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Abstract 

The  crystal  structure  of  calcium-calmodulin  (CaM)  reveals a  protein  with  a  typical dumbbell  structure. Various 
spectroscopic  studies  have  suggested  that the  central linker region of CaM, which is  a-helical in the  crystal structure, 
is flexible  in  solution. In particular,  NMR  studies  have  indicated the presence of  a flexible  backbone  between  residues 
Lys 77 and  Asp 80. This  flexibility  is related directly  to  the  function of  the protein  because it enables  the  N-  and 
C-terminal  domains of  the  protein to  move  toward  each  other  and  bind  to the CaM-binding  domain of  a  target protein. 
We have  investigated  the  flexibility  of  the  CaM central  helix by a  variety of computational  techniques: molecular 
dynamics  (MD)  simulations, normal mode  analysis  (NMA),  and  essential  dynamics  (ED)  analysis. Our MD results 
reproduce  the  experimentally  determined location  of the bend in a simulation of only the CaM central helix, indicating 
that  the bending point is  an  intrinsic  property of  the a-helix,  for which the  remainder of the protein is not important. 
Interestingly, the  modes  found by the  ED  analysis of the MD trajectory are very similar  to the  lowest frequency  modes 
from  the  NM  analysis  and  to  modes  found by an  ED  analysis  of different structures in a set of NMR structures. 
Electrostatic  interactions  involving residues  Arg 74  and  Asp 80 seem to be  important  for  these  bending motions and 
unfolding, which is  in  line with pH-dependent  NMR  and CD studies. 
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Calcium  is  an  important  secondary  messenger in all eukaryotic 
cells. Specialized ATP-driven pumps  secrete  calcium  to  the  extra- 
cellular  environment, or into the  intracellular storage  organelles, 
creating a  large calcium  gradient  over  the  membrane.  During  stim- 
ulation, the  calcium  can  flow rapidly down  the  concentration  gradient 
into  the  cytoplasmic  space  of a cell. A host of  calcium-binding 
proteins is responsible  for translating the  sudden  rise in the intra- 
cellular  calcium  concentration  into a carefully  orchestrated  cellular 
response. A unique  feature of these regulatory calcium-binding 
proteins  is that  they  all comprise  characteristic helix-loop-helix 
calcium  binding  sites  (Finn & Forsen,  1995;  Ikura, 1996). Cal- 
modulin, a 148-residue  acidic protein, appears  to  be the  most 
versatile  member of this  family of proteins. It is present in all 
eukaryotic  cells; in addition, it has been implicated in the  activa- 
tion of at least 30 different target proteins  and  enzymes (Vogel & 
Zhang, 1995; Ikura, 1996). Considering  that most other  calcium- 
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regulatory  proteins  generally  only  activate  one  specific target, 
this promiscuity is one of  the  most  interesting features of CaM. 
Consequently,  research  has  focused on the  molecular  features 
that allow this protein  to  act efficiently on the CaM-binding  do- 
mains of  target  proteins,  which do not share  significant  amino acid 
homology. 

The first distinct  feature of CaM is its high  Met content.  The 
preponderance of Met in its  target peptide  binding  sites is thought 
to create  two highly pliable, yet  sticky, surfaces,  which  can  ac- 
commodate the binding of  peptides  with  different amino acid se- 
quences  (Vogel, 1994; Zhang & Vogel, 1994). Second,  CaM  has a 
rather  unconventional  dumbbell structure, and the  intrinsic flexi- 
bility of its  central linker region allows a  reorientation  of  the 
position of the two  domains of CaM  such that it can interact 
optimally with  its  target  peptide. In the  crystal structure of  the 
Ca’+ form of the  protein,  this region appears  as  an extended  a-helix. 
However, in solution,  studies of the apo  and  Ca”  form of  the 
protein have  shown that  the  central part of this  region is  flexible 
(Heidorn & Trewhella, 1988;  Persechini & Kretsinger, 1988; Ikura 
et  al.,  1991;  Spera  et al., 1991;  Barbato  et  al.,  1992;  Kuboniwa 
et al., 1995; Tjandra  et  al., 1995; Zhang et al., 1995). In complexes 
of CaM with  target peptides, the a-helicity of the central  helix 
decreases  further  (Spera  et at., 1991; Ikura et al., 1992; Meador 
et  al.,  1992;  Clore  et al.,  1993). 
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Fig. 1. Secondary structure of the CaM central helix as a function of simulation time. 

The capacity of this region of CaM to adjust its secondary 
structure in response to the physiologic conditions is of consider- 
able interest, and  has prompted us to undertake molecular dy- 
namics simulations of this part of the protein. Two earlier MD 
simulations have been reported for CaM; these were done over 
relatively short time periods (150 ps. Mehler et al., 1991; 6 0  ps, 
Vorherr et al.. 1992) and in  the absence of full solvent: in one study 
(Vorherr et al., 1992). artificial bends were introduced in the cen- 
tral linker region. In order to extend on these earlier studies, we 
have performed our simulations in a box containing explicit water 
molecules. We have done a 500-ps simulation of the entire protein 
(Sirn. Pro), as well as a 3-ns simulation of the 28-residue isolated 
central helix (Sim.  Pep). In  this way,  we can compare the dynamics 
of the CaM central helix in  the protein with the isolated peptide to 
investigate whether the flexibility of the backbone of the CaM 
central helix is a property of the a-helix alone. 

