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ABSTRACT. The interaction of apocalmodulin (apoCaM) with a peptide (Ngubased on the primary
sequence of the calmodulin-binding domain of neuromodulin has been studied by fluorescence spectroscopy.
The 1:1 complex (12ZM) formed between apoCaM and the Neupeptide is extremely sensitive to salt

and is half dissociated in less than 0.1 M KCI, suggesting that electrostatic interactions contribute strongly
to complex formation. lon pair interactions are frequently sensitive to high hydrostatic pressure due to
electrostriction effects in the solvated ion state. Application of high pressure to the apN€aid

complex causes a red shift of the Neutoyptophan emission center of mass and a reduced residual
anisotropy but with insignificant reduction in quantum yield. The transition is smooth, reversible, and
apparently two-state with a midpoint pressure of approximately 0.8 kbar. The residual anisotropy, quantum
yield, and center of mass of the emission spectrum are consistent with the movement of the tryptophan
side chain to a more solvated, slightly less restricted environment upon the pressure-induced transition.
The pressure effect is independent of the concentration of the complex. These and other data are consistent
with the pressure-induced reorganization being a unimolecular event not requiring dissociation of the
complex. A volume change of approximately 66 mL mohand a free energy change of approximately

1.7 kcal mof? are associated with the reorganization. The residual interactions maintaining the complex
under high pressure are characterized by low standard molar volume and/or high standard free energy
changes upon disruption but are destroyed by 200 mM KCI. It is postulated that the main effect of salt
on the complex at high pressure is to drive the collapse of the hydrophobic pocket to which the peptide
is binding.

Calmodulin is a small (148 residue) acidic protein that is et al., 1991). Neuromodulin is exclusive to neuronal tissue
present in all eucaryotic cells and often serves as the primaryand has been found in membrane bound and cytosolic
transducer for calcium-mediated signal transduction. The fractions. It has been proposed that it functions by seques-
mediation of cellular responses by calmodulin as a function tering calmodulin at specific regions of the neuronal mem-
of calcium concentration is an example of the coupling of brane, releasing it in the presence of elevated cytosolic
extracellular messengers to fundamental biological responsescalcium to produce localized high concentrations of calm-
Calmodulin binds four calcium ions with dissociation odulin (Alexander et al., 1987). This phenomenon appears
constants in the micromolar range. The crystal structure in rapidly growing regions of the neuron, linking this process
reveals a dumbbell-shaped molecule in which there are twoto nerve growth.

helix—loop—helix (EF-hand) C&-binding motifs in each A 17 amino acid sequence corresponding to the calmodu-
globular domain (Babu et al., 1988). The calcium-binding |in_binding domain of neuromodulin has been defined as
loops of each pair of EF-hands participate in a short QASFRGHITRKKLKGEK. The subsequence RGHITRKK
antiparalle|3-sheet. The calcium-binding sites of calmodulin 5 essential for binding (Alexander et al., 1988). The full
show a varying but relatively limited range of binding gsequence binds to calmodulin in both the presence and the
affinities (Minowa & Yagi, 1984; Pedigo & Shea, 1995). ghsence of G4 whereas neuromodulin will bind only to
Most regulation involving calmodulin results from its binding  apocalmodulin (apoCaM). Though the peptide does not
to target proteins in response to an increased concentrationntirely mimic the calcium-dependent binding of intact
of intracellular calcium. Possible exceptions to this general
mode of complexation are a pair of neural specific proteins,
neuromodulin and neurogranin, which will bind to calm- ! Abbreviations: AEDANS-apoCaM, calcium free calmodulin

. . . . AEDANS adduct; apoCaM, calcium free calmodulin; apoChlkurg,
odulin only in the absence of €a(Apel et al., 1990; Baudier the 1:1 complex of calcium free calmodulin and NguRis-Tris, [bis-

