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Solution structure of calmodulin and its complex 
with a myosin light chain kinase fragment 
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Ab-& - The solution structure of 6 8  ligated calmodulin and of its complex with a 
26-residue peptide fragment of skeletal muscle myosin tight chain kinase (skMLCm have 
beem investigated by rnuAi-dimensional NMR. in the absence of -de, the two globular 
domains of calmoddin adopt the Same structure as observed in the clysfalline form [Z]. 
The so-called ‘central heIix’ which is observed in the crystalline m e  is disrupted in 
solution. I5N relaxation studies show that residues Asp78 through Ser81, located near the 
middle of this ‘central helix’, form a very flexible link between the two globular domains. In 
the presence of skMLCK target peptide, the peptideprotein complex adopts a globular 
ellipsoidal shape. The helical peptide is located in a hydrophobic channel that goes 
through the center of the complex and makes an angk of -45’ with the long axis of the 
ellipsoid. 

calmodulin (W is a ubiquitous in- prot- 
ein of 148 residues 16.7 kD) that plays a key 
role m coupling Ca2’ transients caused by a stim- 
ulus of the cell surface to events in the cytosol (11. 
It performs this role by calcium dependent binding 
to a host of intracellular enzymes. The crystal 
structuxe of calmdulio shows a higbly unusual 
dumbbell type shape, where two globular domains 
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(each containing two calcium binding si-) are con- 
nected by a Z-residue long a-helix fz 9. This 

nificant distortions near its middle in the crystalline 
state 121, has Ixxa the subject of mcb debate. For 
example, d l  angle X-ray scattering studies were 
interpreted by different workers to confirm the 
presence of a rigid ‘ceakd helix’ in solution 141 and 
as evidence that the ‘mml helix’ must be beut or 
EgMy flexible [5]. 

The present paper discusses the r e d &  of a study 
of CaM in solution by nuclear magnetic resonance 
(NMR) techniques. The detailed NMR character- 

s~-Called ‘WIIW~ helix’, which actually sbow~ Sig- 

ization of pteil ls  with the complexity of CaM has 
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become feasible only very reoently by the 
introduction of advanced NMR methodology. Tbi 
new methodoIogy, largely developed using CaM as 
a test protein [6], relies on the incorporation of the 
stable isotopes and I5N in the protein. The 
NMR spctra of such a uniformly isotopically 
enriched protein can be separated in t h e  or four 
orthogonal frequency dimensions, thmby greatIy 
decreasing resonance overlap and facilitating 
spectral intqmtation [a]. In addition, these 
stable isotopes provide very direct access to the 
study of htad protein mobility and thus enable 
the detailed charactmimion of both the strlrchre 
and the dynamics of the CaM ‘centd helix’. 

Materials and Methods 

Recombinant Drosophila CaM was prepared uskg 
Escherichia coli (saain ARs8) harboring the PAS 
expwsion vector [SI. Uniform labeling with I3C 
and at lev& of more tban 95% was obtained by 
growing the bacteria in hi9 minimal media with 

the sole nitrogen and carbon sources. respxtively. 
A 2.5 I cell cuItm yielded -20 mg purif~ed CaM. 
The %-residue u d W d  synthetic peptide compris- 
ing the CaM binding domain (residues 577-6021 of 
skeletal muscIe myosin light chain kinase. common- 
ly referred to as MI3 [IO], was purchased 1Lkom 
Peptide Technologies (Washington, DC, USA) and 
used without further purification. Sample prepar- 
ations contained 1-15 mM CdM. 45-65 mM 02’, 
100 mM KCL, pH 6.3-6.8, and one molar equivalent 
of M13 pepti& for mdies of the M13-CaM 
com lex. Au experiments we= conducted at 35°C. 

1% *ation experiments were d i e d  
out on a modified Sruker AM-500 v t e r .  
DetaiIs *garding the experimental set-up are pm- 
ented elsewhere (11, 123. Bperiments for defer- 
dnation of the 3D structure of the CaM-Ml3 
complex were c o n d ~ c t d  both at SQO ‘H 
frequency on the above mentioned Bmkw AM-500 
spectrometer and on a Bruker AMX-600 spectm- 
meter, operating at 600 M k  ‘H fmpeaq, and 
quipped with Bnrker hardware for carrying out the 
muired tripre reso~~ance experiments. 

c’h-mu (1 a) and 113G1-gIucose (3 gn) as 

During the assignment process 1131 of CM, it 

for residues in the two globular domains (residues 
T5 through R74 and ES3 tbrough T14) of CaM the 
soIution structure is very close to that pmviousIy 
obsexved in tbe crystalline state [2,33. Because of 
the w e  mount of Iahr requiml for determining a 
high m01utio11 NMR slmckm. the solution 
&cture of each of the individual domains was not 
redetermined. Instead, our NMR investigation has 
focused mainly on a detailed clmmerization of the 
‘cenfd helix’ in CaM. 