In general, peptide simulations do not reproduce equilibrium 
conditions. However, it is possible to study kinetic processes, like 
the unfolding of peptides (Soman  et al., 1991; Daggett & Levitt, 
1992; Brooks & Case. 1993; Caflisch & Karplus, 1094; Kazmirski 
et al., 1995; van der Spoel et al.. 1996~).  The majority of  MD 
studies reported for isolated a-helices to date involved model pep- 
tides where no experimental benchmark is available, some notable 
exceptions being MD simulations of the ribonuclease S-peptide 
analogue (Tirado-Rives & Jorgensen. 1991) and the myoglobin 
H-helix (van Buuren & Berendsen, 1993; Hirst & Brooks. 1995). 
Although no published structural data for the excised central helix 
of CaM is available, we have assumed that we can compare our 
simulation results to the data for the protein crystals, at least at the 
beginning of the simulation; this approach allows us to test the 
stability of the central helix in aqueous solution. Finally.  we  will 
analyze the motions in the isolated CaM central helix to test whether 
intrinsic motions of the a-helical peptide are important for flexi- 
bility or unfolding of the peptide. 

Results 

The primary focus of this work is on the CaM central helix (Sirn. 
Pep), therefore we  will  not present the simulation for the intact 
protein (Sirn. Pro); this will only be mentioned where it is useful 
to compare the results of the two separate simulations. 

Secondon structure 

A very important analysis on structure of peptides and proteins. in 
our opinion. is a secondary structure analysis. We have used the 

DSSP program (Kabsch & Sander. 1983). which computes the 
secondary structure of each residue in  a sequence from the atomic 
coordinates. Using a color code, it is possible to follow the sec- 
ondary structure for each residue as a function of time. This is 
shown for Sim. Pep in Figure I .  From the trajectory, we have 
extracted a snapshot every 20 ps  and these coordinates were used 
to compute the secondary structure. Little happens to the a-helix 
initially, but after 700 ps, residues Met 76-Thr 79 lose their cY-helical 
structure. After 1,200 ps, only Lys 77 seems to be nonhelical, but 
after I .900 ps. a larger portion of the a-helix, starting from  Met 7 I ,  
turns into a n-helix. This structure is  then rather stable until  the 
end of the simulation. except around 2.560 ps,  when there is an 
1 I-residue r-helix. The C-terminal end of the helix (starting at 
Asp 80) is stable throughout; only small fluctuations at the very 
end of  the a-hclix occur. Wc have plotted the time-average of  the 
a-helicity per residue for both Sim. Pep and Sim. Pro in Figure 2. 
using the criterion of  Hirst  and Brooks (1995). which  is  based  on 
&/$ angles. It is clear from this figure that  the central residues are 
less a-helical in Sim. Pep. The CaM central helix in Sim. Pro  is 
stable; it  does not unfold at all under these conditions. What hap- 
pens to the peptide is illustrated by some snapshots from  the Sim. 
Pep trajectory (Fig.  3). The  a-helix bends in the center. but it 
remains rather helical on both ends. However, it can be seen though, 
that the N terminus of  the a-helix  (left side in  the figure) is some- 
what swollen at  3.000 ps, corresponding to the larger radius asso- 
ciated with the r-helix structure type found by DSSP (Fig. I ) .  
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Fig. 2. Time-average of a-helicity per residue of the CaM central helix in 
Sim. Pep  and Sim. Pro computed using the criterion of Hirst  and  Brooks 
(199.5). 
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Fig.3. Snapshots from  the MD trajectory of Sim. Pep. Plot was made 
using MOLSCRIPT (Kraulis, 1991 1. 

The  angle between the N-terminal part of the a-helix and the 
C-terminal part was calculated from the average angle of three 
vectors in the N-terminal part and three vectors in the C terminus. 
These vectors were defined by  C,-C, vectors of (n ,  n + 7) resi- 
dues. The 7-residue spacing was used because it corresponds to a 
rotation over 700 degrees in a perfect a-helix; in this way, our 
vectors are almost parallel to the helical axis. This procedure gives 
nine angles  at each time step, which were averaged and plotted in 
Figure 4. The angle is almost 180 degrees, corresponding to a 
straight a-helix at the start of the simulation, but after 600 ps, it 
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drops quite rapidly to an average value of 90 degrees, with minima 
below 70 degrees. 

