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ABSTRACT. F-STOP is a microtubule-associated protein that stabilizes microtubules in a calmodulin (CaM)-
dependent manner. All members of the stable tubule only polypeptide (STOP) family have a central domain
that contains nearly identical multiple repeats, and a CaM binding motif is present in multiple copies
within this domain. We present here an analysis of this CaM binding interaction and find that it is highly
unusual in nature. For this work, we synthesized two model peptides of a single STOP central repeat
motif and analyzed their binding to CaM by fluorescence, circular dichroism, infrared and NMR
spectroscopy. Both peptides bind to CaM with an affinity giM, similar to that of the native protein.
Results indicate that the peptides bind CaM in an atypical manner. Binding is highly dependent on the
concentration of cations, indicating that it is to some extent electrostatic. Further, IR and CD analysis
shows that, in contrast to typical CaM binding reactions, CaM does not change in helical structure on
binding. NMR mapping confirms that CaM remains in extended conformation on binding a single STOP
peptide. Binding of a single peptide to CaM occurs principally in the CaM C-terminal region, and the
C-terminal domain of CaM effectively competes for STOP binding. Our results establish that CaM binds
STOP in an unusual manner, involving mainly the C-terminus of CaM, thus leaving CaM potentially
accessible for another binding partner at the N-terminus. This intriguing possibility could be of physiological
importance in F-STOP mediated CaM regulation of microtubule dynamics or stability, specifically during
mitosis where CaM and STOP colocalize.

Microtubules are ubiquitous components of the cytoskel- roles of STOPs are not at present clearly understood, but
eton in eucaryotic cells. They are intrinsically labile polymers STOP inhibition in cultured neuronal cells impairs neuronal
of tubulin, physiologically stabilized by the association with differentiation ¢). Furthermore, knockout mice for STOPs
microtubule-associated proteins (MAPg1). Among the exhibit synaptic defects associated with a severe behavioral
MAPs, stable tubule only polypeptide (STOP) family mem- phenotype T), suggesting that STOP might be implicated
bers have the unique capacity to prevent in vitro dissociation in synaptic functions. F-STOP is physiologically associated
of microtubules after exposure to cold temperature, dilution, with specific microtubules of the mitotic spindIB)( and is
or microtubule depolymerizing drugg,(3). STOP protein thus believed to play a role in cell cycle progression during
variants are produced from a single gene by alternate splicingmitosis.

(4, 5). The short F-STOP splice variant is expressed in  CaM is known to bind STOP and to regulate its micro-
cycling cells. E- and N-STOP are longer forms, respectively tubule stabilizing capacity in a calcium-dependent manner
expressed during embryogenesis or in neurons. Physiological8, 9). CaM is a major sensor of cytoplasmicaoncen-
tration, and is implicated in hundreds of cellular processes
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where CaM has been implicated in chromosome segregationcapped with acetic anhydride. Deprotection and cleavage of
(13). CaM activation is also known to be essential for mitotic the peptide from the resin were achieved by HF treatment.
progression 14, 15). These observations suggest a physi- Deprotection of histidine by thiophenol and deformylation

ological role for CaM/STOP binding in various cell pro- of tryptophan by ethanolamine were achieved as recom-
cesses. mended by Applied Biosystems. Purification was achieved

A recent study of STOP sequence properties using Dy preparative reverse-phase HPLC on a 30-nm Vydac C18
immobilized-peptide array revealed that multiple putative column (2.2x 25 cm, 1Qum). Fractions of the peptide were
CaM binding motifs are present on STOP, and overlap with first loaded onto the column equilibrated with solvent system
the microtubule b|nd|ng Sequencdﬁxl The short Sp“cing 1, ConSiSting of 0.1% trifluoroacetic acid and Q}N in the
variant, F-STOP, exhibits one CaM/microtubule Mn binding ratio 95:5 (v/v), and elution was carried out with a gradient
motif and four Mc motifs, occurring once in each of the four t0 give a final ratio of 40:60. Further purification was
conserved repeats in the central region_ Bosc et]ﬁ) ( achieved on the same column USing a second solvent System
showed that only F-STOP constructs containing Mc repeats containing 0.07% pentafluorophosphoric acid andsCN,
were retained on column-immobilized CaM, signifying that Using a 30-min linear gradient from 15 to 55% (.
Ca&*"-CaM interaction with F-STOP is restricted to the Mc Desalting of the peptide was obtained by a final chromato-
motifs present in its central repeated region. Sequencedraphic step using solvent system 1.
comparison showed that these motifs are not related to CaM Subcloning, Expression, and Purificatié€®aM clone
conventional CaM-binding motifs{). Taken together, these ~ containing synthetic calmodulin (AF0844126, 27) was a
observations suggest an unusual binding interaction betweerkind gift of Dr. D. M. Watterson. The open reading frame
CaM and the F-STOP repeated central region_ was subcloned into pHAQT(28) between EcoRI and BamHI

Several unusual modes of interaction between CaM andsites.Escherichia colBL21(DE3) strain, transformed by the

