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ABSTRACT. We describe the properties of a hybrid protein comprising the full length ofém®pus lagis
calmodulin sequence, followed by a pentapeptide linker (GGGGS), and resicis & M13, the
calmodulin binding region of skeletal muscle myosin light chain kinase. The properties of the hybrid
protein are compared with those of the complex formed betvizresophilacalmodulin and a peptide
corresponding to residues-18 of the M13 sequence. The addition of calcium to the hybrid protein
produces pronounced changes in the near- and far-UV CD spectra, in the fluorescence emission spectrum
of the single tryptophan residue at position 4 in the M13 sequence, and in the accessibility of this tryptophan
residue to acrylamide quenching. These changes are consistent with the tryptophan residue being
immobilized in a hydrophobic environment and with the hybrid protein adopting a exbedical structure

when calcium is bound. The increasedhelicity derives from changes in both the calmodulin and peptide
regions of the hybrid protein. Changes in the circular dichroism and fluorescence properties of the hybrid
protein as a function of the calcium to hybrid protein ratio are consistent with the fact that these changes
parallel the cooperative binding of all four calcium ions. The hybrid protein shows greatly increased
affinity (>250-fold) for calcium compared with calmodulin itself. Macroscopic calcium binding constants
(K1—Ka) were determined from calcium titrations performed in the presence of the calcium chelator Quin
2. Values for logKiK2) and logKsK4) were determined to be 154 0.2 and 15.59% 0.22 (20°C). The
corresponding values fdbrosophila calmodulin alone are 11.6% 0.15 and 9.66+ 0.25. Consistent

with this increased affinity for calcium, stopped-flow kinetic studies suggest that the dissociation rate for
the N-terminal calcium ions is reduced to at least 0.7% sompared with~700 s! for Drosophila
calmodulin in the absence of peptide. This hybrid protein illustrates the principle whereby the binding
of a peptide sequence covalently attached to calmodulin can enhance the average calcium affinity by
more than 2 orders of magnitude. Conversely, the target sequence in the hybrid protein undergoes a
calcium-induced conformational change to bind to the calmodulin in a conformation very similar to that
of the corresponding dissociable target sequence binding to calmodulin, but with a greatly enhanced affinity
due to its physical proximity to the binding site. This avoidance of the energetic penalty of dissociation
may be a key contributory factor in determining the high affinity and specificity of the complex multiple
interactions involved in recognition of biological targets by calmodulin.

Calmodulin is a eukaryotic calcium binding protein which et al., 1988). However, NMR studies show that the middle
regulates the activity of a large number of target proteins section of the central helix (residues—781) is disrupted in
(Davis, 1992). Calmodulin consists of two structurally solution and acts as a flexible linker between the two
similar globular domains each containing a pair of helix  semirigid domains of both GaCaM (Barbato et al., 1992)

loop—helix (EF-hand) calcium binding sites. In the crystal 59 apo-CaM (Zhang et al., 1995; Kuboniwa et al., 1995).
structure, the two globular domains are separated by a long

centrala-helix to produce a dumbbell-like structure (Babu The solution structure of a complex of calcium-saturated

calmodulin (Cg¢CaM) and a 26-residue peptide (M13)
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1992). The crystal structure of a complex of,&zaM and

a peptide from smooth muscle myosin light chain kinase has
also been determined (Meador et al., 1992). The crystal
structure is very similar to the solution structure of,Ca

® Abstract published irAdvance ACS Abstractdylarch 1, 1996. CaM—M13 except that in the crystal structure the bend in
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the central helix is well-defined and occurs between residuesenhancement of affinity of Ga due to the presence of the
73 and 77. M13 and related peptides have little regular covalently attached peptide.

secondary structure when free in aqueous solution but

become helical when complexed with/&82aM (lkura et al., MATERIALS AND METHODS

1992; Findlay et al., 1995a).

The calcium binding properties of calmodulin have been
studied by many groups and have been reviewed by Rorse
et al. (1986). The binding of the two calcium ions within
an individual domain shows positive cooperativity, but there
is no detectable interdomain cooperativity (Linse et al.,
1991a). Calcium binding sites | and Il in the N-terminal

Construction of the pHY2 Expression Vect@HY2 is a
derivative of pHY1 which is designed to express a calm-
odulin—M13 hybrid (Porumb et al., 1994). The Gly-Gly
linker and the first two residues (Lys-Arg) of the M13 peptide
in the first hybrid were replaced with Gly-Gly-Gly-Gly-Ser.
This was achieved by site-directed mutagenesis using the
domain have lower affinity for calcium than sites Il and IV overlap extension metho_d described by Ho et al. (1989). The

polymerase chain reaction product was subsequently sub-

in the C-terminal domain (Thulin et al., 1984; Martin et al., cloned into bHY1. vielding a new hvbrid-expressing vector
1985). Reported pCa(50%) values are generally in the rangepHYZ P Y 9 y P 9 '

5.1-5.7 for measurements performed in the presence of 100 . ) .
mM KCI. Proteins and PeptidesThe H2CaM hybrid gene was

expressed irkE. coli following the procedure described for

The apparent affinity of calmodulin for calcium is greatly ; .
increased by the addition of target proteins and peptides. Thisthe first CaM-target peptide gene (Porumb et al.,, 1994).

