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Asymmetry of Calmodulin Revealed by Peptide Binding 
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The binding of amphiphilic peptides to calmodulin has been studied using fluorescence enecgy 
transfer techniques. Calmodulin has no tryptophan residues but possesses two tyrosines (at positions 
99 and 138) in the C-terminal half of the protein. The peptides have a single tryptophan which 
serves as energy acceptor for the protein tyrosine fluorescence. For the binding of mastoparan or 
peptide Baal7, with a tryptophan at position 3, the observed quenching of the tyrosine fluorescence 
of over a factor of 2 corresponds to an average tyrosine-tryptophan distance of less than 14 ~. 
These results indicate that the peptides binds preferentially with the tryptophan in the C-terminal 
half of the protein. 

KEY WORDS: Calmodulin; asymmetry; peptide binding; energy transfer. 

INTRODUCTION 

Calmodulin (CAM) possesses a rather symmetric 
structure, containing a globular domain on each side of 
a central helix [1]. The two domains show a large ho- 
mology and each contains two binding sites for calcium. 
Calcium ions induce a change in conformation in cal- 
modulin, which in turn activates various "target" pro- 
teins [2]. The binding of calcium apparently "opens" 
the protein and exposes the central helix and a hydro- 
phobic pocket in each domain [1]. Several other mole- 
cules (such as trifluoroperazin) and target peptides have 
been reported to bind as well [3-5]. 

NMR studies indicate that the peptide Baa17 binds 
in one of the hydrophobic domains of the protein [6]. 
This leaves at least four possible orientations of Baa17 
within the peptide--calmodulin complex. Since both ty- 
rosine residues of the protein are in the same (C-termi- 
nal) domain, and calmodulin has no tryptophan residues, 
it appeared to be an ideal case for observing fluorescence 
energy transfer between tyrosine and tryptophan. 

Previous studies have documented the efficiency of 
transfer from tyrosine to tryptophan residues [7]. Since 
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the overlap between tyrosine fluorescence and tryvo- 
phan absorbance is weak, and the tyrosine quantum yield 
is low, a distance of typically 15 ~ is required to de- 
crease the tyrosine fluorescence by a factor of two. Since 
the size of each domain of calmodulin is 20 ,~ and the 
interdomain distance (center to center [1]) is over 30 ~, 
a preferential location of tryptophan residue in the C- 
terminal domain should be observable by the quenching 
of the calmodulin tyrosine fluorescence. In this study we 
use five peptides which bind with a high affinity to cal- 
modulin: two that have the tryptophan at position 3; two 
that lack the tryptophan and serve as controls; and mel- 
ittin, which has the tryptophan at position 19. 

EXPERIMENTAL 

Calmodulin was prepared from bovine brain ace- 
tone powder (Sigma) following methods described pre- 
viously [8,9]. The protein concentration was determined 
from the absorption band at 276 nm with e = 3740 M- 1 
cm -1 [10]. 

The 17-residue peptide Baa17 was a gift from the 
Pasteur Institute [6]. Both Baa17 and Polistes masto- 
paran (Sigma), a peptide with 14 residues, have a single 
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tryptophan at position 3; an absorption coefficient of 
5400 M- 1 cm- 1 at 280 nm was estimated for these pep- 
tides. Sample concentrations were determined from the 
UV absorption spectra on a SLM-Arninco (DW2000) 
spectrometer. 

Melittin (Boerhinger), a 26-residue peptide with a 
tryptophan at position 19, e = 5470 M -1 cm -1 at 280 
nm [11], also binds to calmodulin with a high affinity 
[11-13]. 

We also studied the effect of binding of two pep- 
tides without tryptophan or tyrosine residues: peptide 
pPKII (Bachem) corresponds to the fragment (290-309) 
of the calmodulin-dependent protein kinase II [14]; mas- 
toparan (Sigma) is a wasp venom [15]. For these two 
peptides the concentrations were based on the weight 
prepared. 