P HAT-CaM construct, was used to overexpress normal or
its binding partners have been reporté8-25). However, P, 151 /13 '
none of these complexes, as described in Discussion, isUniformly **N/*C-labeled CaM. For labeled CaM, 10 mL

representative of the binding mode of STOP. We wanted to 0{ minimal M9-arlr;picillin| medigm C(Ijntainingh 2 g/E3C1:
understand the unique binding interaction between CaM and9!ucose and 1 g/E®NH4CI, was inoculated with 10QL o
F-STOP. To gain structural knowledge on the complex @ Saturated culture grown overnight at 32 in LB-Amp
formed between F-STOP and CaM, we decided to study thejr rom a smgle_cplony. The cu.Itgr_e was 'Fhen used to mpculate
mode of interaction using a simplified peptide model. We 990 |]:nLr?f mlrgmalde9—amp|C|II|n midluzm art] 37C Wh;tCh
have thus synthesized peptides corresponding either to theV@S urth e(; in u;:]ed y 1 mM IPTGI or2.5hat 3:126? gr .
element within the repeat that contains the CaM/microtubule OD600 lad reache 0.5. For normal expression, the induction
Mc binding motif (STP23), as described by Bosc et 26)( was achieved und_er the very same conditions, after growing
or to the full-length repeat (STP42). We show that, in of 1 L IBB—Almp first mocul_atr—zld W'tlh 20 to 5|0 rr]nL of an
solution, these peptides bind to CaM in a calcium-dependent®Vernight culture from a single colony, until the OD600
manner and that binding occurs in the C-terminal domain [)ergggi%i 05&@?55 Icnedllicf/lvoer;eoten:ursrﬂnﬂn%relgti)ﬁlig Cr';naLMo?)gO
of CaM. Structural changes that are typical for CaM binding .

do not occur in the reaction between CaM and STOP. our MM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 1 mM DTT,

results thus demonstrate a unigue mode of CaM binding,o'1 me PMSF' and lysed using_ Fre?ch-pfrehss. Follolwing
with potential physiological consequences. centrifugation (18 000 rpm, 30 min at 4:.) of the sample,
the supernatant was cleared by 0 filtration before CaGl

