green
boxes) and actin-binding site (black box).

Table 1: Pepides Identified in the Pellet Fractions by Mass M 1 2 3 4 5 6 7 8
Spectrometric Analysis after Cosedimentation of Proteolyzed CaD
Fragments with F-Actin

——
CaD sample protease M, (calcd) M, (obs} amino acids
H32Kqgc V8 2054.5 2055.0 590607 .
q 2707.0  2707.8 714738 - w e w
3045.5 3046.1 611638
3563.0 3564.0 707738 T e ey e, = — -
3883.5 3884.2 639675
o-chymotrypsin ~ 2057.4 2058.0 59411
3189.7 3190.4 612640
3654.1 3655.3 738771 FicURE 2. Competition between digested and undigested H32K
4137.8 41386 641680 for actin binding. Samples containing equimolag{8) H32K and
h-H32K V8 3516.0 35158 649680 actin in F-buffer (see Materials and Methods; total volume of 200
3579.0  3579.9 749780 ul each) were incubated either alone (lanes 1 and 2) or with 5
3960.5  3959.2 681717 (lanes 3 and 4) or 1@M (lanes 5 and 6) of total V8 digest of
48545 48541 688734 H32K (lanes 3-6) or the supernatant of the same digest M)
4977.7  4976.3 749793 that had been previously cosedimented with F-actin (lanes 7 and

aThe observed masses are all within 0.03% of the calculated ones.8). After ultracentrifugation, both the supernatant (40 out of
bFor H32Kqc, the corrected chicken gizzard sequence numbering 200uL, lanes 1, 3, 5, and 7) and pellet (the entire material dissolved

system was used; for h-H32K, the human smooth muscle CaD sequencdn 20 L of buffer, lanes 2, 4, 6, and 8) fractions were analyzed by
was used. PAGE in the presence of SDS. Lane M contained molecular mass

markers.

multiple actin contact points exist in the C-terminal region
of CaD. Furthermore, these discrete actin-binding segmentsqualitative analyses. However, as shown previou38/ 39),
fall into two clusters of actin-binding sites (from K590 to quantitative MALDI-MS is possible if there is an internal
F680 and from W707 to P771), separated by a “gap”. The standard, and if the peak ratios between the analytes and
peptides Wz 1431, or T693-E706, for the V8 digest and  the standard are compared. In the present case, peaks not
m/z 2731, or S68+W707, for the chymotryptic digest) that ~ affected by CaM were used as internal standards.
comprise the gap were indeed found in the supernatant but We found that only the peak with a mass of 2054 Da in
not in the pellet fractions, confirming that this segment lacks the pellet fraction exhibited a 50% decrease in the intensity
actin binding properties. We have performed the same relative to the other four peaks. This suggests that binding
experiments with the mammalian analogue h-H32K. Similar of the peptide segment of K5XE607 to F-actin is
results were obtained (Table 1). There was also a gap (fromsomewhat weakened by &&CaM, whereas all the other
T735 to E748) that corresponds to the same sequence as thateptides are not affected. The CaM-induced decrease in the
in the chicken isoform, separating two actin-binding clusters level of actin binding of the 2054 Da peptide was fully
[residues D636-E734 and W749V793 (Figure 1)]. reversed by EGTA. Although there has been no evidence
Effect of C&"/CaM. To test the effect of CaM on the actin  that this segment (K590E607) itself binds CaM, it does
binding properties of the cleaved CaD fragment, we have contain an endogenous Cys residue (C595), which, when
added C&"/CaM to the V8 digest of H32Kqgc prior to  labeled with a photo-cross-linker (benzophenyl maleimide),
cosedimentation with F-actin, and examined the pellets by was shown to cross-link to CaMQ). It is rather surprising
mass spectrometry. It should be pointed out that massthat most of the actin-binding peptides are not affected,
spectrometry has been generally regarded as a tool for onlyconsidering that under the same conditions, undigested H32K
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Table 2: Lifetime Measurements of Singly and Doubly Labeled much shorter lifetime of 10.9 ns (Figure 3). This indicated