The fluorescence spectra were measured on an SLM- 
Aminco 8000 spectrofluorometer. The present study re- 
quired a determination of the tyrosine yield in the pres- 
ence of the peptide containing a tryptophan residue. The 
method used is to measure the fluorescence emission 
spectrum using excitation wavelengths of both 275 nm 
(which excites both tyrosine and tryptophan residues) 
and 295 nm, which selectively excites the tryptophan 
residue. The tyrosine contribution can be recovered by 
the difference between the normalized spectra. 

The solvent spectrum under the same conditions 
was subtracted from each sample spectrum. Note that 
this is important, since the Stokes' line varies with the 
excitation wavelength and occurs near the tyrosine emis- 
sion peak for excitation at 275 nm. Although the inten- 
sity for the Stokes's line was less than 5% of the 
calmodulin signal, it becomes important for highly 
quenched systems, and failure to account for this solvent 
contribution will cause an overestimation of the final 
tyrosine fluorescence. The corrected spectra were then 
normalized (by a factor c) to match the fluorescence 
intensity above 380 nm, where the tryptophan fluores- 
cence dominates. Thus, to obtain the tyrosine emission 
spectrum (above 300 nm), the overall calculation at each 
wavelength is 

F(tyr) = [F275(CaM + Baal7) - Fz75(solvent)] 
- c[F295(CaM + Baa17) - Fz95(solvent)] (1) 

where the subscripts refer to the excitation wavelength 
(nm). 

The experimental conditions were the same for all 
spectra, except for the change in excitation wavelength. 
The monochromator slits were set at 1-nm resolution for 
both excitation and emission in order to obtain the ty- 
rosine peak near 305 nm despite excitation at 295 nm. 
Quartz cuvettes, 4 x 10 ram, were used with excitation 
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along the 4-ram axis; absorption spectra were measured 
along the 10-mm path. 

RESULTS 

The fluorescence emission spectra for calcium bound 
calmodulin, with and without peptide Baa17, are shown 
in Fig. 1. As expected, the tryptophan fluorescence dom- 
inates when both tyrosine and tryptophan residues are 
present, due to both the higher absorbance coefficient 
and a higher fluorescence yield. Despite the larger con- 
tribution of the tryptophan residue, a decrease in the 
overall emission intensity can be observed near 290 nm 
where there is little tryptophan contribution. This is di- 
rect evidence for the quenching of the tyrosine fluores- 
cence. As a first approximation, one can simply take the 
ratio of the emission spectra of calmodulin to that of 
CaM + peptide (after subtraction of the solvent spectrum 
from each curve). This method provides a minimum 
quenching factor, since the tryptophan contribution is 
not subtracted off; a quenching factor of 2.2 ( +_ 0.2) was 
observed for the average of seven independent measure- 
ments with Baa17. Note that a shift in the calmodulin 
emission spectrum due to the peptide binding would in- 
fluence the observed ratio calculated by this method. 

In order to obtain the fluorescence spectrum of the 
calmodulin tyrosines in the presence of the peptide, the 
peptide tryptophan fluorescence must be subtracted. The 
tryptophan emission can be isolated by excitation at 295 
nm, where excitation of the tyrosine residues is negli- 
gible. After the solvent spectra were subtrated for each 
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Fig. 1. Fluorescence emission spectra of calcium-bound calmodulin 
(CAM), with and without the peptide Baa17. Excitation was at 275 nm 
for samples in 50 mM Tris buffer at pH 7.4, 25~ Concentrations 
were 7 pxM calmodulin, 9 p34 peptide, and 1 mM calcium. 
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spectrum, and after normalization of the spectra (275- 
and 295-nm excitation) in the region above 380 nm, 
subtraction of the spectra yields the calmodulin fluores- 
cence in the presence of the peptide (Fig. 2). The av- 
erage decrease in the catmodulin tyrosine fluorescence, 
due to the binding peptide Baal7, is a factor of 2. The 
quenching factor was determined from the peak intensity 
values near 305 rim, rather than integration of the spec- 
tra, since the full ~rosine spectrum could not be ob- 
tained. 