EXPERIMENTAL PROCEDURES was added to a final concentration of 5 mM. Purification to
homogeneity was achieved according to Roberts eRd), (
Peptide SynthesisThe 23-mer peptide (STP23, rat se- using a 15 mL low-sub Phenyl-Sepharose (AP-Biotech) col-
quence from EMBL NM_017204) corresponding to the umn on aBeckman Biosys2000 FPLC system. After elution
consensus Mc motifl), QRDTRRKAGPAWMVTRTEG- with 50 mM Tris pH 7.5, 1 mM EGTA, Apo-CaM was
HEEK was obtained commercially (Eurogentec France S. further concentrated and desalted using 5000 Da cutoff centri-
A.). The 42-mer peptide corresponding to a single repeat con (Amicon) and dialyzed against water before freeze-dry-
(STP42, mouse sequence from EMBL NM_010837) AQSQ- ing. Purity of the samples was monitored by mass spectrom-
TQEGGPAAGKASGADQRDTRRKAGPAWMVTRSEG-  etry. Concentrations were measured using OD at 280 nm
HEEK was synthesized chemically (Applied Biosystems with a e value of 1580 cm* M~%. This molar absorption
430A automated synthesizer). Thert-butyloxycarbonyl coefficient was estimated from UWisible spectra after
group was used for protection of thedNamino terminus of ~ determination of the protein concentration by total amino
all amino acids, and synthesis was carried out on a phenyl-acid analysis.
acetamidomethyl resin. Protecting groups for relevantamino CaM C-Terminal Domain Cloning and #@rexpression.
acid side chains were as follows: R, mesitylene sulfonyl; CaM C-terminal (TR2C) domain clone was a kind gift of
D, cyclohexyl; E, benzyl; H, 2,4-dinitrophenyl; K, 2-chlo-  Dr. T. Drakenberg (Biophysical Chemistry Department, Lund
robenzyl oxycarbonyl; S and T, benzyl; W, formyl. All  University, Sweden). The coding sequence was amplified
couplings were performed by the dicyclohexylcarbodiimide/ by PCR using conventional methods, wiICTGATGG-
1-hydroxybenzotriazole method, usiNgmethyl pyrrolidone GATCCAAGATGAAAGAC-ACTGA?® and’AGGGCCCTC-
and dimethyl sulfoxide as coupling solvents, according to GAGCCTACTTAGCCATCATAA® (MWG-Biotech AG) as
the protocol recommended by Applied Biosystems. All primers. The fragment was then subcloned in BamHI and
amino acids except glycine were double-coupled, and aminoXhol sites of pPGEX4T-3 (AP-Biotech), as a fusion protein
groups left unreacted at the end of each coupling cycle werewith GST. E. coli BL21(DE3) strain, transformed by the
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above construct, was used to overexpress the recombinant®N/**C-labeled CaM were prepared as 0.85 and 0.9 mM
protein in the conditions described above for CaM. After 3 solutions, respectively, in aJ buffer (20 mM Tris, 5 mM
h induction at 37C, cells were harvested by centrifugation, CaCh, pH 7.7). The complex was obtained by mixing the
and lysed as described above. Purification of TR2C was two latter solutions in a 1/1 ratio. A total of 6oL of the
achieved after loading of the lysis supernatant on 1.5 mL solutions were inserted between Galindows (Spectra tech)
glutathione-Sepharose according to manufacturer’s instruc-using a 100um spacer. IR spectra were recorded with a
tions (AP-Biotech). The fusion protein was further purified JASCO 610 Fourier transform spectrometer. For each
after direct cleavage by thrombin on the column (50 U, 4 spectrum, 1000 interferograms were recorded &tQWith
°C). After overnight incubation, remaining thrombin was a resolution of 4 cm'. Then, the water vapor was subtracted
captured from the eluate by clearing through a 500 and the baseline was corrected using the software provided
p-amino benzamidine-Sepharose 6B column (Sigma Aldrich). by JASCO (Japan). The spectrum of the peptide bound to
The final eluate, which contained TR2C, was then dialyzed CaM was obtained by subtracting the spectrum of the free
against water and lyophilized. Integrity and purity of the N/*3C-labeled CaM from the spectrum of the complex
protein were estimated by mass spectrometry. (peptide/CaM), as described by Zhang et20)(The spectra
Dansyl CaM (DNS CaM) SynthesisApo-CaM (20 mg) of the peptide were normalized using the band of TFA. Then,
was dansylated with dansyl-chloride (Sigma Aldrich) as the second derivatives of the spectra were calculated with
described by Kincaid et al20). One or two DNS molecules the software provided by JASCO.
were incorporated per CaM moiety as determined by mass Nuclear Magnetic Resonance Spectroscép§a’-loaded
spectrometry; native:m/e: 18 390 100%;m/e: 18 622 uniformly '>N/*3C-labeled CaM sample was prepared as a
(+232, 1 dansyl) 83%/e: 18 854 (+464, 2 dansyl) 59%. 0.7 mM solution in a Shigemi tube (Shigemi Inc., Allison
Circular Dichroism. Circular dichroism spectra were Park, PA) containing 18 mM Tris-base buffer, pH 7.7, 0.05%
recorded at 25C between 190 and 250 nm on a Jobin-Yvon NaNs, anti-proteases (Complete, Boehringer, Mannheim) and
CD6 spectro-dichrograph, using a quartz cell of 1-mm path 10% D;O. The sample was degassed under argon. The Ca
length, wit a 2 sintegration time for each 0.5-nm step. For CaM/peptide complex was prepared by direct addition of a
each experimental condition, two spectra were averaged andconcentrated solution of unlabeled STP42 (typically 6 mM)
corrected from the baseline for buffer solvents. to the NMR sample of labeled €aCaM to reach a 1:1
Fluorescence Emission Spectroscdpyrinsic tryptophan stoichiometry. NMR spectra were recorded at Z7 on
emission fluorescence measurements were performed using/arian Inova 600 and 800 MHz spectrometers equipped with
eithera Bowman 2 Amincon or a Jobin Yvon Spex Fluoro- a triple-resonance'tl, °C, *N) probe including shielded
Max spectrofluorimeter. Unless otherwise specified in the z-gradients. To be able to compare the backbone chemical
text, experiments were performed in the following condi- shifts of free and peptide-bound CaM, the backbone chemical
tions: measurements were recorded at room temperature irshifts of the CaM/peptide complex were assigned under the
a 1x 1 cm cuvette under continuous stirring. The excitation same conditions as the free CaM. This was done with the
wavelength was set to 295 nm (4 nm band-pass). Emittedfollowing experiments: 2DH-*N HSQC, 3D HNCA, 3D
light was detected at 9etween 310 and 380 nm (4 nm HNCO (31—34), 3D HN(CO)CA (35), and 3D (H)CC(CO)-
band-pass). Assays were performed with peptides in theNH (36) spectra. For the HNCA, HN(CO)CA, HNCO, and
concentration range of-3L0 uM in 20 mM Tris pH 7.7, 1 (H)CC(CO)NH experiments, 1228 120 x 58, 1024x 100
mM CaCh. For CaM binding assays, CaM from 0.5 mM x 55, 1024x 128 x 52, and 1024x 70 x 50 (*H, °C,
stock solution was added stepwise up to a final concentration'®N) complex points were acquired, respectively. All triple
of 21 uM. For salt-dependence experiments, salts from 4 M resonance experiments used the pulse sequences provided
stock solutions were added stepwise to peptid€/CaM by the Varian protein pack (available at ftp site: ftp.nmr.
complexes up to a final concentration of 300 mM for NaCl, varianinc.com). All data were processed using FELIX 2000
NaNQ; and KCI or 100 mM for CaG] Ca(NQ),, and (Accelrys). Proton chemical shifts were reported with respect
MgCl,. For the TFP-dependence experiments, TFP from 1 to the HO signal relative to DSS at 2C. The!*N and*C
mM stock solution was added stepwise up to 29 to chemical shifts were referenced indirectly using théHX/
peptide/C&"-CaM complexes formed in the presence of 0.5 frequency ratios of the zero-point: 0.101329118lf and
mM CaCb. For the CaM/TR2C competition experiments, 0.251449530%C) (37).
CaM (1.3 mM stock solution) or its C-ter domain (1.5 mM
stock solution) were added stepwise up to a final concentra—RESULTS
tion of 21uM to a 5uM solution of preformed STP23/DNS- Fluorescence Measuremenisitially, we verified whether
CaM complex. The excitation wavelength was set at the F-STOP peptide models were able to bind CaM in solution.
maximal excitation wavelength of the DNS-CaM (335 nm, As illustrated in Figure 1, addition of increasing concentra-
4 nm band-pass). Emitted light was detected &tl#iween tions of CaM to the STOP peptide STP23 in the presence of
450 and 550 nm (4 nm band-pass). For each experimentall mM calcium, induced an increase of the fluorescence
point, the intrinsic fluorescence was determined as the intensity and a blue shift of the maximum of reemission of
difference between the observed fluoresceri®eand the 19 nm. This indicates a more hydrophobic environment in
baseline fluorescence determined with an equivalent con-the tryptophan vicinity and demonstrates formation of a
centration of NATA Fnata) under the same conditions, complex between CG&-CaM and the peptide. Addition of
normalized by corrected initial fluorescend&nfx — Fnata) 10 mM EGTA totally reversed the observed changes,
using the following expressionF(— Fnata)/(Fmax — FrnaTa)- indicating that the binding was calcium dependent. The
Infrared SpectroscopyFor Fourier transform infrared calculated dissociation constant yielded a value o304
spectroscopy (FT-IR) studies, the solutions of STP42 and uM, which lies in the range of the published values for CaM/
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Ficure 1: Steady-state intrinsic tryptophan fluorescence spectra _ _
of STP23 peptide as a function of CaM concentrationlBpeptide Chloride concentration (mM)
(open circles); in the presence ofi®1 (open squares), BM (open 0 50 100 150 200
triangles), 17«M (open diamonds), and 24V CaM (open inverted 1 ' ' ‘
triangles). Spectra were recorded atZ5in the presence of 0.5 B
mM CaCb. Excitation was set at 300 nm. The inset shows the 0.8
evolution of the fluorescence intensity at the maximum emission z
wavelength as a function of CaM concentration. 2
T 06
F-STOP binding affinitiesX6). Similar results were obtained "
for the longer peptide corresponding to a single repeat motif = o4
(STP42) with a calculately of 5.6 + 1.2 uM (Supporting s
. . 24
Information, Figure S1). o
Our result clearly indicates that a single peptide motif binds 0.2 - o
Ca*-CaM. We next tested the influence of ionic strength i\. °
on the binding of CaM to STP23 (Figure 2). Starting from 0 : w . . .
the complex in solution, our data show that an increase in 0 100 200 300
ionic strength leads to a decrease of the fluorescence Ionic strength (mOsm)