(2-hydroxyethyl)imino]tris(hydroxymethyl)methane; CaM, calcium-
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neuromodulin to calmodulin, it does provide a unique Arg-Gly-His-lle-Thr-Arg-Lys-Lys-Leu-Lys-Gly-Glu-Lys-
opportunity to probe the origins of the thermodynamic and NH,. 5-[[[(lodoacetyl)amino]ethyllamino]-1-naphthalene-
structural linkage between binding of calmodulin-binding sulfonic acid (I-AEDANS) was obtained from Sigma and
domains and calcium to calmodulin by offering the ability used without further purification.
to investigate the interactions of the same domain with  Preparation of AEDANS-CalmodulinThe I-AEDANS
calmodulin in the presence and absence of calcium. derivative of calmodulin (AEDANS-apoCaM) was prepared
The amino acid sequence of the calmodulin-binding With conditions similar to those employed by Walsh and
domain of neuromodulin does not possess the pronouncedStevens (1977) for modification of the methionines of
potential for amphiphilic helix formation common to other ~calmodulin with iodoacetate. Calmodulin contains no cys-
CaM-binding domains. Nevertheless, transfered NOE studiesteine. The reaction mixture (LaPorte et al., 1981) contained
of the bound peptide indicate that a peptide corresponding10 mg of calmodulin, 200 mM sodium acetate, pH 5.0, 1
to the calmodulin-binding domain of neuromodulin adopts MM CaCb, and 10 mM [-AEDANS (Hudson & Weber,
a helical conformation while bound to apoCaM (Zhang et 1973) in a final volume of 6 mL. After incubation in the
al., _‘]_994) Details of the structural consequences of the dark for 6 h, the reaction mixture was dialyzed three times
binding of this domain to apocalmodulin have only recently against 200 mL of 10 mM sodium acetate, pH 5.0, 300 mM
begun to emerge (Urbauer et al., 1995). The NMR spectraNaCl, 8 M urea, and 3 mM EDTA to remove unreacted
of both apocalmodulin and its 1:1 complex with the Nguro -AEDANS. This was followed by dialysis three times
peptide have recently been assigned by triple resonance an@gainst 50 mM Tris, pH 6 (first) and 7.5 (subsequent 2),
NOE-based strategies (Urbauer et al., 1995). The NMR and 1 mM CaGl The dialysate was then subjected to
studies indicate that the apoCalNeurg, complex is in fast ~ purification by phenyl-Sepharose affinity chromatography.
exchange with its dissociated components at millimolar A portion of the purified product was dialyzed into 25 mM
concentrations of the complex with an apparent off-rate @mmonium acetate buffer, pH 5.5, and diluted 10-fold into
greater than 10s L. ApoCaM disp|ays many of the same 0.1% formic acid for analysis on a Fisons VG Quattro
basic structural features as calcium-saturated calmodulinquadrapole mass spectrometer.
(Babu et al., 1988; lkura et al., 1991). Under low salt  Fluorescence Emission and Anisotropy Measurements.
conditions, the two globular domains of calcium-saturated Samples of the apoCaMeurg, complex were prepared
calmodulin persist in apoCaM though there is a clear using a 16-20% molar excess of calmodulin to ensure
separation of the loops of the two EF-hands from each otherbinding of the synthetic neuromodulin peptide at A1
in the C-terminal domain, creating a disordered, solvent- The buffer was composed of 5 mM EDTA;-50 mM KCI
exposed hydrophobic pocket (Urbauer et al., 1995). as noted, and 10 mM Bis-Tris, pH 6.50. High pressure
The apoCaMNeurg complex is particularly amenable to measurements were perform_ed using a high pressure bomb
binding studies by fluorescence as the neuromodulin peptideVith guartz windows (Paladini & Weber, 1981a). Ambient

(Neurg) contains a single tryptophan while calmodulin Pressure data were collected on an ISS PCL1 spectrofluorom-

contains no tryptophan. In this paper, we demonstrate that€t€r- High pressure data were collected on an ISS GREG

high hydrostatic pressure does not dissociate the apeCaM PC spectrofluorqmeter orona h_omebuilt spectrofluorometer.
Neurg, complex but produces an intermediate structure. In 707 these experiments an excitation frequency of 295 nm
contrast to temperature variation, the use of pressure as #/as used. The emission was collected between 253 and 518
thermodynamic variable allows one to vary the volume of a "M With a diode array detector (Princeton Instruments IRY-
system without signficant changes in the thermal energy 700)- The following equation was used to calculate the
(Weber & Drickamer, 1983). Different types of interactions CeNnter of mass of the emission spectrum (3850 nm):

(e.g., ion pairs, van der Waals) often have quite different

volume changes upon their disruption and therefore display o O E viF 1
quite different sensitivities to pressure. An apparent con- p ZF' )
1

formational change induced in the apoCadurg, complex

is indicated by a change in the local environment of the
fluorescent reporting tryptophan residue of the bound peptide. -
Relatively large molar volume and small free energy changesto fr.equencyvi (cm .)'

are associated with this pressure-induced transition. These H|gh pressure amsotropy data were corrected for photo-
data provide a novel view of the relative importance of ionic ©/astic birefringence bias using a sample Mo@acetyl-

and hydrophobic interactions to the stability of complexes fYPtophanamide in glycerol and the equations of Paladini
formed between calmodulin and its target proteins. and Weber (1981a). Fluorescence polarization measurements