; o : . ~The hybrid protein was prepared using the purification
has been shown by calcium binding studies performed in X ; .
the presence of my)ésin light chain k?nase (Olvxﬁn & Storm, system described by Porumb et al. (1994), with the exception

1985), cyclic nucleotide phosphodiesterase (Olwin & Storm, that EGTA was used as chelator _inste_ad of DTPA during
1985), caldesmon (Yazawa et al., 1987), melittin (Maulet & the decalcification by trichloroacetic acid precipitation and
Cox i983) mastoparan (Yazav;/a ot e{I 1987), the M13 renaturation steps.Drosophila melanogastecalmodulin
peptide from skeletal myosin light chain kinase (Yagi et al., ((_:aM) expressed iE. coli was _p_ur|f|ed as described _by
1989), and a synthetic peptide derived from the plasma Findlay et al. (1995a). The purified prote_lns ran as single
membrane Cd pump (Yazawa et al., 1992). In the latter bands on.SDSPAGE (15% gel, Lasmmli sy§tem). The
case, the presence of the peptide increases the affinity of VFF peptide (KKRWKKNFIAVSAANRFK’ residues-318 -
calcium so that pCa(50%) is increased from 5.22 to 7.42 of the M13 gequence) with frge amino and carboxy term'lnl
(Yazawa et al., 1992). This also means that the affinity of W&S syqthesmed on an Applied Biosystems 430A peptide
the peptide for calmodulin is increased by a factor of 6.2~ Synthesizer and purified by HPLC on a C18 column. Al
1C° by the presence of calcium (Yazawa et al., 1992). concentrations were determlpgd spectrophotomeIrlcally using
Similar increases in affinity are observed for many calm- the following extinction coefficients: 5690 M cm* at 280

odulin binding peptides. The affinities of peptides for NM for the WFF peptide [calculated for one Trp (Gill & von

calmodulin in the absence of calcium are generally low and HiPPel, 1989)]; 1578 M* cm™ at 279 nm forDrosophila

are not easily measured. In the presence of target protein€@/modulin in thel presence of excess calcium (Maune etal,,
and peptides, calcium binding sometimes appears to bel992P); 8250 M* cm™ at 280 nm for the hybrid protein
cooperative between all four binding sites (Yazawa et al., [calculated for one Trp and two Tyr (Gill & von Hippel,

1987; Ikura et al., 1989), though this is apparently not always 1989)]- Drosophilacalmodulin was made calcium-free by
the case (Yazawa et al., 1992). incubating with 5 mM EGTA and then desalting by passage

. though two Pharmacia PD10 (G25) columns equilibrated
In the Ca-CaM—M13 complex, the C-terminus of the with 25 mM Tris, 100 mM KCI, pH 8.0. For the NMR

calm_oduhn and the N-terminus .Of the peptide are in .cllo.se experiments, the protein concentration veesmM, and the
proximity (Ikura et al., 1992). This suggested the possibility residual C& level, determined by atomic absorption spec-

of linking the N-terminus of the 26-residue M13 peptide to

the C-terminus of calmodulin, and Porumb et al. (1994) troscopy, was less than 0.1 ([C#[H2CaM])

described the properties of a hybrid protein comprising the  Fluorescence MeasurementsUncorrected tryptophan

full length of the Xenopus lagis calmodulin sequence, fluorescence emission spectrq were recorded using a.SPEX
followed through a glycylglycine linker, by the 26 residues FluoroMax fluonme.ter_wnh excitation at 290 nm (bandwidth

of M13. NMR studies (Porumb et al., 1994) showed that 1-7 M) and emission scanned from 300 to 400 nm
the hybrid protein existed in solution as a mixture (ap- (Pandwidth 5 nm). Spectra were recorded af@0n UV-
proximately 1:1) of two major conformations, one similar fransmitting plastic cuvettes. The buffer was 25 mM Tris,
to the compact globular structure of the A &2aM—M13 100 mM KCI, pH 8_.0, unless _otherW|se noted, and protein/
complex (lkura et al., 1992) and the other similar to the Peptide concentrations were in the range215u4M. Acry-

dumbbell-like structure of the wild-type calmodulin (Babu l@mide quenching studies were performed by adding small
et al., 1988). aliquots of concentrated acrylamide to protein/peptide solu-

tions containing either 1 mM calcium or 1 mM EGTA and
monitoring the fluorescence emission at 340 nm (foy-Ca
H2CaM and CaCaM—WFF), 345 nm (for apo-H2CaM),
and 355 nm (for free WFF peptide). The results were
analyzed using the modified SteriWolmer equation (Eftink

& Ghiron, 1976):

Here, we describe the properties of a new hybrid protein
comprising the full length of th&enopus lagis calmodulin
sequence, followed through a pentapeptide linker (GGGGS),
by residues 326 of M13. We compare this hybrid protein
with the complex formed betweddrosophila calmodulin
and the peptide WFF corresponding to residued 8 of
M13. We assess the conformational properties of the hybrid VIQ]
complex formed in the presence of €aand quantify the Fo/F = (1 + Kq\[Q])e
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where Fy and F are the fluorescence in the absence and Porumb (1994), the values of Id¢{K;) and logKsK,) are
presence of acrylamide, respectively, [Q] is the concentration better determined than individual ldgf values.

of acrylamide, Ksy is the Stern-Volmer constant for

collisional quenching, and is the static quenching constant. RESULTS
The values reported fd€sy andV are the averages of values NMR Studies.Unlike the similar hybrid protein described

obtained from at least three separate titrations. in an earlier report (Porumb et al., 1994), the new M13/
Circular Dichroism MeasurementsCD spectra were  CaM hybrid protein with the GGGGS pentapeptide linker
recorded on a Jasco J-600 spectropolarimeter 420 25 (H2CaM) exists as a single conformer in solution. Figure