RMSD 

The  RMSD from the crystal structure is a measure of unfolding in 
peptide simulations. We have calculated the  RMSD of the back- 
bone atoms with respect to two different crystal structures (Fig. 5): 
the starting structure (3CLN. Babu et al., 1988), as well as the 
structure of CaM complexed with a peptide from MLCK (ICDL, 
Meador et al., 1992). In the latter crystal structure, the CaM central 
helix is unfolded in the  center  (residues Arg  74-Lys 77) and  bent 
around the MLCK peptide. After a  sharp rise to more than 0.3 nm 
(at 250  ps), the RMSD with respect to the starting structure (3CLN) 
decreases again to 0.08 nm at 5 I O  ps. Then the RMSD rises steadily 
to 1,400 ps and a plateau value of 0.7 nm is reached. The RMSD 
with respect to the complexed structure (ICDL) starts at 0.73 nm; 
it  displays a small decrease to 0.63 nm around 250 ps. followed by 
an increase to 0.7 nm around 500 ps. Then it drops slowly until a 
minimum of slightly less than 0.3 nm is reached around 1,680  ps. 
Finally, the RMSD rises to a plateau value of 0.4 nm. The RMSD 
of the CaM central helix in Sim. Pro with respect to the starting 
structure (straight) fluctuates between 0.1 and 0.2 nm (data not 
shown). We have also plotted the RMSD of the C, atoms of each 
residue with respect to the starting structure, averaged over the 
first 500 ps in Sim. Pep and Sim. Pro (Fig. 6).  The rationale behind 
this is that it allows us to see which residues are most flexible in 
the part of the simulation where the a-helix is still stable. If we 
disregard the first and last residues, the most flexible region is that 
from residue Arg 74 through Asp 80 in Sim. Pep. In Sim. Pro, there 
is only a slight hump in the center of the a-helix. In the same 
figure, we have added RMS data from a collection of  21 NMR 
structures of CaM complexed with the CaM-binding domain of 
MLCK (Ikura et al., 1992). The peak in the RMSD is almost at the 
same position in the sequence. 

Side-chain interactions 

Interactions between side chains in the CaM central helix were 
studied in detail because the large number of charged side chains 
may  be important for the stability of the peptide. We have found 
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Fig. 4. Angle between N-terminal  part  and  C-terminal  part of the  CaM 
central helix as a function of time in Sim. Pep. 

30 

Fig. 5. RMSD of the  CaM  central helix (Sim. Pep) with  respect to two 
different crystal structures.  A  running average over 25 ps was plotted to 
improve clarity. 
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Fig. 6. RMSD of the C, atoms of the CaM central helix which were 
averaged per residue over the first 500 ps of the  Sim.  Pep  and  the  entire 
Sim.  Pro simulations. Also shown is the RMSD for C ,  atoms from NMR 
structure of CaM complexed with peptide from MLCK (Ikura  et al., 1992). 

that there  are helix-stabilizing interactions as well as destabilizing 
interactions; some of these interactions are present in the crystal 
structure, others are not. In Figure 7, we have plotted the distance 
and angle between Phe 65 and Phe 68. It can be seen that the 
aromatic groups are quite  close to each other during the entire 
simulation (0.59 nm on average); the angle has a two-peaked dis- 
tribution, around 30 degrees  and around 150 degrees. These angles 
are  equivalent because of the symmetry in the  Phe residues. The 
other aromatic pair (Phe 89 and Phe  92) apparently does not in- 
teract, the mean distance between the aromatic planes is 0.95 nm 
(data not shown). Stabilizing salt bridges and hydrogen bonds 
are present throughout the CaM central helix, especially in the 
C-terminal part  (Fig. 8). Especially important are the interactions 
between Glu  82 and Arg 86, which are also present in the crystal 
structure (Babu et al., 1988), and between Glu 87 and Arg 90. 

A number of repulsive side-chain combinations are present in 
the sequence of the CaM central helix at (n ,  n + 3) and (n, n + 4) 
positions. We have plotted the  distances between these in Figure 9. 
There  are  fluctuations in the  distance between repulsive side  chains 
of about 0.2 nm, but no larger changes,  except  for the distance 
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Fig. 8. Distance between attractive side chains, defined as the shortest 
distance between any atom of both side chains, stabilizing the Cah4 central 
helix. A running average over 25 ps was plotted to improve clarity. 

between Arg 74 and Lys 77. The latter changes drastically after 
500 ps from 0.6 nm to 1 . 1  nm. After 1,000 ps, it slowly decreases 
and, after 1,500 ps, it fluctuates around 0.6 nm. The distance 
between Arg 86 and Arg 90 is very stable until 2,600 ps when a 
rather large fluctuation drives the two Arg residues apart. In Fig- 
ure 10, a number of side chain interactions that can stabilize the 
bent state have been plotted. There  are salt bridges between Arg 74 
and Asp 80, Lys 75 and Asp 80, and Arg 74 and Glu 84. Further- 
more, a hydrogen bond exists between the Thr 79 alcohol group 
and the Asp 80 side chain from 780  ps through 2,460 ps (data not 
shown). 