were made in the L-format using a photon-counting polariza-
MATERIALS AND METHODS tion instrument of the type described by Jameson et al.
(1978). The polarized emission was collected through a 340
Materials The chicken calmodulin gene (Putkey et al., nm cutoff filter. The data were fit to a reorganization factor
1985) was expressed iBscherichia coliand purified by analogous to the one used for emission data using the
phenyl-Sepharose affinity chromatography (Gopalakrishna appropriate anisotropy values.
& Anderson, 1982; Seeholzer & Wand, 1989) as described Fluorescence Resonance Energy Transfatmospheric
previously (Roth et al., 1992). An N-terminal acetylated and pressure fluorescence resonance energy transfer data were
C-terminal amidated peptide corresponding to the neuro- collected on an ISS PC1 spectrofluorometer using 1 mm slits
modulin calmodulin-binding domain (Apel et al., 1990) was (8 nm bandpass). The AEDAN&poCaMNeurg, complex
synthesized in a manner described elsewhere (Roth et al.(1.3:1) was prepared in buffer consisting of 1 mM EDTA, 5
1991). The sequence of the Nepnoeptide used in the ~ mM KCI, and 10 mM Bis-Tris, pH 6.5. The complex was
studies reported here is as follows: Acetyl-GIn-Ala-Ser-Trp- formed by titrating the peptide with AEDANSapoCaM and

whereF; is the intensity collected at the diode corresponding
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following the tryptophanyl steady state anisotropy. A Schott ' ' ' ' ' '
WG 345 high pass filter and a Corning 9863 bandpass filter A

were used together to achieve a transmission maximum of
70% at 366 nm and a transmission 1% at 329 nm and

at 420 nm. The anisotropy at each titration point was the
average of five measurements. This filter pair was placed
immediately in front of the emission photon counter to
eliminate scattering and reduce the contribution of AEDANS
anisotropy. A buffer blank was simultaneously titrated to /
further reduce the contribution of AEDANS. Energy transfer s00 320 340 360 380 400 420
from the tryptophan of Neugdo an AEDANS acceptor on Wavelongth {nm)
apoCaM was measured using the technique of acceptorFiGURE 1: Normalized emission spectra of the tryptophan fluores-

i ence of Neurgin the 1:1 apoCaMeurg, complex in 10 mM
enhancement. The enhancement was calculated using the: 2 At VT T s 1, T00 O b and 2.2 kbar (dotted

Normalized Emission Intensity

440

following relationship: line), and 60 mM KCI and 2.2 kbar (thick solid line). The complex
E= \évgfgpproximately 12M in 10 mM Bis-Tris buffer at pH 6.5 and
F3e(AEDANS-apoCaMNeurq)/F3;AEDANS-apoCaMNeurq,) 1 '
F45Y AEDANS-apoCaM)F-2Y AEDANS-apoCaM) 29000 T ' ' Pp— '
2 = &t
@ § 28800 i o gos -
corresponding to the ratio of fluorescence emission intensities 7, x . S
(450 nm) upon excitation at the absorption lines of tryptophan & 28600 - ° 4 % o i
(295 nm) and AEDANS (340 _nm) in t_he presence and s T, o . x : o, T T e
absence of bound NeyroThe ratio in the in the numerator 5 ot x ° 8
of eq 2 represents the ratio of the AEDANS emission & 28400 7 a L% . x 2 § S
measured at 450 nm when the AEDAN&poCaMNeurg, c 2 + ° o XX
complex is excited at 295 nm or at 340 nm. The denominator :,§ 28200 | ST s 8 ° ot
represents the same experimental relationship but performed § S, R
on a sample lacking the Neyrpeptide. This term serves 28000 : : : :
to normalize the numerator, i.e., the emission intensities 1 600 1200 1800 2400
obtained from excitation at 340 nm serve to normalize the Pressure (bar)
data between the two samples as these intensities are . . . . |
independent of energy transfer. Acceptor enhancement and 012
tryptophan anisotropy were measured as a function of KCI 011 4 © L
concentration to allow for interpretation of high pressure data > *
collected in the high pressure bomb at 1 bar and 2400 barin g 0107, ¢ i
the same manner. H] « ® °
5 0.09 T 0 % ; o e . . . B
RESULTS E 0.06 - - . X S o o 2, i
It has been shown by NMR spectroscopy that the Neuro £ - X XX
peptide will form a unique 1:1 complex with apoCaM under 8 %77 * . L i
low salt conditions (Zhang et al., 1994; Urbauer et al., 1995). 0.06 - A ® s 9 & © L
The bound peptide is apparently helical (Zhang et al., 1994), O
and binding mostly affects the C-terminal domain of calm- 0.05 7 ' T T T
odulin (Urbauer et al., 1995). The apoCeléurg, complex 1 600 1200 1800 2400
contains only one tryptophan located at the fourth position Pressure (bar)

from the amino terminus of the peptide. When apoCaM is Ficure 2: The pressure and salt sensitivity of the center of mass
added to a solution of the Neyrpeptide, the emission center  of the apoCaMNeurg, fluorescence emission spectrum. Data were
of mass of the tryptophan fluorescence shifts-13 nm to collected in 200 bar increments and at KCI concentrations of 10