mM Tris, 100 mM KCI at pH 8.0. Far-UV CD spectra 1A shows a portion of théH—1N HSQC spectrum of Ga
(190-260 nm) were measured using 1 or 2 mm fused silica H2CaM uniformly labeled with!®N. The data clearly
cuvettes with peptide/protein concentrations in the range indicate that each backbone amide gives rise to a single peak
4—10 uM. Near-UV CD spectra (256340 nm) were in the spectrum. Moreover, thgd—N HSQC spectrum
measured using 10 mm fused silica cuvettes with peptide/ of Ca-H2CaM is remarkably similar to that of the £a
protein concentrations in the range-480 uM. Multiple CaM—M13 complex (Figure 1B), except that some new
scans were averaged 8 for near-UV and>4 for far-Uv), peaks which correspond to the amides from the M13 peptide
base lines were subtracted, and a small degree of numericalvere also observed in the spectrum of,€&2CaM (peaks
smoothing was applied. Spectra are presented as the circulalabeled with an asterisk in Figure 1A). The results strongly
dichroism absorption coefficient calculated using the molar suggest that the solution structure of,&8#CaM is very
concentration of peptide or proteirrQen), rather than on  similar to that of CgCaM—M13 (lkura et al., 1992).
a per residue basis, in order to facilitate direct comparison Fluorescence StudiesUpon binding to CaCaM, the
of free proteins, peptides, and proteipeptide complexes.  fluorescence emission maximum of the Trp-4 in the WFF
Values of Aeqrw Can be obtained by dividindey by the peptide shifts from 356 to 334 nm, and the emission intensity
appropriate number of peptide bonds. increases, as shown in Figure 2A. This signal intensification
NMR Measurements!H—"N HSQC spectra were re- and blue-shift in the emission maximum are consistent with
corded at 37C on a Varian Unity-plus 500 MHz spectrom- the Trp-4 being in a more hydrophobic environment when
eter equipped with a triple-resonance, pulse field gradient the peptide is bound to the calmodulin (Findlay et al., 1995a).
probe with an actively shielded gradient and a gradient The addition of excess EGTA to the £@aM—WFF
amplifier unit, using the pulse scheme described elsewherecomplex produces the emission spectrum of the free WFF
(Kay et al., 1992). Except for the Edtitration studies where  peptide, confirming that there is no interaction between
128 experiments were acquired i, a total of 256 peptide and protein in the absence of calcium under these
experiments (16 scans in each experiment) with 1024 buffer conditions [cf. Kilhoffer et al. (1992)]. The fluores-
complex points i, were collected for eactH—1N HSQC cence emission properties of &d2CaM are similar to those
experiment. The data were processed using the softwareof Ca,-CaM—WFF, except that the emission maximum is
nmrPipe and nmrDraw written by F. Delgagio at NIH. A at 332 nm. However, the emission properties of apo-H2CaM
Lorentzian-Gaussian apodization function was used for the differ significantly from those of the free WFF peptide, which
F. dimension, and a 83shifted sine-square window function are typical for a short tryptophan-containing peptide. The
was applied inF;. emission maximum is 344 nm (compared with 356 nm for
Stopped-Flow MeasurementKinetic measurements were  the free WFF peptide), and the emission intensity is
performed with a Hi-Tech SF61-MX stopped-flow spectro- significantly greater. Both these observations suggest that
photometer. The excitation monochromator was set to 290the Trp residue in the hybrid protein is only partially exposed
nm (band-pass= 5 nm), and tryptophan emission was to solventin the absence of calcium. The emission properties
detected using a 320 nm cuton filter. The measurementsof apo-H2CaM are largely unaffected by changes in tem-
were made in 25 mM Tris, 100 mM KCI, pH 8.0, buffer at perature in the range-335 °C (other than the normal effect
20 °C unless otherwise noted. The concentrations quotedof temperature on fluorescence), suggesting that the observed
are those prior to stopped-flow mixing, and the rate constantsemission properties derive from a single conformation of apo-
are the averages of at least nine traces. H2CaM. The addition of 3 M urea to apo-H2CAM has little
Calcium Binding StudiesMacroscopic calcium binding  effect on the emission properties; however, the addition of
constantsk;—K,) were determined from calcium titrations  high concentrations of KCI (up to 0.7 M) produces a small
performed in the presence of the chromophoric calcium shift in the emission maximum (to 349 nm) and a reduction
chelators, 5,5Br,BAPTA (for CaM alone) or Quin 2 (for  in the emission intensity (data not shown).
CaM plus WFF peptide and for H2CaM), using the method  Acrylamide quenching studies were performed in order
described by Linse et al. (1988, 1991a) and Waltersson etto investigate further the question of solvent accessibility.
al. (1993). Measurements were performed at’€0in 10 The results are shown in Figure 2B. The pattern of
mM Tris, 100 mM KCI, pH 8; under these conditions, we quenching behavior for GdH2CaM Ksy = 0.594 0.2 M
have determined the calcium binding constants of-By5 andV = 0.254+ 0.1 M%) is very similar to that for the Ga
BAPTA and Quin 2 to be 5% 10* Mt and 1.1x 10’ CaM—-WFF complex Ksy = 0.65+ 0.2 M~* andV = 0.3
M1 [cf. values of 6.3x 10°P Mt and 1.2x 10" M1, + 0.1 M™1). For free WFF peptide, we finlsy = 21.0+
respectively, reported by Linse et al. (1991b) under similar 3.0 M~ andV = 1.0 + 0.5 M™%; the latter values are, as
conditions]. At least three separate titrations were performed expected, typical for completely exposed tryptophan (Eftink
on each protein sample, and the values for the individual & Ghiron, 1976). However, for apo-H2CaM we firltky
binding constants{;—K,) were obtained from least-squares = 3.2+ 0.5 Mt andV = 0.6 + 0.2 M™%, These values
fits directly to the experimentally observed titration curves support the view that the tryptophan residue is only partially
(Linse et al., 1991a). As noted by Linse et al. (1991a) and solvent-exposed in apo-H2CaM.
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Ficure 1: Portion of the'H—15N HSQC spectrum of (A}*N-uniformly-labeled H2CaM and (B¥N-uniformly-labeled Cg&CaM complex
with the M13 peptide. For clarity, well-resolved regions which include resonances frémb@aling sites, helical parts, and unstructured

regions of the protein were selected to show that the two spectra are very similar. The resonances labeled with an asterisk in (A) represent

the amides from the M13 peptide. The spectra were recorded at pH 6°8, 37 an HO/D,O (90/10 vol %). The sample concentration
was~1.5 mM in both cases.