maximum (Figure 2). The dissociation of the peptide from Ficure2: Effect of the ionic strength on the STP23/CaM binding.

CaM under increased ionic strength environment is confirmed Plotted here is the emitted W-fluorescence, corrected from the
by a red shift of thelmax toward the value of the unbound NATA-fluorescence recorded in the same conditions and normalized

. - .. by the complex fluorescence before addition of salts, as a function
form (data not shown), with an almost complete dissociation ¢ e osmolarity: f = 1/2 5(Ciz?) where C; and z are the

above 200 mOsm sodium chloride. This is not due to the concentration and charge of thepecies (lower abscissa) or as a
increase of the chloride concentration, as half-dissociation function of the chloride concentration (upper abscissa). Fluorescence
is obtained only at about 100 mM Clvith NaCl, whereas was measured for increasing qoncentrations of NaCl (A) or cacCl
it is quasi-complete at 50 mM Clwith CaCb (Figure 2A,B). (B). Spectra were recorded in the presence ofN peptide
- L g . complexed with 1«M CaM.

Moreover, we also observed dissociation at similar cation
concentrations using nitrate salts instead of chloride saltsabsorption of the peptides (data not shown). We verified by
(Supporting Information, Figure S2). Using STP42 (Sup- intrinsic W fluorescence using the same samples that, under
porting Information, Figure S3), we further tested a series the conditions used for the CD experiments, binding oc-
of monovalent or divalent ions. Since no specific difference curred. The peptides do not adopt a helical conformation by
was observed in the dissociation efficiency using sodium or themselves in solution as indicated by a negative ellipticity
potassium (Figure S3A,C) and calcium or magnesium (Figure minimum at 200 nm, nor exhibit a propensity to adopt this
S3B,D), we conclude that the nature of the salt used is not conformation, as no significant increase of the helicity was
responsible for the dissociation observed. We also tested thanduced by TFE below 15% (data not shown). No spectral
effect of acidic pH, and observed an increase in dissociation variations were observed when 100 mM Ca®hs added
efficiency using divalent ions (data not shown). Taken to the peptides, indicating that no structural change takes
together our data suggest that CaM interaction with STOP place in the peptide under these conditions (data not shown).
peptides is at least partly electrostatic. Thus, the ion-dependent inhibition of the binding is not due

Peptidea-Helical Content.Generally, an increase of the to a specific folding of the peptides.
o-helical content in the secondary structure of a CaM-binding  To confirm the unusual lack of peptide-helicity upon
peptide is induced by the formation of the compl&8)( binding, we used FTIR spectroscopy to investigate the struc-
This can be observed by CD spectroscopy as an increase ofure changes induced within STP23 in the presence of CaM.
the ellipticity at 208 and 222 nm. Surprisingly, no significant The amide | band, which is due to carbonyl stretching, is
increase of the negative ellipticity took place at 208 and 222 particularly valuable for study of the secondary structure of
nm when STOP peptides were added, even in the presenceolypeptides. Moreover, by usifngN/*3C-labeled protein it
of peptide excess (Figure 3A). The only variations we ob- is possible to distinguish the contributions to the FTIR
served in the range of 26210 nm were due to the intrinsic ~ spectrum of the two partners of the compl8g,(39). When
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A cm™1), a-helices (1648 cmt), and extended structures (1629
L and 1680 cm') were detected. These extended structures
00 B e are probably due to a small amount of the peptide, which is
£ O%M e aggregated and does not interfere in the binding to CaM. In
= 15 . ‘;‘,-“’ agreement with the CD spectra, the preponderant band was
g a0 | . ‘ ‘ ’ that of random coil. The band @f-helices was broad as a
= u “’ result of highly fluctuating structures. The main changes
g 45 f . g detected in the spectrum of the peptide bound to CaM were
= 60 F fa the narrowing of the bands (except those assigned to extended
~ LR . structures), particularly those afhelices, and the appearance
75 f e Qs of a small band at 1658 crhithat can be assigned to turns
90 b w (Figure 3B). The sharpening of the bancbehelices suggests
that the highly fluctuatingx-helical structure in solution is

SN T T T N T N T N T T T T N T T O N T T T N T T T T O T 1
190 200 210 220 230 240 250 260 more constrained upon binding to CaM.