S . . (@), 20 (©), 30 (x), 40 (©), 50 (+), and 60 A) mM (top panel).
the blue and exhibits a marked increas&0%) in quantum The center of mass of the fluorescence emission spectrum of free

yield. The tryptophan also becomes protected from iodide Neurq, is found near 28 100 cm. The inset shows the fraction of
guenching upon complexation, suggesting that the indole sideNeurq, which is bound to apoCaM at a given concentration of KCI
chain is inserted into a hydrophobic pocket in apoCaM at atmc_)spheric pressure. Matching symbols _are_used for va_lues
(Alexander et al., 1988; Chapman et al., 1991). At atmo- determined for 20, 40, and 60 mM KCI. The titration began with

. A - 10uM apoCaMNeurq, (see Results). The bottom panel shows the
spheric pressure qnd_low ionic strength conditions, the center. - acted fluorescence anisotropy of apoGBIBLIrG, Versus pres-
of mass of the emission of this tryptophan occurs at 347 nm syre at KCI concentrations of Y, 10 @), 20 (x), 30 ©), 40
(Figure 1) and the fluourescence shows considerable residua(+), and 60 &) mM. The tryptophan fluorescence anisotropy of
anisotropy (Figure 2). Both are indicative of a relatively free Neurg in solution is 0.055+ 0.005.
immobilized tryptophan side chain in a comparatively apolar
environment. When the complex is subjected to high induced transition is decreased as well but is significantly
hydrostatic pressure, there is a shift of the emission distribu- greater than that of the free peptide~0.05) (Figure 2).
tion to longer wavelengths (352 nm at 2.2 kbar) which is All measured spectral properties of the pressure-induced
accompanied by only a minimal decrease in quantum yield. intermediate are unaffected by changing the concentration
The residual anisotropy of the fluorescence after the pressure-of the complex between 2.5 and 4M.
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Table 1: Effect of lonic Strength and Hydrostatic Pressure on 100 16706

Acceptor Enhancement Fluorescence Energy Transfer Experiments
on 10uM AEDANS—ApoCaMNeurg,

enhancement enhancement
[KCI] (mM) (%) [KCI] (mM) (%)
5 45 109 17

35 35 284 7
63 25 80+

hydrostatic enhancement
pressure (bar) (%)
1 (start) 37 707

2400 25
1 (return) 32

90+

60

Increasing ionic strength causes the complex to dissociateg
(inset of Figure 2). These data are in good agreement with 3
the results of Chapman et al. (1991) who also demonstrated
dissociation of the apoCaMeurq, complex with increasing
[KCI] using steady state fluorescence anisotropy. To further
explore the effects of pressure on the complex, both emission 40+
center of mass and steady state anisotropy data were collected
at a series of salt concentrations and hydrostatic pressures
(Figure 2). 30

As the salt concentration is increased, the shapes of both
the emission center of mass and anisotropy curves as a
function of pressure are virtually unaffected with the excep- 20-
tion of a vertical shifting of the curves toward the respective
values for the peptide free in solution. Minimal hysteresis
was observed during decompression, and the 1 bar values 4
collected at the start and finish of each experiment were
within experimental error (Table 1).

The concentration independence and size of the residual T e e
anisotropy of fluorescence remaining after the pressure- 16600 16800 17000 17200 17400 17600
induced transition suggest that the structural reorganization Mass (amu)
that is occurring does not result in dissociation of the peptide Fgyge 3: Electrospray mass spectrum of AEDANSpoCaM.
from apoCaM. To confirm that the peptide is not being
dissociated from apoCaM during the pressure-induced transi-of 2 4 khar, well above the midpoint of the pressure-induced
tion, the resonance energy transfer between the Neuro yransition, causes only a 30% loss in acceptor enhancement.
peptide Trp and an AEDANS moeity attached to apoCaM This corresponds to a movement of approximately 1 A of
was monitored. _ .. the donor-acceptor pair away from each other. This is
_ AEDANS-apoCaM was prepared by chemical modifica- fyrther strong evidence that high pressure is not producing
tion with I-AEDANS. The modified calmodulin was ana-  gissociation of the complex.
lyzed by electrospray mass spectrometry and was found t0  yrentation of the Bound PeptideThough not the main
be 58% unIab_eIed’rQ/oz 16 706 amu) (see Figure 3). Ofthe ,,nse of the study of the fluorescent enhancement of the
Iabeledomaterlal, 73% was singly labele/g :.L7 012 amu) apoCaMNeurg, complex, the approximate distance between
and 27% doubly !abeled’rﬂz 17318 amu) with AEDANS. the tryptophan of Neugoand an AEDANS moiety can also
(MW 306 amu) (Figure 3). The calculated molecular weight be estimated and provides an indication of the orientation

of calmodulin with all neutral residues is 16 662, for an . .. ;
) X ’ of the bound peptide on apoCaM. Ther§ter distance was
expected M+ 1 ion at 16 663. Given the mass accuracy of calculated using eq 3, with the refractive index

the instrument of£0.01%, this leaves a discrepancy of 43
4+ 2 amu. This likely corresponds to an associated acetate. R,= 9790((2n—4¢d J)llG 3)
It has been demonstrated by proteolytic cleavage and ) ]
subsequent optical analysis of AEDANS&poCaM that 76 (n) taken to be 1.4 and the orientation factef)(taken to
80% of the labeling occurs on Met-144 and Met-145 of correspond to free rotation of the transition dipoles of the
calmodulin (Olwin et al., 1983). donor and/or of the acceptor (i.é/3). If the anisotropy of