Changes in the fluorescence emission intensity as ashown as the dotted line and is seen to be closely similar to
function of added calcium are shown in Figure 2C. For the curve b.

hybrid protein, the major change in tryptophan fluorescence  Figyre 3B (curve a) shows the near-UV CD spectrum of
occurs as the [calcium]/[CaM] ratioc<Rc,) changes from  apo-H2CaM. This is similar to the spectrum of calcium-
(approximately) 1 to 3. In contrast, for CaM plus WFF  free porcine brain CaM previously reported byrdloet al.
peptide, the major fluorescence change occuReashanges  (1992). Note that the porcine aenopusproteins have
from O to 2. tyrosine residues in positions 99 and 138, whereas the
Near-UV Circular Dichroism. Figure 3A shows the near-  Drosophila protein lacks Tyr-99. The addition of excess
UV (or aromatic, 326-255 nm) CD spectrum of a 1:1 calcium again produces major spectral changes throughout
mixture of apo-CaM and WFF peptide (curve a). This is the near-UV region (curve b). By analogy with the results
closely similar to the spectrum of apo-CaM previously for calmodulin plus WFF peptide, we assume that the new
reported by Maune et al. (1992a), which supports the finding long-wavelength maximum (295 nm) is associated with the
from the fluorescence measurements that CaM does notimmobilization of the tryptophan brought about by calcium
interact with the WFF peptide in the absence of calcium in binding, while the changes at lower wavelengths derive from
these buffer conditions. The addition of excess calcium calcium-induced changes in the environments of Tyr-99, Tyr-
produces major spectral changes throughout the near-Uv138, and some phenylalanine residues in the calmodulin (see
region (curve b). These changes derive from two effects. above).
The appearance of the long-wavelength maximum (295 nm) Changes in CD intensity as a function of added calcium
is associated with the immobilization of Trp-4 of the peptide are shown in Figure 3C for 295 nm (Trp-4 in the peptide)
on formation of the CaCaM—WFF complex (Findlay et and 278 nm (tyrosines in the calmodulin). For CaM plus
al., 1995a), while the changes at lower wavelengths presum-WFF peptide, the changes occur in parallel and saturate at
ably derive, at least in part, from changes in the environment R, (=[calcium]/[CaM]) slightly greater than 2. The satura-
of Tyr-138 and some phenylalanine residues in the calm- tion behavior for the tyrosine signal suggests that in the
odulin induced by calcium binding (Maune et al., 1992a). presence of the WFF peptide the first two calcium ions added
These conclusions are supported by the following arguments.bind preferentially to sites Il and IV in the tyrosine-
The CD difference spectrum [G&aM—WFF complex containing C-terminal domain of the calmodulin. Similar
minus Ca-CaM minus free WFF peptide] produces the behavior is observed when the experiment is performed in
spectrum of bound WFF (curve c). Note that curve ¢ has the absence of added peptides (Maune et al., 1992a). The
the long-wavelength maximum but has rather low intensity appearance of the WFF peptide tryptophan signal (295 nm)
at shorter wavelengths. The CD difference spectrum-[Ca in parallel with the calmodulin tyrosine signal (278 nm)
CaM minus apo-CaM] gives the effect of calcium on the shows that the peptide is able to bind to calmodulin species
tyrosine and phenylalanine residues in calmodulin (curve d with only sites Il and IV occupied by calcium. No further
in Figure 3A). The summation of curves a, ¢, and d is then spectroscopic changes occur as sites | and 1l become
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Ficure 2: (A) Tryptophan fluorescence emission specfg €
290 nm) of free WFF peptideQ), Ca-CaM—WFF (®), apo-
H2CaM @), and Ca-H2CaM @). Peptide and protein concentra-
tions were 2.5M, and spectra were recorded at 20 in 25 mM
Tris, 100 mM KClI, pH 8. (B) SterrrVolmer plots for acrylamide
qguenching of free WFF peptideof, Ca-CaM—WFF (@), apo-
H2CaM @), and Ca-H2CaM @). Peptide and protein concentra-
tions were 2.5M, and spectra were recorded at 20 in 25 mM
Tris, 100 mM KCI, pH 8. (C) Fractional change in fluorescence
emission intensity at 330 nmidy = 290 nm) as a function dRc,
(=[calcium]/[CaM]) for the hybrid proteinl) and for calmodulin
plus WFF peptide®). The measurements were made at'20n

25 mM Tris, 100 mM KCI, pH 8. Two separate experiments are
shown for each protein.
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Ficure 3: (A) Near-UV circular dichroism spectra of calmodulin
plus WFF peptide in the absence (a) and presence (b) of calcium.
Curve ¢ shows the calculated difference spectrung;Gavi—WFF
minus Ca-CaM minus free WFF peptide. Curve d shows the
calculated difference spectrum, £@aM minus apo-CaM. The
dotted line shows the summation of curves a, ¢, and d. The
measurements were made at°ZDin 25 mM Tris, 100 mM KClI,
pH 8. (B) Near-UV circular dichroism spectra of the hybrid protein
in the absence (a) and presence (b) of calcium. The measurements
were made at 20C in 25 mM Tris, 100 mM KCI, pH 8. (C)
Fractional change in circular dichroism signals at 278 (calmodulin
tyrosine signal) and 295 nm (peptide tryptophan signal) as a function
of Rca (=[calcium]/[CaM]) for the hybrid protein{, 278 nm;M,

295 nm) and for calmodulin plus WFF peptid®,(278 nm;®,
295 nm). The measurements were made at@@n 25 mM Tris,

occupied. For the hybrid protein, the changes at 278 and 100 mM KCI, pH 8.

295 nm also occur in parallel, but the dependence dRQn
is very different. There is little spectroscopic change

Far-UV Circular Dichroism. It is well established that
calmodulin shows a marked increase in intensity of peptide

associated with either tyrosine or tryptophan chromophoresCD on addition of calcium, and this is usually interpreted

for Rca < 1; then the bulk of the change occurs Ry, values
between 1.5 and 3.5, and the changes are compleRe.as
approaches 4.

as due to an increase in the amountoshelical structure
(e.g., Martin & Bayley, 1986). Recent NMR work (Finn et
al., 1995; Kubinowa et al., 1995; Zhang et al., 1995) has
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Ficure 4: (A) Far-UV circular dichroism spectra of calmodulin
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Ficure5: C&* titration studies of uniformly*N-labeled H2CaM.
The figure shows the peak intensity (arbitrary units) as a function
of the ratio of C&" to H2CaM. We have chosen two resonances
from each EF-hand motif of the protein to show that Cans fill

the four C&" sites in parallel. Panels A and B show four resonances
each from the N- and C-terminal domains of the protein, respec-
tively.