Similar results were obtained with Polistes masto- 
paran (tryptophan at position 3); a quenching factor of 
2.3 was observed. Melittin was also used for compari- 
son; in this case the peptide of 26 residues has a single 
tryptophan at position 19. As shown in Fig. 2, an inter- 
mediate quenching level was observed, indicating a larger 
tyrosine-tryptophan distance, as estimated on the right- 
hand axis. The quenching factors for the peptides are 
summarized in Table I. 

The energy transfer calculations, based on an Ro of 
14.2/~ for tyrosine-99 (quantum yield qb = 0.095) and 
13.2 ~ for tyrosine-138 @ = 0 .0 6 1  [7,16]), imply an 
average donor-acceptor distance of approximately Ro = 
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Fig. 2. Tyrosine emission spectra for calcium-bound calmodulin (CAM), 
with and without the peptide indicated. Experimental conditions: 5 

calmodulin, 6 txM for the peptides, 1 mM calcium, 25~ 50 mM 
Tris buffer at pH 7.4. In the presence of peptide, the tyrosine spectrum 
was calculated as the difference in emission at two excitation wave- 
lengths (275 minus 295 nm), after subtraction of solvent and normal- 
ization of the spectra above 380 nm where the tryptophan fluorescence 
dominates. Control measurements were made using a similar peptide 
without a tryptophan residue (curve pPKI1) and melittin (Mel), which 
has one tryptophan at position 19. The right-hand axis indicates the 
tyrosine-tryptophan distance necessary to obtain the observed fluores- 
cence intensity, based on the quenching factor Q d Q  = 1 + (RJR)  ~ 

with Ro = 14 ~. 

14 ~ for a quenching of a factor of 2. These values 
indicate that the peptide tryptophan is in fact in the same 
half of the protein as the two tyrosine residues. The 
right-hand axis in Fig. 2 gives the distance (R) necessary 
for the observed quenching for the F6rster energy trans- 
fer [171: Qa/Q = 1 + (Ro/R) 6, where Qa is the fluores- 
cence intensity in the absence of quenching and Ro -- 
14 ~. 

The errors in the spectroscopic measurements and 
subsequent corrections are only a few percent. The larg- 
est error (___ 10% in the quenching factor) was in i:he 
sample-to-sample reproducibility; this error is still small 
compared to the quenching factor and does not affect 
the conclusions. However, other factors need to be con- 
sidered. For example, it is known that the calmodulin 
tyrosine fluorescence intensity decreases by over a factor 
of two when the calcium is removed [16]. Thus envi- 
ronmental factors could account for part of the decrease 
and further controls were performed. 

Control 1. Free DL-tryptophan was added to cal- 
modutin sampIes. This tests essentially for the inner 51- 
ter effects, since the absorption properties of Baal7 and 
free tryptophan are similar. There was no change in !;he 
free tryptophan fluorescence emission, indicating thai it 
did not bind to the protein. Under the same conditions 
used for the interaction calmodulin-peptide, the free 
tryptophan did not decrease the calmodulin fluorescence 
(data not shown), indicating negligible inner filter ef- 
fects. 

Control 2. The 20-residue peptide pPKII derived 
from calmodulin-dependent protein kinase II, without 
tryptophan residues, was also tested. Since this peptide 
is similar to Baa17, it should provide a similar environ- 
ment, but without the energy transfer. The fluorescer:ce 
spectra of calmodulin showed no change in peak emis- 
sion wavelength and a small increase in fluorescerce 
intensity upon binding of pPKII (Fig. 2). Measurements 
were also made with mastoparan (without tryptophan); 
in this case there was no increase in the calmodulin :-2r 
rosine fluorescence. 