H32Kqc that the efficiency of FRET is increased due to a conforma-
lifetime 1 tional change that brings the two probes closer46.4 A.
sample (nsyp R) Addition of C&*/CaM apparently abolished this structural
H32Kneoms 14.03 change, and cggsed the mterpr_obe distance to return to 62
H32Kaeoans With Ca 13.99 A. Further addition of EGTA reinstated the actin-induced
H32Kaepans With Ca and CaM 14.28 conformational change (Figure 3 and Table 2). The reciprocal
H32Kaepans with Ca, CaM, and EDTA 14.14 effect of C&"/CaM and EGTA is consistent with the previous
Eggﬁ’iigxz mﬂ gggﬂ and Ca 1%:_”:1 observation that CaM caused dissociation of CaD from actin
H32Kacoans With Ca, actin, and CaM 14.84 in a C&*-dependent manner. The new finding here is that
H32Kaepans With Ca, actin, CaM, and EGTA 15.17 such dissociation is mediated by an extension of the C-ter-
H32KaepansiDas 1315  62.8 minal region of CaD.
:ggﬁiigizzxz mm gg and CaM 112ésf7 6&40 Detection of Phosphorylation by Mass Spectrometry.
H32Kaeoansioas With Ca, CaM, and EDTA 1303 604 Although phosphorylation, which results in a mass increase
H32Kaepansipas With actin 10.92  46.4 of 80 Da (PO, replacing OH), is difficult to discern on a
H32Kaepansipas With actin and Ca 1093  46.4  protein by mass spectrometry, it is readily detectable when
:ggﬁx::ggig mﬂ SZ: ZEER ‘("‘:';?\fgn'\" L EGTA ﬁg% %22 the molecule is cleaved into smaller fragmert#)( To test
phospho-H32Keoavs 14.47 the effect of phosphorylation on the actin binding properties
phospho-H32Kepans With actin 15.00 of CaD, we have used a homologous fragment, h-H32K,
phospho-H32Kepansipas 13.92  68.5 corresponding to the C-terminal region of human smooth
phospho-H32Kepanspas With actin 13.70 59.2

muscle CaD. There are two ERK phosphorylation sites in
2The decay data points (Figure 3) were fitted by two-exponential h-H32K: S759 and S789. In the mass spectrum of the
gelthct’gs'gf'r?cf’.rt"‘l‘?f”tt.s a”a'nyitf] to obtain both 'ifetiTes and ar[‘p(;“#des- peptides resulting from V8 digestion of unphosphorylated
e s asweamane gy "*"* "% -H32K, we found peaks vith apparent massemiaf3s?9
(M) and 4977 (M); the former represents residues 749
. 780, which includes a single phosphorylation site (S759),
would have been completely displaced from the actin \yhereas the latter corresponds to residues-748, which
filament by CaM in the presence of €aApparently, when includes both S759 and S789.
cleaved into separate peptides, these actin-binding segments \when h-H32K was treated with ERK2 prior to V8
behave quite independently. Breaks in the linkages amongproteolysis, three additional peaks were detected/a8659
these segments may also disaple some confprma.tio.naI(M + 80), 5057 (M + 80), and 5137 (M+ 160), corre-
changes. that are needed for CaM-induced CaD d|ssoaat|onsponding to the singly and doubly phosphorylated species
from actin (see below). of the Ser-containing fragments. The appearance of these
CaM- and Actin-Induced Conformational Changes by phosphorylated peaks (denoted with asterisks in Figure 4,
FRET.To investigate the effect of actin or CaM binding on  top panel) was accompanied by a concomitant decrease in
the conformation of the CaD fragment, we have carried out the intensity of the parent peaks. The relative peak intensity
intramolecular distance measurements by FRET. H32Kqc of these new species increased as a function of time and
was labeled at the two cysteine residues (C595 and C766)followed a saturation curve (Figure 5), consistent with the
with IAEDANS as the donor, and DAB-Mal as the acceptor. anticipated kinetics of the phosphorylation reaction. Quan-
The emission of AEDANS attached to H32Kqc (at C595; tification of the extent of phosphorylation was achieved by
see Materials and Methods) decayed in the absence of thaysing, as internal standards, peptides that were not affected
acceptor with a single lifetime of 14.0 ns. This lifetime was by phosphorylation, such as the peakeé3516 and 4854,
not affected (14.% 0.1 ns) by the addition of Caor CaM, corresponding to the fragments of residues-6880 and
but became somewhat longer (1520.3 ns) when actin ~ 688-734 (Table 3), respectively.
was present (see Table 2). The change in lifetime could Effect of ERK Phosphorylation on the Actin Binding
reflect a different environment of the probe, because of Properties of CaD.When the digestion mixtures of both
either added protein or a conformational change. When theunphosphorylated and ERK2-phosphorylated h-H32K were
protein was also labeled with DAB-Mal at the remaining cosedimented with F-actin, and the pellet and supernatant
available thiol (C766), the AEDANS lifetime was only fractions of each digest were examined by mass spectrometry,
slightly shortened to 13.2 ns. From this lifetime and that of both the peaks with masses of 3579 Da (Figure 6A) and 4977
H32Kaepans under the same condition, the distance separa- Da (Figure 6C) were found in the pellet, whereas the peaks
tion (r) was calculated between the two probes, assumingwith masses of 3659 Da (Figure 6B) and 5057 and 5137 Da
that the lifetime change resulted from FRET between the (Figure 6D) were present mainly in the supernatant, and
donor (AEDANS) and the acceptor (DAB) moieties. We virtually absent in the pellet. These results indicate that
have obtained an interprobe distance of 62.8 A between C595peptides of both residues 74980 and 749793 are able
and C766 for an isolated C-terminal CaD fragment. The sameto interact with F-actin, but the interaction is severely
procedure was repeated for other experimental conditions.weakened when S759 and/or S789 becomes phosphorylated.
We found that the doneracceptor distance in doubly We noticed that in the spectrum of the h-H32K digest
labeled H32Kqgc (H32Kepansipas) Was not affected by the  before ERK2 treatment, there was also a small peak/at
addition of C&", and was slightly increased (from 62 to 64 5057 (Figure 6C, asterisk), suggesting that one of the two
A) when CaM was added. However, when F-actin was added serine residues is phosphorylated in the insect cells. This
to H32Kaepans/oas, the AEDANS emission decayed with a peak was also found only in the supernatant fraction but not
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Ficure 3: Fluorescence decay data of H32Kans in the presence (blue) and absence (red) of the acceptor DAB under various conditions.
(A) Singly and doubly labeled H32Kgc alone, (B) H32Kqc with F-actin, (C) H32Kqc with F-actin and CaM in 0.5 mM,Gatfdl (D)