Essential dynamics 

The snapshots of the trajectory of the CaM central helix (Fig. 3) in 
Sim.  Pep make it clear that the motion of the peptide is governed 
by large collective displacements of the individual atoms. This 
feature makes it interesting to study the peptide by methods that- 
define such collective displacements, such as normal mode anal- 
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Fig. 10. Distance  between side chains  that  stabilize the bended  form by 
attractive  interactions,  defined  as  the  shortest  distance between any  atom of 
both side  chains. A running  average  over 25 ps was plotted to improve 
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ysis (Brooks & Karplus, 1983; Gb et al., 1983; Levitt et al., 1983) 
and ED (Amadei et al., 1993) or principal component analysis 
(Kitao et al., 1991; Hayward & GO, 1995). Ideally, a large fraction 
of the total fluctuations  in the peptide can be described as a com- 
bination of displacements along a small number of vectors, called 
the essential dynamics  (for  ED), or normal modes (for NMA). The 
techniques for this type of analysis have been described in the 
literature (Case, 1994; Hayward & Go, 1995) and we will not 
discuss them here. An ED analysis was performed  on the first 500 
ps of Sim. Pep and on  the integral Sim. Pro trajectories using the 
ED implementation in the WHAT IF package (Vriend, 1990). Only 
the backbone atoms (N, C,, C )  were used for the analysis because 
our prime interest is in the backbone motion. Because  there are 84 
backbone atoms, there are 252  degrees of freedom. In the case of 
Sim. Pro, the CaM central helix was cut  out of the protein trajec- 
tory for this analysis, such that the peptides were the same. For 
comparison, we also performed an ED analysis on the last 500 ps 
of Sim. Pep; however, except  for a direct comparison of this with 
the previously mentioned ED analysis of Sim. Pep, we will not 
discuss this analysis. 

The fluctuations along each eigenvector ei and the cumulative 
fluctuations from  the eigenvectors (e,, e 2 , .  . . e3,,) are plotted in 
Figure 1 I .  A small number of eigenvectors is sufficient to describe 
almost all motion in the  CaM central helix: the first ten eigenvec- 
tors describe 90% of the total fluctuations in Sim. Pep, which is 
consistent with ED analysis work on proteins (Garcia, 1992; Hay- 
ward et al., 1993; van Aalten et al., 1995). This means that we can 
define  an essential subspace spanned by the first ten eigenvectors 
that covers 90% of the fluctuations of the  CaM central helix in 
Sim. Pep. It can be seen that the first two modes describe a larger 
part of the  fluctuations  in  Sim. Pep than in Sim. Pro; from e3 
onward, the  fluctuations  are  comparable in both simulations. As a 
result of this,  it  takes  more eigenvectors to describe an essential 
subspace that describes  90% of the fluctuations in Sim. Pro (ap- 
proximately 15). 

To characterize the most important eigenvectors of Sim. Pep, we 
have plotted the structures corresponding to the minimum and 
maximum displacement along the  first three eigenvectors plus the 
average structure, where the minimum and maximum displace- 
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Fig. 11. Eigenvalues  (bottom)  and cumulative fluctuations  (top) as a func- 
tion of eigenvector  index  for  Sim.  Pep and Sim. Pro. Note that only  the  first 
20 of 252 eigenvectors are plotted. 

ment were taken from the  first 500 ps of MD trajectory (Fig. 12). 
Both el and e2 correspond to a bending mode, which can be seen 
from  the vibrating string-like deviation from the average structure. 
In both cases,  the wavelength corresponding to the motion seems 
to  be slightly longer than the length of the a-helix.  The motion in 
e3 is hard to determine from this figure. Another way to charac- 
terize the eigenvectors is a component plot (Fig. 13). Each triplet 
of components of an eigenvector corresponds to the motion of an 
atom and we have calculated and plotted the length of this vector 
for  each atom. The vibrating string-like deviation from 0 in e, can 
be seen in the component plot, Le., the atoms around residue 72 
and 84 hardly move in this eigenvector, whereas there  is a maxi- 
mum in the amplitude around residue 80, in the center of the 
a-helix.  The motion in e2 also has the bending property, but su- 
perimposed on that is a motion that has a four-residue periodicity 
along the chain. If we disregard the bending motion in e?,, we see 
that all residues on one  side of the a-helix have similar Cartesian 
displacements, which indicates that a twisting motion is super- 
imposed on  the bending motion. In e3, we see a standing wave with 
three nodes at residues 69,  79, and 89. 

eigenvector 1 

eigenvector 2 

eigenvector 3 

Fig. 12. C, trace of the CaM central helix for the structures  corresponding 
to the minimum and maximum  displacement along the first three eigen- 
vectors of Sim.  Pep and the average  structure (in black).  Plot  was made 
using  MOLSCRIPT  (Kraulis, 1991). 
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Fig. 13. Atomic components of the first three eigenvectors in Sim. Pep, 
plotted as the length of the vector defined by the three eigenvector com- 
ponents corresponding to each  atom. 

To compare the eigenvectors of Sim. Pep with other eigenvec- 
tors, we have computed inner products of eigenvector sets. Be- 
cause the eigenvectors are normalized, an inner product of one 
means that eigenvectors are identical. In Table I ,  we have printed 

Table 1. Inner products of eigenvectors between first  four EM 
from Sim. Pep (e , )  and EM from last SO0 ps  of Sim. Pep (eyd) ,  
EM from Sim. Pro (e""), normal modes (n:), and EM from 
21 NMR structures (e:mr) (Ikura et al., 1992)" 

A. EM from last 500 ps  of Sim. Pep 
eend end eend e2 eyd  

el 0.785 -0.1 18 0.063 0.202 
e2 -0.052 0.220 0.072 -0.602 
el 0.023 -0.365 0.0 15 -0.260 
e4 -0.167 0.055 0.399 0.414 