DISCUSSION 

The NMR study [6] indicated that the peptide Baa17 
binds in one of the protein hydrophobic pockets. The 
present results localize the peptide with the tryptophan 
residue in the C-terminal domain of calmodulin. Due to 
the apparent symmetry of the protein and peptide, one 
would expect a more random binding. The large de- 
crease, a factor of 2 (R < 14 ~), in the calmodutin 
(tyrosine) fluorescence due to quenching by the peptide 
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Peptide 

Table I. Sequences of the Calmodulin-Binding Peptide Studies" 
i 

Sequence QJQ 

pPKII 
Mastoparan 
Melittin 
Baal7 
Polistes 

Mastoparan 

L-K-K-F-N-A-R-R-K-L-K-G-A-I-L-T-T-L-A 0.95 
I-N-L-K-A-L-A-A-L-A-K-K-I-L 1.0 
G-I-G-A-V-L-K-V-L-T-T-G-L-P-A-L-I-S-W-I-K-R-K-R-E-E 1.4 
L-K-W-K-K-L-L-K-L-L-K-K-L-L-K-L-G 2.1 

V-D-W-K-K-I-G-Q-H-I-L-S-V-L 2.3 

"The quenching factor is the ratio of the peak tyrosine fluorescence of caImodulin alone 
(Q~) to that of calmodulin with the peptide (Q); the largest error (10%) was in the sample- 
to-sample variation. 

tryptophan indicates a breaking of this symmetry. These 
results are consistent with photolabeling studies [18] which 
reported a cross-linking of a marker at position 3 of 
Baa17 (substitution for the tryptophan) with the methi- 
onine-144 residue in the C-terminal of calmodulin. 

From the crystallographic coordinates for calcium- 
bound calmodulin [1], one can show the positions of the 
tyrosines relatives to the central helix and the N- and C- 
terminal domains (Fig. 3, using the program Molscript 
[19]). A donor-acceptor distance of less than 15 ~ would 
be expected for the peptide with the tryptophan-contain- 
ing end (N terminal) in the C-terminal protein pocket. 
A distance of over 25 ,~ would be expected for peptide 
binding in the calmodulin N-terminal pocket. The pre- 
dicted quenching factors would be a factor of 2 for the 
first case, 1.2 for the second, and 1.4 for an equal mix- 
ture of the two orientations. The fluorescence energy 
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Fig. 3. Structure of calcium-bound calmodulin [1], showing the two 
tyrosine residues; the end-to-end distance is 65 ~. The central helix 
(residues 65-92) is presented in helical form; the N- and C-terminal 
domains are shown in the coil representation (using Molscript [17]). 

transfer data are thus consistent with the peptide binding 
preferentially with its tryptophan in the protein C-ter- 
minal domain. 

As expected, the binding of melittin (tryptophan at 
position 19) shows a smaller quenching factor. There is 
probably a significant quenching of tyrosine-138, since 
it is more centrally !ocated (Fig. 3). If the peptide Baa17 
(of total length 25 A) were bound with its C terminal in 
the protein C-terminal pocket, one would expect a lower 
quenching factor, as for melittin. 

Control experiments are important for this type of 
study, since the fluorescence intensity depends on the 
local environment of the residue, in addition to the en- 
ergy transfer rates. Fortunately additional peptides are 
available to provide a similar binding. The results with 
pPKII and mastoparan (without tryptophan) show a null 
result, while melittin (with the tryptophan farther in the 
sequence) shows a reduced quenching (Fig. 2). Baa17 
and PoIistes mastoparan, both with the tryptophan at 
position 3, show similar quenching factors of over a 
factor of 2. These results are consistent with quenching 
by energy transfer, rather than a change in environment. 

In a recent crystallographic study, the binding of a 
related peptide from chicken smooth muscle myosin light- 
chain kinase also showed a specific binding orientation 
[20]. In this case the tryptophan residue at position 5 
was located in the C-terminal hydrophobic pocket of 
calmodulin. Solution studies using NMR techniques 
confirmed this result [21]. 

The same peptide-protein orientation has been re- 
ported for a 26-residue fragment of the skeletal muscle 
myosin light-chain kinase [22]. There is thus a growing 
evidence for a number of peptides which bind with their 
N terminal preferentially in the calmodulin C terminal. 
The present results, under solution conditions at a low 
protein concentration, indicate the same orientation for 
the binding of Baa17 or mastoparan to calmodulin. 
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