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Abstract 

A 22-residue synthetic peptide encompassing the calmodulin (CaM)-binding domain  of skeletal muscle myosin 
light chain kinase was studied by two-dimensional NMR and CD spectroscopy. In water the peptide does not form 
any regular structure; however, addition of the helix-inducing solvent trifluoroethanol  (TFE) causes it to  form 
an a-helical  structure.  The proton NMR spectra of this peptide in 25% and 40% TFE were assigned by double 
quantum-filtered  J-correlated  spectroscopy, total correlation  spectroscopy, and nuclear Overhauser effect corre- 
lated spectroscopy spectra.  In  addition,  the a-carbon chemical shifts were obtained from  (‘H,’3C)-heteronuclear 
multiple quantum coherence spectra.  The presence of numerous dNN(i, i + l) ,  daN(i, i + 3), and  da@(i, i + 3) 
NOE crosspeaks indicates that  an a-helix can be formed from residues 3 to 20; this is further  supported by the 
CD  data. Upfield a-proton  and downfield a-carbon shifts in this region of the  peptide provide further  support 
for  the  formation of an  a-helix.  The helix induced by TFE appears to be similar to  that formed  upon binding of 
the peptide to  CaM. 
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Calmodulin is a ubiquitous  regulatory  calcium-binding 
protein  that is present  in  all  eukaryotic cells. The  protein 
has an unusual  dumbbell  shape,  consisting of two  inde- 
pendently  folded  domains  connected by a  long  a-helical 
linker  (Babu  et  al., 1988). It can  bind a total of four cal- 
cium  ions  in a partially  positive  cooperative  fashion (An- 
dersson  et  al., 1983; Thulin  et  al., 1984; Forsen  et  al., 
1986). This  allows CaM  to undergo  a  substantial  confor- 
mational  change  over  a  narrow  range  of  intracellular 
Ca2+ concentrations (10”-10-6 M); this property makes 
it ideally suited as a regulatory switch (Hiraoki & Vogel, 
1987). A  large part of the calcium-induced conforma- 
tional  change involves the  exposure  of  two  hydrophobic 
surfaces  (La  Porte et al., 1980; Tanaka & Hidaka, 1980; 
Vogel et  al., 1983). Compared with other  proteins,  CaM 
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has a high number of Met residues and these are virtually 
all located in  the  hydrophobic surfaces (Babu et al., 1988). 
The  two  domains  of  CaM each  contain  one  hydrophobic 
methionine-rich  surface  patch and  two calcium-binding 
sites  (Forsen et al., 1986; Hiraoki & Vogel, 1987). 

The calcium-saturated form of CaM is capable of bind- 
ing and  activating  almost 30 different  target  proteins such 
as myosin  light  chain  kinase, cyclic nucleotide  phospho- 
diesterase, CaM-kinases, calcineurin, caldesmon, etc. (for 
review see Means et al. [1991]). The  CaM-binding  do- 
mains of most of these  proteins  are  contained in  contig- 
uous 20-residue peptides  (Means et al., 1991). Recently 
the  structures of complexes  of Ca2+-CaM with peptides 
containing  the  CaM-binding  domains of skeletal and 
smooth muscle MLCK  have been determined by NMR 
and  X-ray  methods  (Ikura et al., 1992; Meador et al., 
1992). These studies have revealed that  the  bound MLCK 
peptides adopt  an  amphiphilic helical structure, with its 
hydrophobic  surfaces  juxtaposed to  the  two  hydropho- 
bic patches on CaM.  This  mode of binding is consistent 
with earlier  NMR (Seeholzer & Wand, 1989; Ikura et al., 
1991; Roth  et  al., 1992), spectroscopic, and chemical 
modification studies (Cox et al., 1985; O’Neil & DeGrado, 
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1990) of the complex.  However,  computer  modeling of 
the  interaction of the CaM-binding  domain (residue K1 
to R16 of the MLCK peptide  studied  in  this  work) with 
the  remainder  of  the MLCK suggests that this  part  of  the 
protein forms an extended structure  rather  than an cy-helix 
(Knighton  et  al., 1992). This raises the intriguing possi- 
bility that  the CaM-binding  domain  may  actually have 
different  conformations  for its two  protein-bound states. 