The main NMR indicators for a-helical s t m e  
in proteins are the characteristic short distances 1141 
between the amide p t o n s  of adjacent residues, 
between the col proton of residue i and the amide 
proton of residue i+3, and between the Ca proton of 
midue i and the Cp proton of residue i-t-3, Tzlese 
short distances give rise to solGalIed dm(i,i+l), 
daN(i,i+3) and QLg(i,ii-3) NOE ConneCtivities, The 

the relatively long distance ktween the Ca w o n  
of residue i, and the amide of residue $1 [ I B .  A 
sbing of adjacent miclues with smaU values (56 Hz) 
for the J coupling, 3 J ~ m ~  between the amide and 
the Ca proton and positive secondary chemical 
shifts for the 13G resonances (AI3- [15, 161 are 
additional indicators for a - h W  s h c k m .  EinalIy, 
hydrogen bonded amides in an a-helix me expected 
to exchange relatively slowly with solvent because 
the exchange event requires breakieg of the 
hydrogen band. 

Figure 1 summaizes  the above mentioned 
param~ters for the central helix in CaM As catl be 
seen hm this f i p ,  the residues at the beginning 
(E6GK77) and end mZF92) of the ‘cenYral helix” 
show the signatures of &-helical conformation. 
However, fn>m D78 through S81, the conformation 
is clearly not h e l i d ,  based on the strong d&i,&-l) 
and absent dm(i,kl) NOES, rapid hydrogen 
exchange, and near-zero values for the m n d q  
Ca and Cp (not shown) shifts. These observations 
for D78-481 most compatible with an 
uns~ctured ’random coil’ conformation for these 

became CIm from the observed NOE patterns that 

d&i,i+l) NOE i~ weak an Cl-l~lix O f  
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residues. Note, however, that the exact location 
where the helix fransfom into a 'random coil' is 
not clearly defined as, for example, secondary Ca 
shifts for K75 and M76 m already smaller than 
expected for an a-helix and the amide proton 
exchange rate gradually ingeases for residues 
K75-D78 113. 'Ihe beginning of the second half of 
the 'central helix' at E82 is defined much more 
sharply by a clear &ansition in the NOE pattern 
h intense dm(i,i+l) NOES to intease draEJ{i,i+E) 
NOES. a relatively sharp increase in secondary Ca 
chemid shifl, and a sharp decrease in hydrogen 
exchange rate. 

Dynamics of Cahf 

The findings mentioned above are strongly 
indicative of a 'flexible hinge' type connection, 
formed by residues D78-481. between the two 
globular CaM domains, However, the degree of 
flexibility cannot be quantified on the basis of the 
parameters reported in ITlgnre 1. In proteins: which 
are isotopicaUy d h d  with '%I, a detailed 
chcterization of the protein backbone dynamics 
can be ammpfished in a straightforward manner by 
'% daxation msu~mts 1181. A detaiIed 
discussion of the relaxation naecbanisms falls 
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beyond the scup of this article and only a brief 
qualitative discussion of the salient points will be 
presented. TINW, m t  "N daxation pm- 
meters are of most practical importance for charact- 
erizing its dynamics: the longitudinal relaxation 
t k ~ ,  Ti, the fraasverse relaxatim Tz, and the 
'~N-I'H) heternnudear NOB. ~t is important to 

ated by the H- N magnetic dipokdipole inter- 
action. Thedo=, it is the time dqmdmce of the 
orientation of each NM bond vector in the protein 
which detednes the rdaxatio~~ Properties of a 
given '5N nudeus. 

The Ti reIaxatioo h e  is the time constant for 
the '% magnetization to rem t~ its equilibrium 
value. This relaxation invol~e~ a large change in 
energy to flip nuclei that are oriented antiparallel to 
the magnetic field into a parallel orientation. The 
TI relaxation process is most efkient for NH bond 
vectors that reorient with a chammristic rotational 
cornlation time T ~ ,  equal to l / ( ~ ) ,  where WN is the 
angular '5N resonance f r e q ~ e a q ,  expressed in 
radians per second x 50.7 hCh in ow e x p i -  
ments). Thus, TI relaxation is most rapid for a cor- 
relation time 7c -3 ns. In macromolecules, the 
transverse relaxation time, Tz, iS dominahl by 
4inc0mp1ek averaging' of the 'H-% dipolar 
iuteractioo. The i n m m m u s  "N resonance 
frequency depends on the size of the truncated 