H32Kgc with F-actin and CaM in 1 mM EGTA. The dots are experimental data points, which were fitted by methods-of-moments analysis
to obtain lifetimes (Table 2).

in the actin pellet (Figure 6C), like that obtained after ERK2 contact points in the C-terminal region. Clearly, not all actin
treatment (Figure 6D). Since the peaknalz 3659 was not contact points are simultaneously affected by ERK phos-
detected in the same spectrum (Figure 4A), S759 was notphorylation; those sites remaining bound to F-actin after ERK
modified, and therefore, S789 must be the one that is treatment, such as residues 6480 (1/z 3516) and 688
phosphorylated in the insect cell. We have confirmed this 734 (1/z 4854), could render the detection of any change in
conclusion by Western blot analysis. Untreated h-H32K did overall binding by cosedimentation assays difficult (Figure
react with an antibody raised against a phosphopeptide6). This conclusion is in agreement with a recent study using
containing S789, but did not react with an antibody against NMR spectroscopy27).
a phosphopeptide containing S759 (42 and data not Effect of Phosphorylation on the Conformation of CaD.
shown). Interestingly, this site (S789) was also found to be since ERK phosphorylation can partially dissociate CaD
constitutively phosphorylated in porcine carotid arter®3.(  from F-actin, one would like to know whether such an effect
Moreover, the 5057 Da peptide (corresponding to residuesresyits from a conformational change in the C-terminal region
749-793) contains the segment of residues 7480 1z of CaD similar to that induced by @dCaM. We have
3581) which by itself binds actin (Figure 6A). The fact that addressed this issue with FRET experiments on both the
the 749-793 peptide fails to bind F-actin upon phosphory- phosphorylated and unphosphorylated CaD fragments. H32Kqc
lation at S789 alone suggests that addition of a phosphategoubly labeled with the donor (IAEDANS) and acceptor
group at S789 outside the 74980 peptide is sufficientto  (pAB-Mal) was first phosphorylated with ERK2 and sub-
abolish its binding to actin. Such a long-range effect is jected to lifetime measurements. The level of phosphorylation
significant, because it represents a conformational changeyas ascertained to be nearly 100% complete by mass
not merely a charge effect. It also suggests that phosphory-spectrometric analysis. As shown in Table 2, incorporation
lation a.t S789 ma.y play a Signiﬁcant role in ERK-induced Of a phosphate group at S717 was accompanied by a
regulation. moderate (6t 2 A) elongation in H32Kgc. Upon addition
Although ERK phosphorylation has been suggested to be of F-actin, the separation between C595 and C766 decreased
a plausible mechanism for the reversal of CaD-induced from 68.5 to 59.2 A. Although this represents a significant
inhibition, there have been no clear data, even in vitro, to contraction in the overall molecule, the resultant conforma-
indicate that such phosphorylation would significantly change tion is still more extended than the actin-bound, unphos-
the affinity of CaD for F-actin 28). Our data appear to  phorylated protein (46.4 A). Thus, ERK2-induced phospho-
provide an explanation for this apparent paradox. As shown rylation and CaM binding have similar, although not
above, the multidomain CaD molecule contains multiple actin identical, effects on the structure of CaD. Thel0 A
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& Ficure 5: Time course of phosphorylation of h-H32K by ERK2.
h-H32K was treated with ERK2 in the presence of ATP. At various
time points, an aliquot of the reaction mixture was taken and
digested with V8 protease at room temperature for 10 min, followed
by MALDI mass spectrometric analysis (see Materials and Meth-
ods). The peak intensities of unphosphorylatet 8579 and 4977),
singly phosphorylatedh{z 3659 and 5057), and doubly phospho-
rylated gz 5137) species were measured, and normalized against