The presence of high KCI concentration reduces the the donor or acceptor is less than 0.22, as is the case here,
acceptor enhancement resonance energy transfer from 45%hen the distance error associated with this assumption is
to 7% at 284 mM KCI (Table 1). When the fluorescence likely to be less than 10% (Haas et al., 1978). The quantum
resonance energy transfer data are fitted to a single expo-yield of the donor Trp ¢q4) was found to be 0.099. The
nential, the fitted value for the enhancement observed at 284overlap integralJ, was calculated using eq 4 using absor-
mM KCI is near 3%. This residual enhancement likely bance measurements on 1M AEDANS—apoCaM to
represents a small amount%%) of complexed material at
this ionic strength and is in qualitative agreement with the XFd(i) ea(i)/14 AL
measurements made using tryptophan anisotropy shown in =
the inset of Figure 2. Application of hydrostatic pressure de(/l) AL

17012

504

Intensity (r

17318

(4)
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FiIGURE 4: The normalized plots of the emission spectrum of the FIGURE 5. Thermodynamic analysis of the pressure-induced

tryptophan fluorescence of Neyr¢solid line) and the excitation ~ éorganization of the apoCaMeurg, complex. Shown is the the

spectrum of the AEDANS of AEDANSapoCaM (dashed line) degree of reorganization of apoCaNeurg, calculated for the 20
show a large overlap, in part accounting for the efficient 45% mM KCI fluorescence emission center of mass data shown in Figure

acceptor enhancement observed at atmospheric pressure and 5 mig- 1h€ 1 bar value for, and the 2.4 kbar value for: were used
KCl. In eq 6 (see Results). In the inset, the determined reorganization

equilibrium constants Kr(P) are plotted against hydrostatic pressure
calculate its molar extinction coefficients in 2 nm steps ~ and fugted to the expc?netntual tflUf&Cctllon of eqt7 t(_See tResulij)- Th[II’?
; ; ecinn i _procedure was used at eac concentration to produce the
(_AA) and using the normalized fluorescence emission inten thermodynamic results given in Table 2.
sity of Neurg, each evaluated between 300 and 450 nm
(Figure 4). AnR, of about 21 A was dgterﬂlned using  raple 2: Thermodynamics Governing the Pressure-Induced
K%, 4, ¢q, andJ, respectively. Using eq 5 and a value of

[KCI] Kro AG (kcal/mol) AV (mL/mol)
R=R,x (E1—- 1)/ 5 10 0.04 1.9 68
Rox( ) ©) 20 0.03 2.0 70
21 A for Ry, the observed acceptor enhancement efficiency 28 8:82 i:? g
(0.45) corresponds to a resonance energy transfer distance 5g 0.11 1.3 58
of about 22 A. The obtained distance of 22 A is most 60 0.06 1.7 66
consistent with a C-terminal domain of calmodulin to the av 0.06+ 0.02 1.7+ 0.1 664 5

N-terminal end of the Neuggeptide orientation. This result
must be considered qualitative as it assumes that the Figure 5 shows the degree of reorganization calculated
AEDANS label is in one site and that the second site in the from the Change in emission center of mass using the end
27% of doubly labeled material is more distant and contrib- points of the 20 mM KCl titration. The end point of the

utes little to the enhancement given tRedependence. transition is most clearly seen in the anisotropy data. The
The orientation of the bound Neyrpeptide appears then  reorganization data were used to calculate a standard

to be analagous to that of the smMLCK calmodulin-binding ynimolecular equilibrium constant for the pressure transition
domain peptide when bound to calmodulin (Roth et al., 1992) ysing the following equation:

and opposite to that of the bee venom peptide melittin

(Seeholzer et al.,, 1987). NMR studies of the complex op P dv°
intended to confirm this are ongoing. It should also be noted Kr(P) = 1— o Kro ex;{ RT )
that the distance between Met-144, the dominant site of P

labeling by AEDANS, and Trp-5 of the bound peptide in  here d/° is the standard molar volume change and isr

the CaM-smMLCKp complex is much closer, on the order the reorganization equilibrium constant at 1 bar (Silva et al.,

of 4 A (Meador et al., 1992). y 1992). The observed reorganization equilibrium constants
Thermodynamics of the Pressure-Induced Transitidi.  are plotted against pressure in Figure 5, and the thermody-

data presented are consistent with the pressure-inducethamic parameters resulting from fitting the data are tabulated

transition occurring with a midpoint of about 0.8 kbar being i Table 2 using the following equation to determinG:
a structural change resulting in a reorganized biomolecular

complex. In that case, the degree of reorganizatig) &t dG(P) = —RTIn Kr, — PdV° (8)
pressureP is given by:

(")

. The underlying thermodynamic parameters of the transition
gF Grpl— D ©6) are insensitive to salt with a standard molar volume change
Q\@,0- Op of about—66 + 5 mL mol™* and a free energy change of

about 1.7+ 0.1 kcal mot™.
wherev,, v¢, andvp represent the emission center of mass
of the initial state, final state, and state at pressRirfor DISCUSSION
each salt concentrationQr and Q, represent the quantum Pressure and ionic strength have been used to probe the
yields of the final and initial states (Paladini & Weber, origin of the high affinity interaction between apocalmodulin
1981b). and a peptide based on the calmodulin-binding domain of

aP=
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neuromodulin. Pressure is a particularly interesting potential not all of the ionic interactions being disrupted by pressure
perturbant of interactions whose formation involves large are central to binding of the peptide. However, it is also
changes in volume. Application of high pressure to the possible that the low volume and free energy changes are
apoCaMNeurg, complex results in a red shift in the emission  the result of a simple repacking of the van der Waals contacts
spectrum and a reduced but significant residual anisotropy of the complex. Nevertheless, the data presented here clearly
of the bound peptide’s Trp. The distance between the Trp show a plasticity of complexation that has not been previ-
and an AEDANS label primarily located at Met-144 or Met- ously detected in complexes involving calmodulin; i.e., there
145 of apoCaM does not change appreciably through theare at least two stable conformations of this complex which
pressure-induced structure transition. These results suggesare separated by less than 2 kcal mah free energy.
that the application of pressure causes a reorganization of There appear to be two possible reasons as to why the
the complex that results in greater solvation of the Trp ring pressure-induced transition does not lead to dissociation of
of the bound peptide with an increase in its mobility. the peptide from apoCaM while high salt does. On the one
On the basis of the fluorescence resonance energy transfehand, one could postulate that there is a class of ionic
experiments, the peptide appears to be oriented in a mannemteractions which are distinct from those revealed here.
analagous to that of the complex between a peptide (sm-Disruption of this class of interactions would need to be
MLCK ) corresponding to the smMLCK calmodulin-binding characterized by very low standard volume change and/or
domain (Roth et al., 1992; Meador et al., 1992) with its relatively high standard free energy change. Another, more
N-terminus located in the C-terminal domain of calmodulin. likely possibility, is the presence of a van der Waals type of
Given that the general orientation of the peptide is similar interaction which is sensitive to salt. The recent examination
to that of the smMLCI;:CaM complex, then the Trp side  of this complex by NMR spectroscopy suggests a structural
chain will interact with the C-terminal globular domain of feature consistent with the latter notion (Urbauer et al., 1995).
apoCaM. It has recently been shown that, under low salt while the N-terminal domain of apoCaM in complex with
conditions, there is a solvent exposed, disordered hydropho-the Neurg peptide displays all of the main structural features
bic pocket in the C-terminal domain of apoCaM (Urbauer of the calcium-saturated calmodulin, the C-terminal domain
et al,, 1995). This region of the protein becomes more does not (Urbauer et al., 1995). Specifically, under low salt
ordered upon binding of the Neyrpeptide. conditions, the EF-hands of the C-terminal domain are
The minimal sequence required for binding to apoCaM separated such that the short antiparallel sheet that is usually
includes five basic residueswo lysines, two arginines, and  formed between them is disrupted. The resulting reorganiza-
one histidine. The C-terminal flanking sequence contains tion leads to the disruption of close packing involving several
two additional lysines. All seven of these basic residues are aromatic residues of the core and their potential exposure to
potentially capable of forming salt links with glutamates of solvent (Urbauer et al., 1995). As it seems clear that the
apoCaM in a fashion analagous to that seen in the smMI-CK  aromatic ring of Trp-4 of the bound Neuwrpeptide is buried
CaM complex (Meador et al., 1992). The gross sensitivity in the C-terminal domain, this region seems a likely point
of the stability of the complex with respect to the presence of contact. This burial is reduced upon reorganization by
of salt is consistent with ionic interactions being necessary pressure and exposes the Trp ring and presumably this
for the binding of the peptide to apocalmodulin. portion of the core of the C-terminal domain to solvent. This