dipolar interaction, i.e. on the orientation of 
the WH bond vector with respect to the static 
magnetic field. Rapid random reorientation of the 
molecule averages this h e  dependent dipolar 
contribution to the 'k resonatlce fmpency to zero. 
However, if reorientation of the molecule is not 
infinitely fast, the incomplete averaging results in a 
rapid decay of ?N transverse magnetization, There- 
fore, transverse relaxation times monotonically 
decrease with increasing correlation time, RnaI- 
ly, the '%-&I) NOE ~ p s e n t s  the ratio of the 
value of the "N magnetization in thermal equilib- 
rium in the presence and absence of satumtion of 
the '1-1. transitions. For correlation times longer tfian 
-3 nS, the NOE is close to a limiting value of -0.8, 
For T~ < 0.1 os, the NOB has a value of - -35. 

Above, it has been itssuxned that the protein 
reorients as a rigid body. However, in practice the 
relaxation is influenced substanWy by internal 

that all these relaxation P m S e S  do&- 
1 15 

motions that m u r  on a time scale, The effect of 
such internal motions is most mi ly  analyzed using 
the model-& approach developed by Lipari and 
Szabo E191. In this approach, a mixaur: of the 
specwd density Eunctiw. J(w), associated wirh the 
slow overaU molecular tumbling. JS(w), and the 

3;lt(O), is assumed: 
S m  dUlS@ Caossd by the fast mOthS. 

where S&) = TJ[l + (WTCy-J and Si(@ = TErI + 
(KIT)?, with 117 = lhe + VTC. Te bejng the time 
scale of the inlernal motions. The d w  of 
internal flexibility is thus described by lhe 
generalized order parameter 9. This approach for 
the simaltaneous mdysis of both the d e ~ ~ t a f i o n  
of the entire p x D t e i n  and i?s internal dynamics is 
valid hdep endent of the type of internal motion. 
If, for example, &e internal mtions are described 
by free diffusion in a cone with semiangle a, the 
general- izea order parameter is related to M. 
according to: 

9 = m a  (1 +cosap2J2 * ... . .... *.  Eq. 2 

The 'H-{%} NOE and the TI and T2 
relaxation times have been measured for 114 
backbone amides in CaM which show non- over- 
lapping resonames in the '5N-1H shift correlation 
s m  The resuIts ale s m  + in figure2 
(panels a+). 

For amides with an NOE > 4 . 6 ,  the correlation 
time, TC, with which an individual bond vector 
reorients can be calculated from the T1m2 ratio [la]. 
These T~ values are shown in Elgur, 2d. As caa be 

another within each of the two domains, the small 
degree of variation in T~ is mainly caused by 
random measurement error. The closeness of the T~ 
vdues indicates that the individual domains reorient 
nearly isompically. If cahochlie were tumbling as 
a rigid dumbbell. Iydmdynamic calculations show 
that tlte apparent correlation times derived from the 
T1m2 ratios would be 1.5 times longer for NH bond 
vectors paraIIel to the long dumbbell axis compared 
to NH bond vectors perpendicular to t h i s  axis 1121. 
In fact, it is interesting to note that the average 

~een. the TC V ~ U ~ S  m k a b l y  -I= to O U ~  

I 

. 
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comlatio~~ time of residues in the C-terminal 
domain is somewhat shorter than in the N-terminal 
domain, as would be expected for a larger body (the 
N-terrninal domain) connected to a smaller rigid 
body (the C-terminal domain) via a flexible linker 
(n7aSS 1). 

The ‘5 relaxation results provide another 
independent method for defming the exact location 
of the flexible hinge in the ‘central helix8. As c;u1 
be seen h m  Figure 2e, the order parameters for tbe 
individual bond vectors dong the backbone of the 
individual CaM domains are quite uniform, except 

for low order parameters (Le. high internal mobility) 
in the loops connecting helii 3 and C and helices 
P and G. Within the ‘central helix’, h e  generalized 
order parameter 9 is very cIose to i~  regula^ value 
of 0.85 up till residue A73. No acctrrate relaxni5m 
times muId be measumd for IC74 and K75 because 
of artial ~esonance overlap. However, from W6 
( 2 = 0.n) through ~ 7 9  (9‘ = 0.49) the d e r  
parameters steamy dearax. O&r palamten 
mnah low for D80 (0.54) and S81 (0.60) and are 
back to a value that is compatible with a rigid 
,$ruw at E82 (3 = 0.80). 

daxalion shrdy quanti- the degree 
of flexibiLity in ?he ‘central helix’ and finds the 
hcrea% in &xMily to be most prowmced for 
midues D7&S81 (9 I Q.Q, exactly the same 
residues that were implicatd to be h a ’random 