\ i 1 nh | the intensity of the peak atvz 3516 in each respective mass

! My Vor ""'*-M N PRAY A spectrum. The fractions of all three groups [unphosphorylatgd (

W inn iy "'f-w~ \,, singly phosphorylated®), and doubly phosphorylated]], relative
to the total amount of both phosphorylated and unphosphorylated
! ! ! ! | species, were plotted as a function of time. Smooth curves were
3000 o 4000 4500 =00 Se0 S0%0 drawn through the data points only to show the trend. It should be

Mass (m/z) pointed out that, since the 74980 segmentrnfyz 3579 or 3659)

is derived from the longer 749793 segmentrfyz 4977, 5057, or

FIGURE 4. Mass spectra of V8-digested h-H32K before (top panel) 5137), the 3659 Da species could be from either singly phospho-

and after (bottom panel) ERK2 treatment. All major CaD peptides rylated (at S759) or doubly phosphorylated h-H32K; for the same

in the mass range ofvz 3000-6000 Da are identified. Note that  reason, the apparently “unphosphorylated” specie¥z8579 could
peaks atm/z 3579 and 4977 correspond to peptide segments be from singly phosphorylated (at S789) h-H32K. The relative
containing serine residues that can be phosphorylated by ERK2abundance of these two segments in a given sample depends on

(see Table 1 and the text). Peaks denoted with asterisks are thahe extent of V8 digestion, which was kept the same in this

phosphorylated species of these two peptides. experiment.

shortening in the interprobe distance upon actin binding for segment of gizzard Cal¥); thus, ERK phosphorylation may
the phosphorylated protein may correspond to a conforma-be able to result in a regulatory effect. We therefore tested
tional change in the region of the actin-binding cluster that whether ERK phosphorylation affects the ability of CaD to
contains no phosphorylation sites (see the Discussion below).inhibit the actomyosin ATPase activity. As shown in Table
Effect of Phosphorylation on the Inhibitory Properties of 4, at a molar ratio of h-H32K to actin of 1:1, unphospho-
CabD. Although a number of actin contact points were not rylated h-H32K inhibits 63-67% of the actin-activated
affected by ERK phosphorylation, the loss of actin binding ATPase activity of either rabbit skeletal muscle myosin or
for those peptides containing phosphorylatable serine (e.g.,phosphorylated chicken gizzard smooth muscle myosin.
residues 749780 and 749-793) appeared to be sufficient However, the level of inhibition progressively decreased with
for removal of inhibition. It has previously been reported time as h-H32K was being treated with ERK2. In the case
that the inhibitory region resides in the extreme C-terminal of smooth muscle myosin, overnight incubation of the CaD