limits of the estimation of concentration). The spectrum of
Ca-H2CaM is shown in curve d; the magnitude of the
calcium-induced increase i-helicity is very similar to that
observed for CaM plus WFF peptide\dy at 220 nm
increases by a factor of 1.3% 0.01 for the hybrid protein).
Changes in the CD intensity at 220 nm as a function of
added calcium are shown in Figure 4B. For CaM plus WFF
peptide, the change saturates aRagpof 4. AtRca= 2, the
change is some 7380% complete. This may be contrasted
with the behavior of CaM alone (Maune et al., 1992a) where
the change also saturatesRat, = 4 but the signal increases
approximately linearly wittRc..  This may suggest that the
peptide adopts its fult:-helical structure at low values of

plus WFF peptide in the absence (a) and presence of excess calciunR., and therefore that it binds at low levels of calcium

(c), and of the hybrid protein in the absence (b) and presence (désaturation. For the hybrid protein, the change at 220 nm

of excess calcium. The appropriate difference spectra are labele
as c-a for calmodulin plus WFF peptide and-8 for the hybrid
protein. Spectra were recorded at ZDin 25 mM Tris, 100 mM
KCI, pH 8. (B) Fractional change in the circular dichroism signal
at 220 nm as a function d®z, (=[calcium]/[CaM]) for the hybrid
protein @) and for calmodulin plus WFF peptide®). The
measurements were made at°ZDin 25 mM Tris, 100 mM KClI,

pH 8.

also saturates @®c, = 4, but the way the signal changes as
a function ofRc, is very different from that seen with apo-
CaM plus WFF peptide, since over 70% of the total change
occurs forRc, values between 1 and 3.

Calcium Binding StudiesChanges in théH—1N HSQC
spectra during a titration with calcium have been investigated.
Figure 5 shows changes of the peak intensity as a function

shown that the helical elements of holo-calmodulin can be of the [calcium]/[CaM] ratio £Rcs). We have chosen two
identified as being present also in apo-calmodulin, although residues from each Casite to represent the experimental

the fraction of secondary structure in the full population is
not precisely quantitated. Compared to holo-calmodulin,

result, and it is evident that all four €abinding sites are
filled effectively in parallel. This may be contrasted with

apo-calmodulin has a high degree of dynamics, particularly the behavior of calmodulin alone, where the C-terminal sites

in the C-domain which shows some conformational equi-
librium (Tjandra et al., 1995) and is sensitive to ionic
conditions (Urbauer et al., 1995). Thus, the CD and NMR

techniques (depending on the precise details of the experi-

ment) may report on somewhat different fractions of a
dynamic population of apo-calmodulin molecules.
Figure 4A shows the far-UV (266200 nm) CD spectrum

are filled preferentially (Forseet al., 1986, and references
cited therein).

Typical experimental data for calcium titrations of Quin2
in the presence of apo-H2CaM or CaM plus WFF peptide
are shown in Figure 6A. The values of I&gK5) and log-
(K3K4) determined foiDrosophilaCaM alone agree reason-
ably well with values determined using the same technique

of a 1:1 mixture of apo-CaM and WFF peptide (curve a). With bovine testes CaM (Linse et al., 1991a) and with values
This is similar to the spectrum of apo-CaM alone over this determined using flow dialysis with cloneenopusCaM
wavelength range, consistent with the fact the free WFF (Porumb, 1994) (see Table 1). Calculated curves for the
peptide is largely unstructured (Findlay et al., 1995a). The variation of the degree of saturation with calcium as a
addition of excess calcium produces a major increase infunction of log([Cajes) are shown in Figure 6B. The pCa-
intensity, withAey at 220 nm increasing by a factor of 1.39 (50%) values calculated from the measured macroscopic
+ 0.01 (curve c¢). This increase derives from two factors: binding constants are 7.75, 7.07, and 5.33 for H2CaM, CaM

the increased-helicity of Ca-CaM compared with apo-

CaM (Maune et al., 1992a) and the fact that the WFF peptide

becomesux-helical on binding to the calmodulin (Findlay et
al., 1995a). The spectrum of the apo-H2CaM (curve b) is
similar to that of apo-CaM plus WFF peptide (within the

plus WFF peptide, and CaM, respectively.

Interestingly, the pattern of stoichiometric constants (with
KiKz > K3K,) observed with CaM alone is maintained for
measurements performed in the presence of the WFF peptide.
It has been argued (Linse et al., 1991a) that this pattern is
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(KiK2K3K4)Y4, where theK; values are the measured sto-
(A) ichiometricassociatiorconstants for calcium to CaM in the
absence of added peptide. The valu&afalculated from
the measured; values is 2.12« 10° M~1. The constanK’

is the average affinity of a calcium ion for CaM in the
presence of added peptide. This is calculated as
(K'1K'2K'3K' )Y where theK'; values are the measured
apparent stoichiometrigssociatiorconstants for calcium to
CaM in the presence of added WFF peptide. The value of
K' calculated from the measurdd; values is 1.175< 10’
M~L K'g and K4 are thedissociationconstants for the
interaction of the peptide with apo-CaM and ,&zaM

0 02 04 06 08 1 12 respectively. From Hess’s Law:
2+
1

Normalized A,g3,

Normalized [Ca

(KK = KYK4 andK' /K = (K'/K)*

The ratioK'¢/Kq is the factor by which the affinity of the
peptide for the calmodulin is increased by the presence of
calcium. For the WFF peptide, this ratio is 3%41(F. Since
Kgis <0.2 nM (Findlay et al., 1995a), the affinity of WFF
peptide for apo-CaMK'y) is calculated to be<1.8 mM.
Values ofK'q reported in the literature cover a wide range.