The 

coil’ conformation based on the NMR paramems 

show that  (a) the codation times for the 
M-terminal and C-termiaal domains aie diffmntaad 
proportional to the size of the domain: @) the 
correlation times for the individual amide bond 
v e d ~ r ~  vary to a mu& lesser de- than predicted 
by hysrodynamic calculations for rigid dumbbell 
models: and (c) the order parameters for residues 
near lhe middle of the ‘central helix’ ~IE low. These 
findings strongly support the ‘flexible tether 
hypothesis’, where the central helix serves merely to 
keep the two domains in dose proximity for binding 
to their m g e L  As will be discussed below, this high 
degree of flexibitity is indeed essential for CaM 
binding to the M13 peptide. 

ShOWn ill 1. Tbt! % XlaXatiOR 

S w u r e  ofthe C&-MI3 complex 

ca2+-saturated c a ~  has a high mity (-lo4 MJ 
for a 26 residue peptide, known as M13, which 
comprises residues 577402 of skeletal muscIe 
myosin light chain kinase [lo]. This peptide and 
many others that exhibit a high aEfinity for CaM are 
positively charged and have the propensity for 
&helix formation [20]. Indeed, circular dichroism 
studies of CaM complexed wifb M U  have shown 
an increase in a-helicity for the cuqIex  compared 
to caZ+-saturated C ~ M  done, suggesting that the 
peptide adopts an a-helical conformation in its 
complex with CaM. However, because of the 

- -  -. . 
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83-14, the atomic ~ o t ~ * s q u ~  (m) 
distribution about the mean cmrdhate position for 
the 24 calculated stnrctures is 1.4 A The d o r m -  
ation of midues R74-ESZ is poorfy determined by 
tbe NMR data because of a lack of long range 
NOES for these residues. These ‘centra2 helix’ 
residues are part of a flexible and solvent exposed 
loop that smmds the peptide Wg. 5). Rapid 
exchange rates for the amide protons of CaM 
~ s i d u e s  K 7 S B Z  I171 canfirm thii finding. 

Conclusions 

Dramtic advances in NMR rnethodoI0gJr that have 
o c c d  during the Iast 5 y m  have made it 
possible to obtain a detailed pichue of the stnrclme 
and dynamics of proteins sucb as CaM and its 

C-DOM AIN 

complex with M13. This NMR w o k  seffles the 
dispute about the solution conformation of the CaM 
‘central helix’ and clearly shows that the middle of 
this ‘central helix’ ;tdopts a highly flexible structure, 
which in no mpct resembles an a-helix. CaM, 
thaefo~, is a d m  example wbere studies of the 
structure in solution, using NMR, and in the 
crystillline state, using x-ray c€ystauography, offer a 
quite different view. 

The flexible nature of the ‘central helix’ is 
essential for binding its target peptides in the 1 

manner illusbae.d in Fgm 5, as the middIe of this 
‘mW helix’ has to bend around the a-helical 
peptida Qualitati~dy. this sttuclure of tbe complex 
resembles that of the class model for the 
compIex, proposed by M n i  and Kretshger 
W]. The general features of this model and the 
NMR-bascd stnrcture, n d y  the ~ W O  domains 
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con@ in close proximity to form a hydrophobic 
~ h d  ~ ~ ~ p i d  by an a-helical peptide, 
SimiIaT in the WO cases. TIme main differences 
relate to the reverse orientation of the peptide, and 
the relafive positioning of the two CaM domains. 
This latter difference muIts h m  the constraint 
used in the modelling study to leave the X-ray 
crystal structure as intact as possible, and permitting 
only the backbone angles of midue S81 to vary. 
As a result, when the carhxy-terminal domain of 
the model and of our NMR structure are 
superimposed, the amiay-tenninal domains show an 
rms displacement of -8 A. 

The strucbm calculated for the W - M l 3  
complex is of much lower precision than what is 
obtainable from a more detailed SpectraI analysis 
fw]. For example, no s~ospec i f ic  assignments of 

Cg methylene pmtons or of the methyl p u p s  of 
valine and leucine midnes have teen d so far- 
Also, a large number of long range NOES. 
particularly in crowded s e  regiom, have not 
yet ken identilid. It is anticipated !hat a more 
detailed study of the CaM-M13 complex, using 
these M t i ~ n a l  stmclmal  parameters. will yidd a 
structnre with a precision that is similar to that 
obtained for the protein interleukin-18, which has 
been considered comparable in molution to a -2 A 
crystal Smn3m-e  WJ. 
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