Wavelength (nm) NMR SpectroscopyDespite previous reports of CaM
assignments31), complete ab initio reassignment of our
B s B t 7 CaM sample appeared to be necessary. Slight experimental

variations, in particular, the salt concentrations between our
conditions and the published ones combined with the primary
sequence difference led to chemical shift variations which
did not allow unambiguous assignment of the peaks from
the published results, in particular, in the central part of the
HSQC spectra. Consequently, we performed four 3D experi-
ments (HNCA, HN(CO)CA, HNCO, and (H)C(CCO)NH)
which allowed us to assign all the atoms of the backbone
protein except the N-terminal His-taflSHHHHHHS,. We
also obtained 80% of thiH and*3C chemical shifts of the
side chains of the nonaromatic residues. The proton, nitrogen,
1700 1680 1860 1620 1620 and carbon chemical shifts of the backbone are reported in
Wavenumber (cm™") Supporting Information (Table S1).
Ficure 3: (A) Far UV circular dichroism spectra of the STP23/ AN interaction between proteins is expected to induce
CaM. STP23 alone (open circles); CaM alone (filled squares); structural and dynamic changes, giving raise to chemical shift
STP23/CaM (open squares). Spectra were recorded withMl0  and line width variations of the signals. The residues of CaM
CaM complexed with a final concentration 4M STP23. (B) FTIR affected by the interaction with the peptide have thus been

spectra of the peptide: effect of the binding to CaM. (Lower panel) . i
Raw spectra of the free peptide (plain line) and the CaM-complexed identified from 2D HSQC spectra. We observed only one

peptide (dashed line). The spectrum of the peptide bound to Cam CAM species upon addition of aliquots of peptide, indicating
was obtained by subtracting the amide | band of-thig!3C-labeled that the complex is in a fast exchange regime. Residues were
CaM (see Experimental Procedures). (Top panel) Second derivativesconsidered to be affected whem\[fNy,)2 + (AHu,)?3 Y2 =
of the raw spectra: free peptide (plain line), CaM-complexed 30 Hz This value corresponds to twice the experimental
peptide (dashed line). The band assignment is shown on the . . N
figure: (8) extended structures; (TFA) TFA; (t) turns;)(a-helices; resolution at 800 MHz either for the protop\H"| > 0.04
(RC) random coil. ppm) or the nitrogen|AN| > 0.4 ppm). About two-thirds
of the ™N/*H backbone amide chemical shifts remained

15N/13C-labeled CaM is used, its amide | band is shiftgd)( unaffected by complex formation indicating that the global
It is then possible to distinguish the contribution of the bound structure of the domains of CaM was not strongly modified
peptide from that of CaM. In agreement with previous studies upon complex formation. The assignment was confirmed via
(30, 40), the maximum of the amide | band of the unlabeled a 3D HNCA experiment. ThéH, N, and*3Ca. chemical
CaM is at 1644 cm® (data not shown). The maximum is  shifts of the backbone are reported in Supporting Information
shifted at 1598 cmt in the case of théN/13C-labeled protein  (Table S2). Figure 4 shows the major variations induced on
(data not shown). This maximum is not changed when CaM the H' and amide!®>N chemical shifts by the addition of
forms a complex with the peptide. Therefore, the spectrum STP42 to a CH-CaM solution. Surprisingly, the major
of the peptide bound to CaM can be extracted from the changes are located in the C-terminal domain. The affected
spectrum of the complex by subtracting the spectrum of the residues in the C-terminal domain are about twice as many
free 15N/13C-TR2C, as described by Yuan et &89). as those in the N-terminal domain (see legend to Figure 4),

The maximum of the amide | band in the spectrum of the and the main chemical shift changes are principally located
peptide in solution is at 1646 crh (Figure 3B). This in the C-terminal domain of CaM. Interestingly, among
maximum is shifted to 1648 cmhwhen the protein is bound  residues exhibiting large variations are hydrophobic residues
to CaM. This indicates that the secondary structure of the that show nOe contacts with the peptide in the CaM/M13
peptide is modified upon binding to CaM. The second (41) or CaM/CaMKK (@2) complexes. This suggests that
derivative of the spectrum is calculated to distinguish the hydrophobic interactions may play an important role in the
various components of the amide | band. Aside from a band CaM/STP42 binding. The secondary structure of the complex
at 1671 cm? that is due to residual TFA (used for the peptide was estimated from the differences between the experimental
synthesis), bands that can be assigned to random coil (164@nd the random coil & chemical shifts ACca). TheseACa
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Ficure 4: Variations of théH and>N chemical shifts of CaM on O

complex formation. The STP42 peptide was at a final molar ratio -3
of 1/1 C&+-CaM/peptide. The difference of the chemical shifts . .
observed in thé5N-HSQC spectra is displayed as a function of FIGURE 5: The differences between the experimental and the

the sequence number. Residues were considered to be affected whefighdom coil @ chemical shifts ACa) of free CaM (A), the
[(A3N1,)2 + (ATHu)2 Y2 > 30 Hz. This value corresponds to twice ©aM/STP42 complex (B), and the CaM/M13 complex (C) for the

the experimental resolution at 800 MHz either for the protouH('| central helix. Here theACa. shifts of the free CaM (A) and the
> 0.04 ppm) or the nitrogen¥N| = 0.4 ppm). The 18 residues CaM/STP42 complex (B) closely follow each other while those of

affected in the N-terminal domain are S17, F19, 127, T29, k30, the CaM/M13 complex (C) are significantly different.