1 For example, Olwin and Storm (1985) have reported values
of 80 mM and 5.7uM for the interaction of apo-CaM with
bovine heart phosphodiesterase and troponin I, respectively.
(B) For the hybrid proteinkK’ is 5.6 x 10" and the ratio K'/K)*
o is therefore 4.85< 1, close to 3 orders of magnitude greater
2 8 7 6 5 4 than for the WFF peptide. For the hybrid protein, this
LogiCa® gl thermodynamic cycle no longer applies, because the peptide
FIGURE 6: (A) Typical experimental data for calcium titrations of is not dissociable, being covalently attached to the calm-
Quin 2 (23.9uM) in the presence of 8.6M hybrid protein (curve  odulin. Nonetheless, this ratio gives a semiquantitative

a) and 7.4uM calmodulin plus WFF peptide (curve b). The curves indi ;
through the points are the least-squares fits to the data. Curves Ctn;s;;ugigézieenhanced binding propensity of the tethered

and d are theoretical curves for a protein with four identical binding Al - o
sites for calcium and intrinsic site binding constants ok 110° Kinetic Studies: Stopped-FlowThe addition of EGTA
M~ and 1x 10* M~! (calculated for [Quin 2= 23.9 uM and to Ca-H2CaM in the stopped-flow leads to the expected
[protein] = 8.0 uM). The total calcium concentration has been reduction in tryptophan fluorescence (see Figures 2A and
normalized so that [Quin gl + 4[proteinjos = 1. For comparison, 2y - yawever, Figure 7 also shows that this change is biphasic
the curves are drawn with their start and finish values at the same _ 7" ! . .

level. (B) Calcium binding to the hybrid protein (&)rosophila and that the product formed in the fast phaserheee intense
calmodulin in the presence of WFF peptide (b), ddrbsophila fluorescence than the initial G&2CaM complex. Similar
calmodulin alone (c). The calcium binding profiles were calculated behavior is observed in kinetic studies on the dissociation
from the stoichiometric binding constants determined from calcium of the Ca-CaM—mastoparan X complex (S. E. Brown, S.

tirations in the presence of Quin 2 (see Table 1). R. Martin, and P. M. Bayley, unpublished observations),

characteristic of the situation where the C-terminal pair of Where it is known from calcium t|trat|onszof apo-CaM plus
calcium binding sites have much greater affinity than the the peptide that the species formed at a’[Q{CaM] ratio
N-terminal pair. The values dfiK, andKsKy then reflect  Of 2 (@ssumed to be G&aM—mastoparan X, in which only
the affinities of the C- and N-terminal €aions, respectively the C-terminal calcium sites are occupledhere_flu_orescent
(Linse et al., 1991a). The pattern of macroscopic binding than the complex GaCaM—mastoparan X. Similar results
constants for H2CaM is quite different; the valueg, and  ave been reported f@olistesmastoparan by Malencik and
KsK. are more nearly equal, suggesting that all four calcium Anderson (1986). It is important to note here that, in contrast
ions bind with rather similar affinity in the hybrid protein. (O the case with the mastoparans, there is no evidence for
The formation of the CaCaM-WFF complex may for- the 'e.zxystenc_e qf a more quo.rescent. mtgrmed@te in the
mally be represented as follows [cf. Olwin and Storm equilibrium titration of the hybrid protein with calcium (see

[#]

N
O
o
e]

—_

[Ca?* 5, ngl/[Calmodulin}

The observed rate constants for the fast and slow phases
K4 in the dissociation of GaH2CaM are 0.7# 0.05 and 0.18
4Ca+CaM + WFF <> Ca,-CaM + WFF + 0.02 st, respectively. These rates are independent of the
f fl EGTA concentration over the range—30 mM. The
Ky g activation energies for the fast and slow phases arg @5
U e U and 774 2 kJ mol?, respectively (experiments over the
4Ca + CaM-WFF <> Ca,-CaM-WFF temperature range 385 °C: data not shown).
In the case of the hybrid protein, the peptide is covalently
whereK is theaverageaffinity of a calcium ion for CaM in linked to the calmodulin. It is therefore reasonable to assume

the absence of added WFF peptide. This is calculated asthat the two kinetic steps observed in the EGTA-induced
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Table 1: Macroscopic Ca Binding Constants for the CaM/M13 Hybrid Protein and for Calmodulin in the Presence and Absence of the WFF
Peptide

sample logKa) log(K2) log(Ks) log(Ka) log(K1K2) log(K3Ka)
DrosophilaCaM 5.23(0.14) 6.42 (0.20) 4.33(0.31) 5.33 (0.20) 11.65 (0.15) 9.66 (0.25)
bovine CaM 4.90 6.60 4.40 5.60 11.50 10.0
XenopusCaMwe 5.30 5.95 4.50 5.50 11.25 10.0
DrosophilaCaM + WFF 6.94 (0.26) 8.01 (0.27) 6.69 (0.28) 6.64 (0.25) 14.70 (0.18) 13.33 (0.19)
CaM/M13 hybrid 7.95(0.31) 7.45 (0.26) 7.75(0.43) 7.84 (0.36) 15.40 (0.22) 15.59 (0.22)

aMeasurements were made atZDin 10 mM Tris, 100 mM KCI, pH 8.0. The values in parentheses are the standard deviafimtermined
by Linse et al. (1991a) in 2 mM Tris, 100 mM KCI, pH 7.%Determined by Porumb (1994) in 50 mM Hepes, 100 mM KCI, 1 mM Mg@H
7.5.

1.8 determined a rate of 12 2 s! for dissociation of the
N-terminal calcium sites (S. E. Brown, S. R. Martin, and P.
16 M. Bayley, in preparation), again confirming that there is a

much greater effect on the N-terminal sites in the case of

0 the hybrid protein.

T>:1 4

= ' GENERAL DISCUSSION

c

;?,’1'2 In this report, we have described the properties of a novel

hybrid protein comprising the full length of th€enopus

1 laevis calmodulin sequence, followed by a pentapeptide

linker (GGGGS) and residues-26 of M13, the calmodulin

0.8 — binding region of skeletal muscle myosin light chain kinase.