Origin of the Pressure Sensitiy. The sensitivity of ionic ~ Would provide a mechanism for high salt to disrupt the
interactions to high pressure has generally been ascribed tdasically hydrophobic interaction. By increasing the dielec-
the phenomenon of electrostriction where the negative molartric constant of the solvent, the exposure of hydrophobic
volume change seen upon dissociation of an ion pair arisesresidues becomes increasingly disfavored. The end result
from the ordering and contraction of solvent around the is the explusion of the hydrophobic Trp side chain and the
separated charges. The result is a lower molar volume of closure of the core of the domain under high salt conditions.
the separated charges than for the ion pair (Weber, 1992).The insensitivity of these proposed hydrophobic interactions
The volume changes are often on the order of 15 mL#nol to pressure is not unexpected as the molar volume changes
but in principle can be much lower if the ion pair itself is associated with van der Waals interactions are generally very
well packed. Similarly, the free energy change associatedsmall. This model can only be tested by examining a high
with the disruption of specific ion pairs can, in the context resolution model for the structure of the apoCiNdurg,
of proteins, show a tremendous range and be highly contextcomplex under low and high pressure conditions. That work
dependent. For example, an aspartataginine ion pair is currently in progress. It is also interesting to note that
located in ana-helix on the surface of a barnase mutant addition of cations such as'has been shown to have some
contributes 0.33 kcal of free energy to the stabilization of of the same effects as calcium binding to calmodulin (see
the protein (Serrano et al., 1991) while a buried aspartate Haiech et al., 1981; Linse et al., 1991). Here, however,
histidine ion pair contributes-35 kcal of stability to T, potassium (and chloride) destabilizes the apo@édlirg,
lysozyme (Anderson et al., 1990). complex while the binding of calcium has a stabilizing effect

The measured free energy change for the pressure-inducedUrbauer et al., 1995).
reorganization described here is on the order of 1.7 kcal Implications for Molecular Recognition by Calmodulin.
mol~t. The molar volume change is about 66 mL molt The binding of calcium to calmodulin has been proposed to
is tempting to ascribe this transition to the disruption of salt promote a conformational change that exposes a hydrophobic
linkages as, using a standard molar volume change of 15surface to initiate binding of the target protein. Complex-
mL mol~? per salt link, one would estimate that about four ation of calcium-loaded calmodulin with peptides corre-
salt links are being disrupted by the reorganization. This in sponding to the calmodulin-binding domains of regulated
turn would imply an average free energy change of about proteins has been studied in great detail (Crivici & lkura,
0.4 kcal mot™ per salt link. As there are five basic residues 1995). Peptides which comprise the calmodulin-binding
involved in the minimal consensus sequence required for highdomains of target proteins typically have the ability to form
affinity binding, this viewpoint would suggest that most if basic amphiphiliex-helices and usually bind calmodulin only



Pressure Effect on a CalmodutifPeptide Complex Biochemistry, Vol. 35, No. 5, 19961605

in the presence of Ca (O'Neil & De Grado, 1990). The  Alexander, K. A., Wakim, B. T., Doyle, G. S., Walsh, K. A,, &
amphiphilic helix model for the structure of a peptide  Storm, D. R. (1988)). Biol. Chem. 2637544-7549.
corresponding to a calmodulin-binding domain bound to Anderson, D. E., Becktel, W. J., & Dahlquist, F. W. (1990)
CaM was first directly confirmed by NMR-based studies on , Blochemistry 292403-2408.

the complex of CaM with a peptide analog of the myosin Ap(ellégE('))%i'thyfeorméM/ 59‘223692"3\:/5\?5h’ K. A, &Storm, D. R.

light chain kinase CaM-binding domain (Roth e_t_al., 1991) Babu, Y. S., Bugg, C. E., & Cook, W. J. (1988)Mol. Biol. 204,
and has now been demonstrated for two additional cases 191-204.

(Meador et al.,, 1993; Zhang et al., 1994). For the two Chapman, E. R., Au, D., Alexander, K. A., Nicolson, T. A., &
complexes studied in comprehensive detail, the interaction Storm, D. R. (1991)). Biol. Chem. 266207-213.

between the bound peptide and CaM in the compact complexCrivici, A., & lkura, M. (1995)Annu. Re. Biophys. Biomol. Struct.
involves both extensively buried salt linkages and general 24, 85-116.

hydrophobic interactions (Ikura et al., 1992; Meador et al., Ehélzlardetéll/EZR?.égrbauer, J. L., &Wand, A. J. (19%pchemistry