GTV33—35, N53, V55, A57, D64, EFLNL6771, A73. The 32

residues affected in the C-terminal domain are E82, E84, E87, F89,CD spectroscopy as described by Vertessy et4d), (we

ig‘fgzz;g“lvé%l‘gigk'?laof‘r 10\3,{41,;2\],0':&%%111425 K115 EMIRE-  first measured TFP affinity for our CaM sequence (data not
’ ’ Q : shown), and obtained a constant in the range-62 M, as

e expected from published datd5, 46). As shown in Figure

shifts indicate that the secondary structures of the N- and 7A, the addition of TFP led to a large decrease of the maxi-

gﬁf;ﬁéngadﬁmﬂgsciﬁ ﬁ:il(zgg}tlz;hneotsirr?svﬁls) f(zlrrfir:?e(;sll}cﬂ mal fluorescence associated with a red shift of the maximum
P : toward thelnax value of the free peptide. This indicates that

strongly sugge;sts, as for the other pepnde qomplexes, that'I'FP inhibits peptide binding and suggests that the Mc motif
the two domains do not change their tertiary backbone competes with TEP for the same binding site, which
itergfrgjlr?el;?oor? gf'n,:jr:ggptr%ttek:ﬁ gfgtlpﬁign\gju%snf?:riégfe 5 comprises the hydrophobic pocket in the C-terminal domain.
Surprisingly, we did not observe any significant change in To furt_her investigate the mode of |nte_r<_act|on of C_ZaM with
the central region of CaM corresponding to thehelix the peptide, we t_hen perfo.rmed competmon expeqments be-
connecting the N-terminal and C-terminal domains. This it\r?lle:(iagnu?eagﬂBar‘:'cli?I;SCth;itsggg]:cli cég:g&gg_%?ﬁ‘é’&‘g%ﬁ%
stron_gly_suggests that the cen_tral helix is not disrupted in from STOP le tide with an efficiency similar to that of wild-
the binding in contrast to classical CaM/pept_lde_compIexes type CaM T?]eZe convergent data st);ongly suggest that CaM-
(43) and that CaM retains an open conformation in our case. binding ﬁodules of F-STOP interact predominantly with

This observation could be related to our finding that most CaM G nal d . h he N inal d inh
residues affected upon binding are located in the C-terminal aM C-termina omain, whereas t. e’ -terminal domain has
only an accessory role in STOP binding.

region of the protein, indicating that the peptide binds mainly
to t_hls _domgln in a manner Wr_uch_may not require central DISCUSSION
helix disruption (as illustrated in Figure 6).

The Peptide Binds to CaM C-Terminal Domalr further In this work, we have characterized the interaction between
analyze the nature of the CaM/STOP interaction, and to Ca*t-CaM and peptide models corresponding to the Mc motif
confirm the implication of the CaM C-terminal domain in of the repeated microtubule-binding domain of F-STOP
STOP peptide binding, we tested the effect of trifluoropera- protein. We demonstrate that peptide binding t6'@@aaM
zine (TFP) on binding characteristics. TFP is a classical is unusual, mostly involving its C-terminal domain, and
inhibitor of CaM-dependent activation of its effectors through implicating to some extent electrostatic interactions. More-
direct interaction with CaM. TFP binding is complex, but over, NMR spectra analyses strongly suggest that CaM
involves mostly the C-terminal CaM subdomadi). Using remains in an extended conformation.
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FIGURE 6: Spatial distribution of the chemical shift variations & %4 RN
observed between CaM and the CaM complexed with STP42 at a & . Q0
molar ratio of 1/1 C&-CaM/peptide. The variations are mapped <
onto the crystallographic structure of freetetraureliaCa**-CaM 02
(59). Major variations are observed in the C-terminal domain. e, @
Yellow, orange, and red indicate the locations of amino acids whose """'-------_.___U
[(ATNy,)? + (AHL,)3 Y2 were between 60 and 90 Hz (L69, N70, 0 ! ! s ‘
L71, F89, D93, M124, E127, A128), between 90 and 120 Hz (F19, 0 5 10 15 20
1125, F141, M146, K148), and over 120 Hz (R126, D129, Q143, Competitor (LM)

V144, M145, A147), respectively. Ficure 7: (A) Effect of TFP on CaM binding to STP23. The

. \W-fluorescence corrected from the NATA fluorescence, recorded
Previously reported data showed that at least a tandemin the same conditions and normalized by the initial steady-state

repeat of the Mc motif was required for proper CaM-Agarose complex fluorescence (filled circles), and the emission wavelength
binding (16), suggesting that two Mc motifs might bind a  at the maximum of each fluorescence spectrum (open circles) were
single CaM molecule. To our knowledge, a 2:1 peptide to expressed as a function of the TFP concentration. Spectra were
CaM binding stoichiometry has been only reported for the 'écorded in the presence of AW peptide complexed with 10M

complex formed between CaM and the carboxv-terminal CaM. Excitation was set at 290 nm to avoid interference with TFP
P Yy fluorescence. Reemitted fluorescence signals were integrated 20

domain of the Petunia glutamate decarboxylas An even nm around the maximum of each individual emission spectrum.
more complex situation has been described for the phos-(B) Competition between integral CaM and its C-terminal domain
phorylase kinase, where one CaM interacts with two distinct for STP23 binding. The DNS fluorescence corrected from the
peptides of its gamma subunit). Structures of two NATA fluorescence, recorded in the same conditions and normal-

| h CaM binds t th inal tid ized by the initial steady-state complex fluorescence, was expressed
complexes where Lalvl binds 10 more than a single peplide 55 5 function of the competitor concentration: CaM (open circles)

have been determined, in complex with the edema factor of and TR2C (filled circles). Spectra were recorded in the presence

Bacillus anthraxig20), or with the gating-domain of a €& of 0.5 mM CacC} for a concentration of &M peptide complexed
activated K channel 21). In our hands, however, 2E5N- with 5 uM DNS-CaM. Output signals were integrated between 450
HSQC spectra in the presence of 1:1 and 2:1 peptide versydnd 550 nm.