2 2 6 10 14 18 Unlike the similar hybrid protein described in an earlier report
Time {seconds) (Porumb et al., 1994), the NMR evidence (Figure 1) indicates

FiGURe 7: Typical stopped-flow trace for the EGTA-induced  that this M13/CaM hybrid protein exists as a single con-
dissociation of CaH2CAM. The signal from the completely reacted former in solution

solutions is~0.81V. The analysis started at the heavy arrow, and . . .
the fitted curve is shown superimposed on the raw data. The A number of lines of evidence suggest that the apo-hybrid
observed rate constants for the fast and slow phases aret0.77 protein comprises essentially the apo-calmodulin conforma-
0.05 and 0.18t 0.02 s*. tion, plus the covalently attached (“tethered”) peptide in a

disordered conformation, with little or no specific interaction
dissociation correspond to the loss of the N- and C-terminal petween them. Although the fluorescence emission maxi-
pairs of calcium ions. For the hybrid protein, these rates mum (344 nm) and the quenching characteristics both
are seen to be similar in magnitude. Since the N-terminal indicate that this residue is not fully accessible to the solvent,
pair of calcium ions dissociate more rapidly than the the near-UV CD of the apo-hybrid is similar to that of apo-
C-terminal pair for calmodulin in the absence of peptide (see CaM plus WFF in showing no contribution from the Trp
below), we assume that for the hybrid protein the fast phasechromophore. Also, the far-UV peptide CD of the apo-
also reflects the loss of the N-terminal pair. With this hybrid is similar to that of apo-CaM plus WFF, and the
mechanism, the more fluorescent intermediate would thenincrease in intensity in this region with binding of calcium
correspond to a hybrid protein with calcium ions bound only indicates an increase in helicity of the tethered peptide similar
at the C-terminal sites. We note here that the following in magnitude to that of the binding of WFF to £@aM.
arguments remain qualitatively the same if the fast phaseHence, any interaction between the tethered peptide and the
corresponds to loss of the C-terminal, rather than the gpo-CaM strucure in the apo-hybrid appears to be nonspecific
N-terminal, calcium pair. in nature.

For Ca-CaM in the absence of peptide, the dissociation = The addition of calcium to the hybrid protein produces
rates for the N- and C-terminal calcium ions under these pronounced changes in the near-UV (Figure 3B) and far-
buffer conditions are 700 and 8.5srespectively (S. E. UV CD spectra (Figure 4A), in the fluorescence emission
Brown, S. R. Martin, and P. M. Bayley, in preparation). In spectrum of the single tryptophan residue at position 4 in
the above mechanism for EB2CaM, these rates are the M13 sequence (Figure 2A), and in the accessibility of
reduced by factors of 910 and 47, respectively. If the changethis tryptophan residue to acrylamide quenching (Figure 2B).
in dissociation rate is directly related to changes in affinity These changes are consistent with the tryptophan residue
for the calcium ion (i.e., if there are no changes in the being immobilized in a hydrophobic environment and with
association rate constants), then the ratig)* should be the hybrid protein adopting a mocehelical structure when
equal to 910x 910 x 47 x 47=1.83x 10°. This agrees  calcium is bound. The increasedhelicity derives from
reasonably well with the value of 4.856 10° calculated in changes in both the calmodulin and peptide regions of the
the previous section. These results also appear to confirmhybrid protein.
the deduction that the peptide portion of the hybrid protein  Results from*H—1N HSQC NMR experiments (Figure
has a significantly greater effect on the N-terminal calcium 1) suggest that the solution structure of the calcium-saturated
sites than it does on the C-terminal pair (a factor of 910 hybrid protein is very similar to that of the ¢€aM—M13
compared with a factor of 47), and is consistent WKt complex (Ikura et al., 1992). Consistent with this conclusion,
andK3K,4 being nearly equal for the hybrid protein. In studies the optical properties (fluorescence and near- and far-uv
on the dissociation of the G&€aM—WFF complex, we have  circular dichroism) of the calcium-saturated hybrid protein




3516 Biochemistry, Vol. 35, No. 11, 1996 Martin et al.

are similar to those of the complex formed betw@&gnso- 127

phila calmodulin and a peptide corresponding to residues

1—18 of the M13 sequence. 4 _ o il -
Macroscopic calcium binding constanti;Ki) were % 08/ By oy

determined from calcium titrations performed in the presence 2 [ a .~ o |

of the calcium chelator Quin 2 (Figure 6 and Table 1). The 2 D-E! ot 4

values for logKiK;) and logKsK4) for Drosophila calm- = b

odulin alone are 11.6% 0.15 and 9.66- 0.25, respectively. E i 7 i r

As expected, the hybrid protein shows greatly increased ozl A,Mesd

affinity for calcium compared with calmodulin itself. The s -t

values of logKiK>) and logKsKy) for the hybrid protein are o

15.4+ 0.2 and 15.6+ 0.2, respectively. The corresponding ol |

values forDrosophilacalmodulin plus the WFF peptide are e 1 2 3 a5

14.7 £ 0.2 and 13.3+ 0.2, respectively. These numbers [Cabchum]iTGalmoduling

correspond to peptide-induced increases in total calcium Ficure 8: Fractional changes in various spectroscopic signals as
affinity of 9.4 x 10 for Drosophilacalmodulin plus the WFF a function ofRca (=[calcium]/[CaM]) for the hybrid protein.<)
peptide and 4.85 10° for the hybrid protein. The much The tryptophan fluorescence emission intensity at 330 iyn=¢

. - . . 290 nm). () Circular dichroism signals at 278 nm (calmodulin
greater effect in the case of the hybrid protein may derive tyrosines) and 295 nm (peptide tryptopha) Circular dichroism

from the fact that the peptide portion is covalently linked to  gignal at 220 nm.%) H—15N HSQC NMR signals from G25, G33,
the calmodulin, so that the entropic cost of attaching the A57, and G61 in the N-terminal domaim)H—15N HSQC NMR
peptide is much reduced. signals from G98, 1100, G134, and A137 in the C-terminal domain.