1992, 1993). An emerging view of how the binding Of Figher p. 3. Prendergast, F. G., Ehrhardt, M. E., Urbauer, J. L.,
peptides to CaM leads to the final structure is that the initial  wand, A. J., Sedarous, S. S., McCormick, D. J., & Buckley, P.
stages of molecular recognition are driven by relatively  J. (1994)Nature 368 361—363.
nonspecific hydrophobic interactions while the later stages Gopalakrishna, R., & Anderson, W. B. (1982jchem. Biophys.
require helix formation and creation of specific pairwise ionic ~ Res. Commun. 10830-836. _
interactions (Fisher et al., 1994; Ehrhardt et al., 1995). TheseHaas, E., Katchalki-Katsir, E., & Steinberg, I. Z. (19Hpchem-
pairwise interactions guide the collapse of the initial en- H.'Stry 17, 5064-5070.
iech, J. (1981Biochemistry 203890-3897.
Co'“.mter Com.plexl to the un_usual cornpapt structure where thelkura, M., Spera, S., Barbato, G., Kay, L. E., Krinks, M., & Bax,
helical peptide is essentially buried in between the two A (1991)Biochemistry 309216-9228.
globular domains. It is then interesting to note that an |kura, M., Clore, G. M., Gronenborn, A. M., Zhu, G., Klee, C. B.,
increase in salt concentration leaves the basic thermodynamic & Bax, A. (1992) Science 256632-638.
parameters governing the pressure-induced transition un-Jameson, D. M., Weber, G., Spencer, R. D., & Mitchell, G. (1978)
changed and merely results in a shift in the equilibrium  Re. Sci. Instrum. 49510-514.
between bound and dissociated states of the peptide. Thid-aPorte, D. C., Keller, C. H., Olwin, B. B., & Storm, D. R. (1981)
would seem to suggest that the formation of salt linkages Li Biochemistry 203965-3972. :
. . L. inse, S., Helmersson, A., & FOmeS. (1991)]. Biol. Chem. 266
between the bound peptide and calmodulin is highly coop- ~ gg50-8054.
erative and that complexes with less than the final number peador, w. E., Means, A. R., & Quiocho, F. A. (1998%ience
of ion pairs are difficult to populate. 257, 1251-1255.
The presence of interactions between apocalmodulin andMeador, W. E., Means, A. R., & Quiocho, F. A. (199Stience
the Neurg peptide in the absence of calcium which are 262 1718-1721. .
sufficient to cause binding of significant affinit)Kg ~0.4 ~ Minowa, O., & Yagi, K. (1984)J. Biochem. 961175-1182.
uM) is unusual and appears to find its origin in the salt- OIvE\;/!n, B. B., Titani, K., Martins, T. J., & Storm, D. R. (1983)
. - . iochemistry 225390-5395.
depgndent conformation of the C-terminal domain of calm- O'Neil, K. T., & De Grado, W. F. (1990)Trends Biochem. Sci.
odulin. We have shown elsewhere (Urbauer et al., 1995) 15 59-64.
that apoCaM exists as a mixture of conformations at Paladini, A. A., Jr., & Weber, G. (1981&ev. Sci. Instrum. 52
physiological salt concentrations. The fact that the Neuro ~ 419-427.

peptide binds only to the conformation favored at low ionic Paladini, A. A., Jr., & Weber, G. (19811Biochemistry 202587~

strength p_resents the_ possibility .that neuromodulln and Pedigo, S., & Shea, M. A. (199Biochemistry 341179-1196.
neurogranin actually bind to the minor species of apoCaM Pereschini, A., & Kretsinger, R. H. (1988) Biol. Chem. 263

under physiological conditions. 12175-12178.
Summary. We have shown that pressure can cause a Putkey, J. A., Slaughter, G. R., & Means, A. R. (1985)Biol.
reorganization of the apoCaMeurq complex. A volume Chem.. 2604704-4712.

Change of approximate|y 66 mL mdland a free energy Roth, S. M., Schneider, D. M., Strobel, L. A., \(an Berkum, M. F.
change of approximately 1.7 kcal mblare associated with A. Means, A. R., & Wand, A. J. (1991Biochemistry 30

th izati This t ition d t lead to siqnifi t 10078-10084.
€ reorganization. IS transition does hot lead 1o Significan Roth, S. M., Schneider, D. M., Strobel, L. A., Van Berkum, M. F.

dissociation of the peptide from apoCaM, indicating that A 'Means, A. R., & Wand, A. J. (199Biochemistry 311443~
residual interactions whose disruption is characterized by low  1451.
volume and/or high free energy changes must be presentSeeholzer, S. H., & Wand, A. J. (198Bjochemistry 284011~
These residual interactions are destroyed by salt, and it is_ 4020

: v : Seeholzer, S. H., Cohn, M., Wand, A. J., Crespi, H. L., Putkey, J.
postulated that this sensitivity arises from the collapse of A. & Means. A. R. (1987) inProceedings of the Fifth

the hydrophobic pocket to which the peptide is binding in  temational Symposium on Calcium Binding Proteins in Health
response to the increase in dielectric constant. These and DiseaséMeans, A. R., et al., Ed.) pp 36871, Academic
observations represent an interesting separation of the Press, New York.

hydrophobic and electrostatic interactions responsible for the Serrano, A. H., Boaz, A., Bycroft, M., & Fersht, A. R. (1990)

P il ; ; Biochemistry 299343-9352.
binding of amphiphilic peptides to calmodulin. Silva, J. L., Silveira, C. F., Correia, A., Jr., & Pontes, L. (1992)
Urbauer, J. L., Short, J. H., Dow, L. K., & Wand, A. J. (1995)
We are grateful to Drs. Theodore Hazlett and William Biochemistry 348099-8109.

Mantulin of the Laboratory for Fluorescence Dynamics. W?_'be”r, ﬁ (1?(92£’r0t9in Interactionspp 199-215, Chapman and
all, New York.
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