CaM ratios show equivalent variations of thg and >N the presence of both Mc and Mn CaM binding motifs, since

chemical shifts when compared to aCaM alone (data  only Mc repeats in F-STOP bind immobilized TaCaM

not shown). It is thus highly probable that the weak binding (16). Thus, we cannot exclude the possibility that STOP
of a single Mc motif to immobilized CaM described in binding to CaM through repeated Mc motifs is cooperative,
published work 16) is related to the experimental conditions suggesting that F-STOP might undergo a global structural
used, i.e 100 mM NaCl. We indeed clearly demonstrate rearrangement upon CaM binding.

here that Mc binding is very sensitive to ionic strength, as  Generally, complexes formed between specific peptides
is native F-STOP binding (unpublished results), decreasingand C&"™-CaM share typical features: (i) high affinity
association efficiency by 70% in the presence of 100 mOsm binding in the 16-100 nM range; (ii) sensitivity to hydro-
NaCl (Figures 2A and S3A). In their published study, phobic inhibitors such as TFP or W-7; (iii) essentially
Bosc et al. suggest, from Scatchard plots, that F-STOP bearsydrophobic interaction due to contacts between methionines
two types of CaM-binding sites: low affinity and high of CaM and aromatic or bulky hydrophobic residues of the
affinity. However, this hypothesis does not correlate with peptide which is thus insensitive to high ionic strength; and
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(iv) from the structural point of view, wrapping of the two

Biochemistry, Vol. 42, No. 39, 20031491
MARCKS-related proteins. Binding inhibition has been

CaM subdomains around the peptide which in turn adopts reported in both cases for model-peptide binding t8'€a

ana-helical conformation10, 47, 48). The complex we have

CaM above 25 mM CaGfor MARCKS, and 200 mM NacCl

characterized between CaM and a single Mc motif of for SEF2-1/E12%2, 54), i.e., comparable to what we observe
F-STOP repeated region exhibits very unusual features,for the Mc motif studied here. In both cases, the peptides

which contrast with the classical model. Although the binding
is calcium dependent, the affinity is low, in the micromolar

bear very high content in basic amino acids (50%) and low
content in hydrophobic amino acids when compared to

range, more similar to that observed for calcium-independenttypical CaM-binding domains, a property which has been

binding domains 10, 47, 48). Second, the binding is very

related to the observed salt sensitivig2(54). In the formed

sensitive to ionic strength, which also contrasts with most complexes, the peptides have been also reported to bind to
of the other peptide binding motifs. Such a property suggestsCa"-CaM without acquiring any-helical conformation as

a mainly ionic interaction between the negatively charged determined by CD spectroscopy for the MARCKS CaM-
amino acids of CaM and the basic residues of the peptide.binding domain 24, 54), the F52/MARCKS-related CaM-

In our case, although the exact location of the binding zone binding domain 25, 54), the Ral-A protein§5) and by NMR

in the peptide cannot be precisely determined as yet, thefor the SEF2-1mp domair2@). In the latter case, absence
sequence corresponding to the Mc motif exhibits a high of chemical shift variations between free ZC&aM and

proportion, about 60%, of basic and polar residues. More-

over, CD spectra (Figure 3A) indicate that the binding of
the peptide to CaM has no effect on the overafhelical
structure in the complex. The possibility of a loss of CaM

Ca"-CaM/peptide complexes has been observed, suggesting
an extended conformation of €aCaM in solution 23).
Such an extended conformation for complexed'@aaM
has been also proposed for the basic CAP-23/NAP22 CaM-

structure, compensated by gain of peptide structure inducedbinding domain using SAXS spectrosco®8(56). Func-

by binding can be ruled out by our NMR results which show
only slight variations of the CaM chemical shifts, in
particular, the'®Co. chemical shifts which are highly de-

tionally, a preferential interaction with the C-terminal domain
of CaM has been reported for the bHLH protein E12, which
exhibits a basic domain analogous to SEF2-18%).(Thus,

pendent on the structure. This analysis is corroborated bythe recently reported structure of the CaM/MARCKS peptide
infrared spectroscopy, which does not indicate any significant complex could give interesting insights into the interaction
structural change in CaM, while the signals associated with mode of C&"-CaM/Mc motif binding. Indeed, the MARCKS

the peptide are clearly perturbed. These convergent resultpeptide is found to take an elongated structure, with only a

indicate that Mc peptide motif binds CaM without adopting
the canonicabi-helical conformation, in contrast to typical
hydrophobic CaM-binding peptides. To date, in three-
dimensional structures of peptides in complex witi?'Ca
CaM, the interacting peptide is found to adoptahelical
conformation upon binding2(, 41, 42, 49—-53).