B. EM from Sim. Pro (e:") 
eprcJ e:m 

el 0.4 10 0.848 -0.010 0.028 
e2 0.852 -0.405 -0.038 -0.044 
e? -0.074 0.078 0.714 -0.428 
e4 - 0.002 -0.1 12 0.215 0.569 

C. Normal modes (n:) 

n; n5 n; nh 

el -0.192 0.859 0.628 -0.092 
e2 0.902 0.321 -0.508 -0.054 
e, -0.026 - 0.00 I -0.123 -0.657 
e4 0.062 -0.035 0.067 -0.586 

D. EM from 21 NMR structures (e:"') 
e rmr e;"' e;mr  etrnr 

el 0.778 0.062 -0.119 0.033 
e2 -0.180 0. I56 -0.282 -0.168 
e3 -0.018 -0.070 -0.052 0.077 
e4 -0.126 0.240 -0.024 -0.023 

"The most important similarities are marked in bold. 

the inner products for the first eigenvectors (e,. . e4) of Sim. Pep 
with the first eigenvectors of the ED analysis of the last 500 ps of 
Sim. Pep (e;"d.. eyd),  the first eigenvectors of Sim. Pro, the first 
four normal modes of the CaM central helix (as described below), 
and the first four eigenvectors from an ED analysis of an experi- 
mental data set. The first bending mode ( e l )  is still present at 
the end of the simulation; it corresponds to eyd. To a large extent, 
eyd is contained in the the first four eigenvectors of Sim. Pep, in 
particular e2 and e4. The correlation between other pairs of vectors 
is not as pronounced. Between Sim. Pro and Sim. Pep, the first two 
modes are basically interchanged; when we sum the squares of the 
inner products for the first two eigenvectors, we find that the 
similarity is 89%, and the third and fourth eigenvectors of each 
simulation are very similar as well. 

An  NMA (Brooks & Karplus, 1983; Go et al., 1983; Levitt et al., 
1983) of the excised CaM central helix was performed as de- 
scribed in Materials and methods. To compare the normal modes to 
the eigenvectors, we first have to extract the backbone components 
from the normal modes, and then renormalize the vectors n, to a 
new set of vectors n:. This new set is not orthogonal, but projec- 
tion of a vector n: onto the eigenvectors ( e l ,   e* , .  . . e3n ) still 
renders the complete vector back. It can be seen that nf1 corre- 
sponds almost completely to e2. whereas n; is very similar to e , .  
n; is contained in a combination of el and e2, whereas nb is a 
combination of e3 and e4. It is also possible to construct a set of 
eigenvectors from experimental structures. For this purpose we 
used the 21 structures of CaM complexed with the CaM-binding 
domain of MLCK (Ikura  et al., 1992) (pdb entry 2BBN). From 
these structures, a covariance matrix was built, and the eigenvec- 
tors were determined; these eigenvectors then define the difference 
vectors between the structures. Here we see that there is a clear 
correspondence between el from Sim. Pep and e;mr from NMR 
data, but there seems to be no correlation between other pairs of 
vectors. 

Discussion 

It is generally thought that CaM can adapt its conformation to 
enhance binding of different compounds between the two domains, 
which are connected by the long a-helix. Indeed, it is known that 
CaM can bind many different proteins or peptides, often inducing 
a-helical structure in the ligand (Vogel, 1994; Ikura, 1996). From 
the crystal structure of CaM complexed with a peptide from MLCK 
(Meador et al., 1992), as well as the NMR structure of a similar 
complex (Ikura et al., 1992), it is immediately clear that the central 
helix (residues Phe 65-Phe 92) is flexible in the center, at least 
from Arg 74 through Glu 83. It should be noted that there are some 
differences between NMR  and X-ray structure that have been at- 
tributed to the different composition of the peptide used (Ikura 
et al., 1992; Meador et al., 1992). 

The uncomplexed CaM in aqueous solution, like the complexed 
CaM, has a flexible region in the central helix. Hydrogen exchange 
measurements (Spera  et al., 1991), NOES (Ikura  et al., 1991), and 
order parameters (Barbato  et al., 1992), as determined by NMR 
experiments, have shown that the region from Met 76 through 
Asp 80 is flexible. This region is a subset of the disordered regions 
found in the complexed structures. It is not hard to imagine that 
this inherent flexibility facilitates ligand binding: upon complex- 
ation, the CaM central helix unrolls as much as necessary to sur- 
round the ligand; with its hydrophobic N terminus and hydrophilic 
C terminus, amphipathic peptides can be accommodated optimally. 
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The fact that the CaM central helix is a rather regular a-helix in all 
the plain crystal structures is not too disturbing because the crys- 
tals were grown using organic co-solvents, and it has been shown 
using CD spectroscopy that the a-helix content of CaM increases 
in solvents that favor the crystallization conditions (Bayley & 
Martin, 1992). 