Table 3: Identification of the CaD Peptides Resulting from V8 Digestion

peptide sequence M amino acids
TAGLKVGVSSRINE 1431.6 735748
KGNVFSSPTAAGTPNKE 1705.9 718734
FLNKSVQKSSGVKSTHQAAIVSKIDSRLE 3159.6 652680
RAEFLNKSVQKSSGVKSTHQAAIVSKIDSRLE 3516.0 649680
WLTKTPDGNKSPAPKPSDLRPGDVSSKRNLWE 3579.0 74980
AAEKRQKMPEDGLSDDKKPFKCFTPKGSSLKIEE 3840.4 613548
QYTSAIEGTKSAKPTKPAASDLPVPAEGVRNIKSMWE 3960.5 681717
GTKSAKPTKPAASDLPVPAEGVRNIKSMWEKGNVFSSPTAAGTPNKE 4854.5 68934
WLTKTPDGNKSPAPKPSDLRPGDVSSKRNLWEKQSVDKVEPTKV 4977.7 749-793'
QYTSAIEGTKSAKPTKPAASDLPVPAEGVRNIKSMWEKGNVFSSPTAAGTPNKE 5647.4 68134

aThe observed mass numbers of peaks in the mass spectrum were compared with the calculated ones on the basis of the cleavage specificity of
V8 protease. For unphosphorylated CaD, at least 10 species in the mass range-e80WMMa were identified® The observed masses are all
within 0.03% of the calculated onesHuman smooth muscle CaD sequerftEragments containing phosphorylatable serine residues (S759 and
S789, shown in bold).
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C measurements of the resulting phosphopeptides by mass
spectrometry showed that the reappearance of the ATPase
activity correlates well with the level of phosphorylation
(Table 4). Thus, addition of phosphate groups at S759 and
S789 clearly weakens the inhibitory effect of h-H32K, most
likely as a consequence of the growing inability of certain

] parts of this CaD fragment to interact with actin.

DISCUSSION

P The actin binding property enables CaD in smooth muscles
to play a functional role. The major actin-binding sites are
located in the C-terminal region of CaD, although a weaker

D l and heat-labile actin-binding site may exist in the N-terminal

| . * region of the moleculel@), the exact location of which has

| v not yet been determined. CaD also binds to the monomeric

WWJ " l form of actin. When added to G-actin, CaD accelerates
‘ * polymerization 43, 44). This phenomenon leads to the

/ l assumption that CaD interacts simultaneously with more than

v s s one actin subunit, and thereby decreases the critical concen-

}*JW\ ' tration of actin nucleation. The presence of multiple actin-

— 1 binding sites is supported by the observation that CaD bun-
le P dles actin filaments4b, 46). The fact that actin bundling is

Wl‘ \“‘WMM»M triggered even by a C-terminal fragment of CadY)(indi-

- cates that these actin-binding sites are concentrated in the

C-terminal region of the molecule. In fact, at least two actin-

binding segments have been identified in a 100-residue seg-

. 6 Effect of ERK2 phosphorvati in bind . ment near the carboxyl end, @8, 49). It has been suggested
IGURE b: EIECt of ERKZ pnosphorylalion on actin binding ot x4t the organization of these binding segments on actin
h-H32K. h-H32K was first phosphorylated with ERK2, partially defines thegtertiar foldina of this artgof C%IAS( 50)
digested with V8 protease (for 5 min at room temperature), and y g p :
subjected to cosedimentation yvith F-actin. I_30th the supernatant (S) Although there is general agreement among different
and the washed pellet (P) fractions, along with the total digest before ragearch groups concerning the idea of multiple actin-binding

mixing with F-actin (top trace in each panel), were analyzed by _. . e
MALDI mass spectrometry. (A and B) Partial mass spectra of V8- sites, there is no consensus about the specific segments and

digested h-H32K in the region 0§3580 Da and (C and D) partial  S€duences involved. By using internal deletion mutagenesis,
mass spectra of V8-digested h-H32K in the region~d980 Da Chacko’s laboratoryg1) came to the conclusion that there
before (A and C) and after (B and D) ERK2 treatment. The is one strong actin-binding site (K73E738 in the corrected
unphosphorylated speciew/g 3579 and 4977) were denoted by v. numbering system of gizzard CaD) and there are two weak

The large peak next to the 3579 Da species (trace S and trace P in .
panel B) was from actin. The unphosphorylated species in both ones (E665S681 and N705G714). NMR studies of

regions were present in the pellet, indicating their actin binding Marston and associate$q 52), on the other hand, concluded
properties. Peaks denoted with a single arrownft 3659 and  that the “dual-sited attachment” on actin involves peptide
5057) are singly phosphorylated species; the peak denoted with asegments 1704L708 (site B) and L736:Q740 (site B), with
double arrow (atn/z 5137) is the doubly phosphorylated species. a four-residue “turn” of G728S731 between them. A