Changes in the circular dichroism (Figures 3C and 4B) The solid lines show the appearance of different stoichiometric
. . . . species calculated from the stoichiometric constants (Table 1): (a)
and fluorescence properties (Figure 2C) of the hybrid protein ([Ca-H2CaM]+ [Ca-H2CaM] + [Cas-H2CaM] + [Car-H2CaM])/

as a function of the calcium to hybrid protein ratio are very [H2CaMg]; (b) ([Ca-H2CaM]+ [Car-H2CaM]+ [Cai-H2CaM])/
different from those seen in titrations of a mixture of [H2CaMggl; (c) (([Cas-H2CaM]+ [Ca,-H2CaM])/[H2CaMy]; and

Drosophilacalmodulin and the WFF peptide. The stoichio- (d) ([Ca-H2CaM]/[H2CaMual.-
metric calcium binding constants suggest an explanation for
this behavior. The situation seen with calmodulin alone (N- different stoichiometric species, calculated from the macro-
terminal calcium sites binding more weakly than the C- Scopic calcium binding constants. The changes in the signals
terminal ones) appears to be maintained in the presence ofissociated with the interaction of the peptide portion with
the WFF peptide. This may be because the 18-residue WFFthe calmodulin portion of the protein clearly parallel the
peptide lacks some of the normal M13-like interactions with appearance of Gai2CaM plus CaH2CaM.
the N-domain of the calmodulin. A titration of apo-CaM The enhancement of the calcium affinity of the hybrid
with WFF peptide will therefore produce preferential filling ~ protein is matched by an enhanced affinity for the binding
of the C-terminal sites, and peptide binding to this form will of the tethered peptide in an ordered conformation. This
produce spectroscopic changes at low levels of added calciunmcan be seen as a proximity or concentration effect, which
(see, for example, Figure 2C). With the hybrid protein, the avoids the large entropic energetic disadvantage of a disso-
N- and C-terminal calcium pairs appear to be much more ciable ligand. A similar principle appears to be involved in
nearly equal in affinity. This means that the presence of the function of calmodulin itself as a nondissociating subunit
the covalently attached peptide portion must increase theof phosphorylase kinase, and in the reported enhanced
affinity of the N-terminal sites more than that of the binding of calmodulin (relative to its fragments) with smooth
C-terminal ones. Stopped-flow studies provide further muscle MLCK (Persechini et al., 1994). We have recently
evidence for this interpretation. The dissociation rate for noted the major role of the N-terminal portion of the target
the N-terminal calcium ions is2700 s for Drosophila peptide of skeletal muscle MLCK in interacting with the
calmodulin in the absence of peptide. This is reduced to C-domain of calmodulin (Findlay et al., 1995b). A general
~12 st for the Ca-CaM—WFF complex and to less than picture of the binding of calmodulin to a target protein may
0.77 st for the hybrid protein. therefore involve a sequence of interactions starting with
The pattern of stoichiometric calcium binding constants formation of an initial encounter complex involving a portion
observed for the hybrid protein suggested (see above) thatof calmodulin with a part of the target, and followed by
all four calcium binding sites would fill effectively in parallel. ~ completion of the full interaction by processes whose affinity
The way the optical and NMR signals change as a function and probably also kinetics are enhanced by the proximity of
of added calcium confirms this interpretation. Figure 8 the remaining structural components.
shows the fractional changes in several spectroscopic signals The most interesting aspect of this work is that the
as a function ofRc, (=[calcium]/[CaM]) for the hybrid engineered hybrid protein binds calcium with remarkably
protein. The!H—'N HSQC NMR signals from residues high affinity. The overall enhancement of calcium affinity
located in the N-terminal domain (G25, G33, A57, and G61) by the M13 peptide analogue is 9410, equivalent to an
and in the C-terminal domain (G98, 1100, G134, and A137) average increase in site affinity of 55-fold or a pgshift
change effectively in parallel. The tryptophan fluorescence of 1.74 units. In the case of the covalently linked hybrid
emission intensity at 330 nnidy = 290 nm), the circular molecule, the overall enhancement is 4:83(°, equivalent
dichroism signals at 278 nm (calmodulin tyrosines) and 295 to an average increase in site affinity of 264-fold or a pCa
nm (peptide tryptophan), and the circular dichroism signal shift of 2.42 units. This type of hybrid molecule is thus, in
at 220 nm all change approximately in parallel with the NMR principle, capable of responding to calcium ion in thelD
signals. Figure 8 also shows curves for the appearance oinM concentration range. The site-directed mutagenesis
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approach proposed by Beckingham and co-workers (MauneKay, L. E., Keifer, P., & Saarinen, T. (1992) Am. Chem. Soc.

et al., 1992b) should allow us to alter the high affinity of

H2CaM such that various calcium responses especially
toward higher calcium concentrations can be obtained. A
systematic design and characterization of such calmodulin

114, 10663-10665.

Kilhoffer, M.-C., Lukas, T. J., Watterson, D. M., & Haiech, J.
(1992)Biochim. Biophys. Acta 1168—15.

Kuboniwa, H., Tjandra, N., Gresiek, S., Ren, H., Klee, C. B., &
Bax, A. (1995)Nat. Struct. Biol. 2768-776.

hybrids can provide a whole new array of materials which | j e ‘s Brodin, P., & Forse S. (1988)Nature 335 651—652.

can be used as a calcium sensor, for examplejnfaiivo

Linse, S., Helmersson, A., & FomseS. (1991a)J. Biol. Chem.

studies possibly combined with fluorescent markers such as 266, 8050-8054.
green fluorescent protein, GFP (Chalfie et al., 1994). Such Linse, S., Johansson, C., Brodin, P., Grurigsird., Drakenberg,

a CaM hybrid fused to GFP should not perturb various CaM-

T., & Forse, S. (1991bBiochemistry 30154-162.

dependent pathways because of the occupancy of theMalencik, D. A., & Anderson, S. R. (198®&iochem. Biophys. Res.

calmodulin target recognition site by the tethered M13
segment, and would thus be ideal for an intracellular calcium
indicator. The present study on H2CaM with remarkably

Commun. 1351050-1057.
Martin, S. R., & Bayley, P. M. (1986Biochem. J. 238485-490.

Martin, S. R., Andersson Teleman, A., Bayley, P. M., Drakenberg,
T., & Forsm, S. (1985)Eur. J. Biochem. 151543-550.

high affinity for calcium establishes the basis of further . et v. & Cox, J. A. (1983Biochemistry 225680-5686.
investigation on the design and characterization of calm- \jaune, J. F., Beckingham, K., Martin, S. R., & Bayley, P. M.

odulin hybrids.
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