In complex with the Mc motif peptide, G&CaM appears
to retain a conformation similar to that of free T&CaM

short one-turroi-helix surrounded by two loop${). Such

a conformation would be, for our peptide, in agreement with
the CD and IR results, which indicate only the stabilization
upon CaM binding of a preexisting fluctuating-helical
structure in solution. MARCKS peptide also binds to*Ga
CaM through interaction of a single hydrophobic residue with
the hydrophobic pocket of the C-terminal lobe of CaM. This
role could be mimicked in the Mc module by the tryptophan.

(Figure 5). In the usual cases described to date, the wrappingJnfortunately, we have not been able yet to assign the

of C&"™CaM around the bound peptide is indeed ac-
companied by a disruption of the centoahelix connecting
the two subdomains4@). This conformational transition
induces very typical changes of thex@hemical shifts in
the interdomaino-helix of C&"-CaM (43). Moreover, we
clearly demonstrate both by NMR and direct competition

peptides within the complex and consequently to determine
either the CaM-binding region or the Mc motif conformation
in the bound state. These points are under investigation using
a labeled-peptide sample.

MARCKS peptide interacts with the N-terminal lobe of
CaM in crystals, leading it to wrap around the peptide, with

assays that the Mc motif peptide of STOP interacts mainly a disruption of CaM centradi-helix (57). This is a major

with the C-terminal part of CaM (Figures 6 and 7). Indeed,

difference with the conformation of CaM in complex with

chemical mapping indicates that the most affected regionthe F-STOP Mc motif. First, major contacts between N-

upon peptide binding is the C-terminal half of CaM (cf.
Figure 4), suggesting the N-terminal half of CaM has only
an accessory role (if any) in the binding. Interestingly, we

terminal domain and the MARCKS peptide are observed for
CaM residues 1015, a zone that is unaffected in our
complex. Second, we do not observe any significant change

demonstrate that the binding of the STP23 Mc motif peptide for the central helix, suggesting an open conformation of

to Ca"-CaM is inhibited by TFP with an 1§ of about 4

CaM similar to that observed in free €aCaM. In this

uM (Figure 7A), which suggests a competition for the same species, the tumbling of the two domains remains indepen-
site between the two species. This is further supported bydent, as described in the “flexible tether” mod&8). Thus,

the published mapping of the C-terminal binding site of TFP
on C&"™-CaM, where 9 residues out of 13 having contacts

with TFP in CaM/TFP complex4d) are also involved in
Mc peptide binding (F92, L105, E123, M124, 1125, E127,

A128, F141, V144). Our data suggest that competition with
TFP could be at least partly the result of steric hindrance.

These very atypical features for €aCaM/peptide com-

we suggest that in the CaM/STP-peptide complex, the
chemical shift variations we observed in the N-terminal lobe
of CaM are related to its temporary interaction with the

C-terminal lobe of the complex. In the MARCKS complex,

wrapping of CaM might still be the consequence of the steric
constraint imposed by crystal stacking. Even though previous
NMR results have been interpreted as due to the disruption

plexes have been observed in two other cases: CaM-bindingof the central helix and a closed CaM conformati@g)( it
domains of the SEF2-1/E12 protein and the MARCKS and is notable that data are missing for residues in the CaM
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centrala-helix, leaving open the possibility of a restrained
flexibility rather than true wrapping around the peptide.

Our results reinforce the recent views on CaM binding
modes, pointing out that aCaM interacts with its targets
with more variety than previously imagine89). Nonglobu-
lar wrapping of bound CaM has been described in complexes
formed with C&"-activated K channel and Anthrax edema
factor 0, 21). This is also illustrated in the complex formed
between the C20W peptide of the plasma membrane calcium
pump and the C-terminal lobe of €aCaM (60). C&™-CaM
interaction with STOP-Mc motif involves mainly its C-
terminal lobe, leaves CaM in an extended conformation, and
potentially permits interaction of its N-terminal domain with
another partner. This intriguing possibility remains to be
investigated.

Physiological CaM-binding to F-STOP may represent an
even more unusual complex formation. Mc motifs are
repeated in the central domain of cloned STOP proteins,
raising the possibility that several €aCaM interact with a
single STOP under physiological conditions. Interestingly,
homology searches in EST databases for STOP-related
proteins in different organisms have shown that Mc motif is
not always repeated, and may even be abs&f). (As
mentioned above, F-STOP colocalizes with CaM at the
microtubule spindle during mitosid{). The measuredqy
of C&*"-CaM for Mc motif is in the micromolar range. Such
an affinity rules out the possibility that microtubule associated
F-STOP is responsible for the specific relocalization of CaM
during mitosis. On the other hand, their colocalization may
lead to specific interaction of F-STOP and CaM in the close
vicinity of the spindle. In fact, microtubule dynamics are a
key to mitotic progression6l). CaM is also known to be
required for proper progression through mitodig, (L5). The
fact that CaM is the only known regulator of microtubule
stabilization by STOP suggests that their interaction may
have a physiological function during mitosis. It will be of
interest to know how the unusual CaM binding to STOP
may be implicated in this process.
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SUPPORTING INFORMATION AVAILABLE

Steady-state intrinsic tryptophan fluorescence spectra of
STP42 peptide as a function of CaM concentration (Figure
S1), effect of nitrate salts on STP23/CaM binding (Figure
S2), and effect of the ionic strength on the STP42/CaM
binding (Figure S3). Proton, nitrogen-15, and carbon-13
chemical shift assignment of €acalmodulin backbone
atoms (Table S1) and STP42-complexedGzalmodulin
backbone atoms (Table S2). This material is available free
of charge via the Internet at http://pubs.acs.org.
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