Note that all phosphorylated species were only found in the . ,
supernatant, but not (or very little) in the pellet fractions, suggesting comparison of these segments revealed that Chacko’s strong

actin binding is severely weakened by ERK phosphorylation. The Site overlaps Marston’s site B and one of their weak sites
peak atm/z 5057 before ERK2 treatment (denoted with an asterisk, overlaps site B but the other more upstream actin-binding
panel C)_ is a species singly phosphorylated at S789 in insect cells,gjte (E665-S681) reported by Chacko et al. was not
and exhibited very weak binding to F-actin. mentioned in the NMR work because a shorter fragment was
used therein. This other site is included in the study presented
here (Q639-E675 in the V8 digest and T641F680 in the
chymotryptic digest) and was also reported in our earlier
ey work (7). Taken together, the actin-binding domain in the
time (h) level (%} smooth myosin skeletal myosin  C-terminal region of CaD can be best described by two

3400 3600 = 3800 | 4000 4800 ' 5000 @ 5200 5400

Mass (m/z) Mass (m/z)

Table 4: Effect of Unphosphorylated and Phosphorylated h-H32K
on the Actomyosin ATPase Activity

phosphorylation

control 1.00 1.00 noncontiguous clusters, separated by a peptide stretch

h-H32K 0.36+0.05 0.32+0.04 (S681R703 for avian CaD and T739=748 for the mam-

h-H32K-P 421 gg 8'2& 8'83 8'2% 8'81 malian isoform), each cluster being made up of several
18 86 0.83+ 0.04 0.76+ 0.03 smaller actin-binding segments. The two clusters most likely

- - , interact with two different actin subunits, which may be in
agstimated on the basis of mass spectrometric anaR/Sise . . .
absolute activity of skeletal myosin wasl0 times higher than that of the same filament, but C_OL"d also be from two adjacent actin

smooth myosin. filaments (hence, bundling occurs).

The conclusion that two actin-binding clusters exist is
fragment with the kinase recovered nearly 75% of the lost consistent with the FRET results. Focusing on the chicken
actomyosin ATPase activity (from 36 to 83%). Simultaneous isoform, we have found that H32K is an elongated molecule,
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Phosphorylation Ca/CaM ~_ \
—_— ;
—— -
Cys-59 ® Dephosphorylation Cys-595 EGTA c

Cys-T66 Cys-766

\ \ EGTA
F-actin F-actin Ca/CaM

Cys-766

Ficure 7: Schematic model depicting the two-pronged binding of the C-terminal region of CaD and the dual mode of conformational
changes induced by CaM and ERK phosphorylation. Each of the two attachment points of H32Kgc on F-actin represents one of the two
clusters of actin-binding sites. Binding of CaM leads to the dissociation of the entire CaD fragment from F-actin. ERK2 phosphorylation,
on the other hand, induces a similar extension in H32Kqc, but only in the region that contains the phosphorylation site(s), thus resulting in
the detachment of only one of the two clusters. Note that the actin subunits are drawn only for the purposes of illustration; the two clusters
do not need to land on the same actin subunit.