In this work, we demonstrate that the special properties of the 
CaM central helix that facilitate complexation with ligands can be 
reproduced in an MD simulation of the isolated a-helix. This sug- 
gests that the flexibility is a property of the CaM central helix only, 
which is not dependent on, or triggered by the N-  and C-terminal 
domains. In the time span that the a-helix is still stable (the first 
500 ps  of the simulation), we see that the flexibility is highest in 
the central region of residues Arg 74-Asp 80 (Fig.  6). After this 
period, we find that the peptide unfolds, starting with a breaking of 
the a-helix in the region from Met 76 through Thr  79, around 
700 ps. The C-terminal part of the a-helix remains a-helical for 
the rest of the simulation, whereas the N-terminal part fluctuates 
between a-helix and n-helix, with, at one instant, as many as 1 1  
residues involved in a  n-helix (Fig. I ) .  Averaged over the whole 
simulation time, the a-helicity is lowest for residues Met 76- 
Thr 79 (Fig. 2), consistent with NMR experiments (Spera et al., 
1991 ; Barbato et al., 1992). The dynamic process of bending takes 
places on a somewhat shorter time scale (500 ps)  than the bending 
motion as determined by NMR relaxation experiments of holo- 
CaM (Barbato  et al., 1992) and apo-CaM (3 ns) (Tjandra et al., 
1995). This can  probably  be explained by the  large  N-  and C-terminal 
domains of the protein, which will slow bending. Indeed, in Sim. 
Pro, we find that the amplitude of the bending motions is reduced 
considerably compared with Sim. Pep. The bending angle of the 
CaM central helix in  Sirn. Pep is quite large, it bends from 180 
degrees to  70 degrees (Fig.  7). Based on neutron scattering exper- 
iments, a “bent” model for CaM in  solution was made, in which 
the angle is about 125 degrees (Heidorn & Trewhella, 1988), which 
is in between the crystal structure and our data from Sim. Pep. The 
small angle of 90 degrees, which seems to be the equilibrium angle 
for the peptide in our simulation, is  not possible for the protein 
because the two  domains would overlap. The trajectory of Sim. Pro 
is  not long enough to see a bending motion with a large amplitude, 
although the ED analysis proves that the bending motion is the 
most important motion in the simulation. The region of residue 
Met 76-Thr 79 is also the most flexible region, as determined by 
the average RMSD in the first 500 ps of the simulation, as well as 
experimental RMS data (Ikura et al., 1992)  (Fig. 6). The RMSD 
from the starting crystal structure (SCLN, Babu et al., 1988) levels 
off after 1.3 ns, but at these high values of RMSD, the least- 
squares fitting procedure is not trivial and RMS is not a very useful 
criterion for equilibration or stability. 

Our side-chain analyses (Figs. 7, 8, 9, IO)  show that there are 
distinctive side-chain interactions stabilizing the N-terminal and 
the C-terminal end of the CaM central helix in solution. Among 
these interactions is a salt bridge, Glu 82-Arg 86, that is present in 
the crystal structure and maintained during the entire simulation 
(Fig. 8). Another stabilizing interaction is the aromatic interaction 
between Phe 65 and Phe 68  (Fig. 7). Because this is an (n, n + 3) 
interaction rather than an (n, n + 4) interaction, the optimal T stack- 
ing, well known for aromatic side chains (Burley & Petsko, 1989), 
is not possible. However, the conformation of the two side chains 
in our simulation does contribute to the stability of the a-helix. It 
should be noted that this interaction is not present in the crystal 
structure; there, the N-terminal end of the a-helix is embedded in 

the remainder of the protein. In the uncomplexed crystal structures 
(both in ICLL, Chattopadhyaya et at., 1992; and 3CLN, Babu 
et al., 1988), Arg 74 participates in a hydrogen bonding network 
with residues in the N-terminal domain of the protein: this is also 
found in computer simulations (Weinstein & Mehler, 1994). In 
Sim. Pro, we find that Arg 74 interacts with Thr 70 most of  the 
time, and only occasionally with Glu 54, the interaction that pre- 
vails in the crystal structure. Because we have a fully solvated 
protein, it is not surprising that the Arg 74 side chain makes other 
contacts as well as the crystal contact. In Sim. Pep, interactions 
with the N-terminal domain are not possible: instead a salt bridge 
between Arg 74 and Asp 78 forms initially, but it breaks when the 
helix bends. After 1.3 ns, a very stable salt bridge is formed be- 
tween Arg 74 and Glu 84, which prohibits restoration of the a-helix. 
Interestingly removal of residue Glu 84 gives rise to a straighten- 
ing of the central linker region of CaM in solution (Kataoka et at., 
1996). A number of electrostatic interactions seem to be actively 
destabilizing the central region of the a-helix (Arg 74-Lys 77, 
Asp 78-Glu 82, Asp 80-Glu 84). There are also some side chains 
that are not in close proximity initially, that can further stabilize 
the bended form: Lys  75-Asp 80 and Arg 74-Asp 80 form close 
contact around 600 ps; after the a-helix is broken, Asp 80 forms a 
hydrogen bond  with Thr 79.  A fluctuation in  backbone conforma- 
tion, possibly initiated by the repulsive interactions mentioned 
above (Fig. 9).  makes these contacts possible. It seems that residue 
Asp 80 is also important for unfolding: it is engaged i n  repulsive 
interactions that destabilize the a-helix as well as in attractive 
interactions that can stabilize the bended form. Furthermore, it is 
known that aspartate residues are bad a-helix formers in  peptides 
(Chakrabartty & Baldwin, 1995). NMR  and CD studies have shown 
that CaM is more a-helical and  has a larger rotation correlation 
time, indicating a less globular structure, when the pH  is decreased 
(Torok et al., 1992). Because a decrease in pH to 4.5 may proton- 
ate one or more of the Glu residues in the CaM central helix, this 
confirms our observation that electrostatic interactions destabilize 
the CaM central helix. 

The ED analysis of  the CaM central helix in Sim. Pep shows that 
the large correlated motions in the CaM central helix involve bend- 
ing in e , ,  a combined twisting and bending in e2,  and a standing 
wave in e3 reminiscent of a ‘‘first overtone” of e ,  (Fig.  13). Thus, 
it seems that the CaM central helix behaves somewhat like a string 
when the a-helix is still formed. When we consider the inner 
products (Table IA),  it  is clear that, at the end of the simulation, e ,  
is still important. An extrapolation of e , ,  corresponding to a large 
displacement along e , ,  leads to unfolding of  the peptide. This 
motion may  be induced by the electrostatic interactions described 
above. The good correspondence of eigenvectors between Sim. 
Pep and Sim. Pro (Table IB) indicates that the simulations are very 
comparable; they basically span the same essential subspace and 
hence we can conclude that the simulation of the excised CaM 
central helix (Sim.  Pep) is a good model system for the entire 
protein, although the amplitudes of the motion are larger in Sim. 
Pep. We also find that the vectors found by NMA are very similar 
to the essential modes (Table IC). Again, we note that normal 
modes and essential modes span a similar subspace. On the one 
hand, this may seem surprising, because the deviations from the 
average structure in the 500-ps simulation are considerable. On the 
other hand, the most important motions in Sirn. Pep resemble 
vibrating string-like motions, which can be described well by har- 
monic analysis (Brooks & Karplus, 1983; G6 et al., 1983; Levitt 
et al., 1983). The frequencies and mode of bending found by the 
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NMA of the CaM central helix are comparable to those found by 
Kitao et  al. (1991) for melittin. Melittin is a tetramer of identical 
polypeptide chains consisting of a single a-helix of 26 residues. 
This a-helix has a Gly residue at position 12 and a Pro residue at 
position 14, and the most important motion is bending around this 
region of the peptide; it should be noted that melittin is bent in the 
crystal structure as well (Terwilliger & Eisenberg, 1982). Although 
one  expects a-helix destabilization when Pro or Gly residues are 
present in the center of  an a-helix, the CaM central helix does not 
have either of these residues, yet the motions are very similar to 
those in melittin. Surprisingly, e l  is also similar to eYmr; apparently, 
the difference between the 21 NMR structures (Ikura  et al., 1992) 
coincides to some extent with displacement in the direction of e l ,  
i.e., the main difference between these structures is their bending 
angle around the flexible region of the CaM central helix. 

It can be concluded that the simulation of the excised CaM 
central helix (Sim. Pep) is a good model for the behavior of the 
a-helix in the intact protein. The location of the bend in Sim. Pep 
corresponds very well to experimental data from NMR measure- 
ments (Spera  et al., 1991; Barbato et  ai.,  1992) and the dynamics 
of the isolated peptide is very similar to that in the intact protein. 
We emphasize the fact that different theoretical methods (MD/ED 
and NMA) give consistent results in a relatively complicated sys- 
tem. Recently, Balsera et al. (1996) have argued that an ED anal- 
ysis does not render a useful essential subspace. However, the test 
system employed by these authors is G-actin,  a 375-residue protein 
consisting of four subdomains, which is far larger than any of the 
proteins studied by ED so far (e.g., Garcia, 1992; Amadei et al., 
1993; Hayward et al., 1993; van Aalten et al., 1995), whereas their 
simulation is short (500 ps) compared with their system size. In 
contrast, we are very confident that our methodology is sound 
because our results agree very  well  with experimental results; this 
confidence is strengthened further by the consistent results from 
different theoretical methods. 

From our results, we can conclude that the unfolding pathway of 
the CaM central helix is described by  an extrapolation of the 
bending motions in the intact a-helix (el and e2 from our ED 
analysis). Although this way  of unfolding may  be a particular 
feature of the CaM central helix, the notion that an extrapolation of 
intrinsic motions may lead to unfolding of a-helices underlies the 
well-known model for unfolding through a  31fl-helix as well (Tirado- 
Rives & Jorgensen, 1991; Basu et al., 1994). 

Materials and methods 

Starting structures 

The  starting structure for  our simulation was taken from the crystal 
structure PDB entry 3CLN (Babu  et al., 1988), refined at 2.2 A. 
Residues Asp 64-Asp 93 were cut from the protein. Of these, 
Asp 64 was mutated into an acetyl group by removing the NH 
group and the side chain, and Asp 93 was mutated into an NH2 
group by removing all atoms beyond the backbone N. This left us 
with a peptide corresponding to residues Phe 65-Phe 92, with 
neutral caps on the ends. Sequence characteristics for the peptide 
are given in Table 2. 