in which probes attached to C595 and C766 are separatechinding to actin. It might be advantageous kinetically for
by a distance of 62 A. Such an extended structure is CaD to alleviate its inhibitory activity while remaining bound
apparently stabilized by CaM in the presence of'C&8ut to F-actin so that upon dephosphorylation, it can quickly
once actin has bound, it undergoes a conformational changereturn to the inhibitory position. This may suggest a plausible
to assume a more compact structure in which the two Cys mechanism by which ERK exerts a regulatory effect on the
residues are brought15 A closer. The fact that it takes action of CaD. Such a mechanism may also find applications
two different conformers to interact with CaM and actin in other ERK-involved signaling pathways.
explains why binding of CaD to F-actin can be regulated by ~ Mammalian CaD contains two phosphorylatable serine
CaM in a C&*-dependent manner. Also, as C595 and C766 residues (S759 and S789) in the C-terminal region, whereas
are located in different actin-binding clusters, the confor- avian CaD contains only one (S717), which is in a position
mational change may involve a movement that hinges on homologous to S759. Although our actin binding experiments
the connecting segment (Figure 7). Apparently, this con- were carried out with the human isoform, the conclusion
necting segment is essential for such a conformational should be applicable to chicken CaD as well, because the
change. Once the hinge is broken, as seen in the V8 digeskingly phosphorylated speciesvg 3659, corresponding to
(Figure 1), CaM can no longer completely displace all CaD the peptide segment of residues 7480, thus containing
peptides from actin. This mechanism is therefore different only S759) failed to cosediment with F-actin. This segment
from the “flip-flop” model originally proposed by Sobue et s identical to the chicken counterpart of residues-7038
al. 53). (containing S717) with only two residue replacements (D755
According to previous studieg(51), of the two actin- and G732 in mammalian CaD switched to E713 and S774
binding clusters the C-terminal one is involved in the in the avian isoform, respectively; Figure 1).
inhibitory action of CaD. It is also this cluster in which the The conformational change brought about by the phos-
residues that can be modified by ERKs are locateg). ( phorylation could be similar to the one observed for CaM
Thus, if kinases such as ERKs are to play a regulatory role, binding, i.e., a hinged movement of the segment between
one would expect the binding of this segment of CaD to the two actin-binding clusters. However, because phospho-
actin to be affected by ERK phosphorylation. We have rylation does not lead to total dissociation of the C-terminal
demonstrated in this report that this is indeed the case.fragment unless it is cleaved, such a conformational change
Phosphorylation of the mammalian CaD fragment (h-H32K) may not necessarily be the same as the one induced by CaM.
by ERK2 at both Ser residues at positions 759 and 789 Indeed, we saw a further elongation of H32Kqc upon ERK
inhibits the actin binding ability of peptide segments contain- phosphorylation (Table 2). When F-actin is present, the
ing these residues, whereas the affinity of peptide segmentsinterprobe distance shrinks10 A, but is still much greater
not containing these phosphorylatable serines is not affectedthan that in the unphosphorylated state (59 vs 46 A). This is
The latter finding, in particular, may explain the controversy consistent with the idea that in the phosphorylated CaD only
in the literature that only a subtle difference in actin binding one of the two actin-binding clusters functions; the other one
was observed when smooth muscle CaD was phosphorylateds disabled by the added phosphate group, most likely
by MAPK (28). As shown by our data, ERK phosphorylation because of a charge-induced structural change (Figure 7).
clearly reverses the ability of CaD to inhibit the actomyosin The disabled cluster does not change its structure and remains
ATPase activity, in concert with a change in the mode of elongated in the presence of actin, whereas the active cluster
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undergoes a conformational change that brings the two
probes 10 A closer. Our mass spectrometric analysis revealed
that the cluster that remains active is the one more toward
the upstream where no ERK-induced phosphorylation takes
place. It is conceivable that if this region also became
phosphorylated, CaD would completely dissociate from actin
filaments. In fact, this was observed to be the case for non-
muscle CaD when it is phosphorylated by p84kinase

during mitosis at several Ser/Thr-Pro sites, including S724 8

and S730 in the first actin-binding clusteés7j. Thus, this
may provide a mechanism by which different functions of

CabD are regulated by different kinases. 9.

The partial dissociation of the C-terminal actin-binding
cluster resulting from ERK phosphorylation alleviates its
inhibition of the actomyosin ATPase activity (Table 4). The
same observation was reported by Patchell et 2F), (
although no data were presented. It is not clear why the
previous studies failed to see such an effect. In fact, opposite
results were observe@, 54), although ERK phosphory-
lation was indeed found to inhibit CaD’s ability to inhibit
the sliding velocity of actin filaments in the motility assay
(22).

MAPK activation can occur in a C&independent manner.
The ERK-induced phosphorylation provides a mechanism ¢
for smooth muscle CaD to be regulated in the absence of a
change in the calcium level. Together with CaM, whose
action requires Ca, MAPK may thus allow smooth muscle
contractility to be fine-tuned under a variety of physiological
conditions. Although direct evidence for the involvement of
MAPK in smooth muscle regulation is still lacking, that
possibility has not yet been ruled out (A. V. Vorotnikov,
personal communication). Furthermore, it has been reported
that MAPK phosphorylation of CaD in cultured cells is
indeed relevant to cellular functions. Both smooth muscle
and non-muscle CaD isoforms share an identical C-terminal
region, as a result of alternative splicing from the same gene
(55). As shown in recent studiedZ, 56), MAPK-dependent
phosphorylation of CaD is involved in the growth and
migration of cultured smooth muscle cells. Therefore, the
information obtained in this study would also be useful in
bringing us closer to a full understanding of the functions
of CaD in non-muscle cells.
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