Molecular  dynamics 

The helix was solvated in a cubic box with an edge of approxi- 
mately 5.0 nm filled with 4,012 SPC  (simple point charge) water 
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Table 2. Sequence characteristics for the  CaM central helixa 

Number 

Residue 

Structure (3CLN) 

id. complexed (1CDL) 

Hydrophobic 

Charge 

6 7  8 9 

5678901234567890123456789012 

FPEFLTMMARKMKDTDSEEEIREAFRVF 

HHHHHHHHHHHHHHHHHHHHHHHHHH 

HHHHHHHH  HHHHHHHHHHHH 

00 00 000 0 0 00 00 

- ++ +- - --- +- + 

"Secondary structure was determined by DSSP (Kabsch & Sander, 1983). 
H, helix; space, no defined secondary structure 

molecules (Berendsen et al., 1981) for a total of 12,353 atoms. 
Although the shape of an a-helix would fit in a rectangular box, 
which would save  a large number of water molecules and therefore 
computer time, our simulations are so long that an a-helix can 
easily rotate more than 90 degrees, thus allowing the peptide to 
interact with  an image of itself. Therefore, it is necessary to use 
cubic boxes when simulating a-helical peptides. An energy mini- 
mization of the solvated peptide was performed using the steepest 
descent algorithm for 100 steps. Energy minimization and  all sim- 
ulations were performed using periodic boundary conditions. Then 
a restrained MD simulation of 20 ps was performed, where the 
peptide atoms were harmonically restrained to their crystal posi- 
tions with a force constant of 1,000 kJ mol" nm-' to allow for 
further relaxation of the solvent molecules. During the restrained 
MD run, the temperature was controlled using weak coupling (Be- 
rendsen et al., 1984) to a bath of constant temperature (To = 
300 K, coupling time T~ = 0.1 ps) and the pressure was controlled 
using weak coupling to a bath of constant pressure (PO = 1 bar, 
coupling time 7p = 0.5 ps). The production run  was done with the 
same pressure- and temperature-coupling  constants  as the re- 
strained run. Protein and solvent were coupled to the temperature 
bath separately in restrained as well as free MD. The center of 
mass motion of the entire simulation system was removed at every 
step to keep the effective simulation temperature at 300 K. The 
Gromos-87 forcefield (van Gunsteren & Berendsen, 1987) was 
used with modifications as suggested in van Buuren et  al.  (1993); 
explicit hydrogen atoms were defined in aromatic rings (van  der 
Spoel et al., 1996b; P.M. King, A.E. Mark, & W.F. van Gunsteren, 
pers. comm.).  The time step was 2.0 fs,  SHAKE (Ryckaert et al., 
1977) was used for all covalent bonds, and a twin-range cut-off 
criterion for nonbonded interactions was used. The short-range 
forces (Lennard-Jones and Coulomb) were cut off  at 1 .0 nm and 
calculated every step, whereas the long-range forces (Coulomb) 
were cut off at I .8 nm and were updated during generation of the 
neighbor list, which was done every 20 fs. 

For the protein simulation, we  used the same starting structure 
as the peptide simulation (3CLN, Babu et al., 1988). All simulation 
details were the same as the isolated a-helix, except as noted 
below. A rectangular box of 5.8 X 7.8 X 5.5 nm was used, with 
6,768 water molecules, including 69 crystal waters. Four calcium 
ions from the crystal structure were used, as well as 14 sodium 
counter ions to make up for the large net charge of -22 on the 
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Table 3. Frequencies corresponding to normal modes 
of the  CaM central helix 

Mode  Frequency  (cm”) 

1  3.96 
2  4.2 I 
3 4.41 
4  8.19 
5 8.44 
6 10.0 
7 10.3 
8 11.7 
9 12.4 

10 12.7 

protein. A time step of I fs was used and SHAKE  (Ryckaert et al., 
1977) was used for hydrogen atoms only. The length of the sim- 
ulation was 500 ps. To distinguish both simulations, we have re- 
ferred to them as “Sim. Pep” and “Sim. Pro.” Both simulations 
were conducted using the GROMACS software package (van der 
Spoel et al., 1996a) on our custom-built parallel computer (Ber- 
endsen et al., 1995) with 32 Intel i860 CPUs.  The production run 
for the CaM central helix took 17.3 days on this computer; the 
protein simulation took 9.7 days. 

Normul mode analysis 

An NMA (Brooks & Karplus, 1983; Go et al., 1983; Levitt et al., 
1983) of the CaM central helix, in Cartesian coordinate space was 
performed using the implementation in the GROMOS simulation 
package (van Gunsteren & Berendsen, 1987). We used the GRO- 
MOS vacuum force field (van Gunsteren & Berendsen, 1987), 
rather than the standard force field for solvated biomolecules. In 
this force field, the charged side-chain groups are replaced by 
groups with only a  dipole. Before the NMA, the structure was 
energy minimized using the same force field. In a NMA, eigen- 
vectors are determined by diagonalization of the Hessian matrix. 
Both during energy minimization and the construction of the 
Hessian, no cut-off for nonbonded interactions was used. The 
RMSD after minimization with respect to the crystal structure was 
0.094 nm. The ten lowest frequencies are given in Table 3. 
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