In this work we have studied the  structure of a 22-residue 
peptide  analog  of  the  MLCK  CaM-binding  domain 
(Blumenthal et al., 1985) in aqueous  TFE.  Our objective 
was to compare  the  peptide  structure  that  can be induced 
in solution to that  for  the peptide bound to CaM.  The sol- 
vent TFE was chosen because in  pure  HzO  the peptide 
does  not  fold  into  regular  secondary  structure. In addi- 
tion,  TFE is known to stabilize the  formation of a-helices 
in peptides with helix-forming propensities (Nelson & 
Kallenbach, 1989; Lehnman et al., 1990; Segawa et  al., 
1991; Dyson et  ai., 1992; Sonnichsen et al., 1992; Zagor- 
ski & Barrow, 1992), but  it  has been shown recently that 
it  is  selective and  that it generally does not do so in regions 
that  are normally unstructured in proteins (Segawa et al., 
1991 ; Dyson  et  al., 1992; Sonnichsen et ai., 1992). Given 
this selectivity in inducing helical structure,  aqueous  TFE 
seems ideally suited for studying  peptides that  can bind 
to CaM because these are believed to comprise mainly CY- 
helical regions (O’Neil & DeGrado, 1990). The CaM-bind- 
ing domain of MLCK represents the only CaM-dependent 
target  protein  for which the  structure of the  CaM-bound 
form has been reported to date.  Hence, at present,  only 
for this peptide is  it possible to compare directly the  CaM- 
bound  structure with those  that  can exist in solution. 

Results 

The 22-residue synthetic peptide studied here corresponds 
to the  amino acid sequence  of  amino acid residues 577- 
598 in skeletal muscle MLCK;  this region constitutes the 
CaM-binding  domain  of  the  protein  (Blumenthal  et  al., 
1985; Ikura et al., 1992). The  one-dimensional ‘H NMR 
spectra of the peptide recorded in pure HzO over a range 
of pH  and temperature values showed little chemical shift 
dispersion in the  amide  region.  Further  two-dimensional 
NMR studies  of  the  peptide  also showed that  the peptide 
is mainly in extended conformations in aqueous  solution; 
this was judged  from  the absence  of NH-NH crosspeaks 
in NOESY spectra,  for example. The  addition of differ- 
ent  concentrations of TFE  to  the MLCK peptide induced 
a  significant line broadening as well as chemical shift 
changes (Fig. l), suggesting that  the peptide  undergoes  a 
major  structural change due  to the  change in environ- 
ment. The line width  of  the MLCK peptide in TFE solu- 
tions was independent of the  concentration of the peptide, 
suggesting that there is no association of the  peptide in 
solution. The general appearance of the two-dimensional 
NMR spectra  obtained  in  25%  TFE was slightly better 

Fig. 1. The 500-MHz ‘H NMR spectra of the MLCK peptide at differ- 
ent  concentrations (v/v) of TFE at  pH 5.0,288 K.  The TFE concentra- 
tions, from bottom to  top, are Ova,  15%,  25%. and 40%, respectively. 

than  those recorded  in 40% TFE. Moreover, CD spectra 
(see below) showed the presence of  a  substantial  amount 
of cy-helix in 25%  TFE. Consequently, the  majority of the 
NMR  work was done  in this  solvent.  A  temperature  of 
288 K was chosen for all  NMR  experiments (Fig. 2). At 
this  temperature  the  resonance  overlap of the C a H  with 
the residual water (HDO) resonance is minimal. However, 
the  NOE  pattern  for  the peptide obtained  at 298 K shows 
qualitatively  the  same  picture as  that  obtained  at 288 K 
(data not  shown). 

The  sequential assignment of the  peptide was obtained 
by following standard techniques  for  homonuclear ‘H 
two-dimensional  NMR  (Wuthrich, 1986). The  DQF- 
COSY and  TOCSY  spectra  of the peptide  in the 75% 
H20/25%  TFE mixture were used to identify  spin sys- 
tems. Subsequently, the sequence-specific assignment was 
traced out in the NOESY spectrum  recorded in the  same 
solvent with a mixing time  of 200 ms (Fig. 2A). Table  1 
provides the complete assignment of the peptide. Figure 2A 
shows that all  sequential dcyN(i, i + 1) NOES  and  some 
medium-range daN(i,  i + 3) connectivities could be de- 
tected.  Figure 2B displays  the NH-NH region of the 
NOESY spectrum and reveals a large number of NH-NH 
connectivities. The  pattern of the  NOES observed for  the 
peptide is summarized in Figure 3.  Fairly  strong dNN(i, 
i + 1) and d/3N(i, i + 1) NOES were observed for residues 
from R3 to 120, although  some  gaps resulted from reso- 
nance  overlap. Analysis of the NOESY spectrum of the 
peptide in the 75% D20/25%  TFE mixture (data  not 
shown) revealed a  substantial  number of dcy/3(i, i + 3) 
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Fig. 2. A: Fingerprint region of the NOESY spectrum (200 ms). The 
sequential assignment of the NH-CaH resonance is indicated by the 
amino acid numbers. The d a N ( i ,  i + 3) connectivities are indicated as 
the peaks that  are labeled with two  numbers. B: Amide region of the 
NOESY spectrum (200 ms). The assignments of the NH-NH crosspeaks 
are highlighted in the figure. 

connectivities; these are  also  summarized in Figure 3. The 
observation of daN(i,  i + 3) and  dap(i, i + 3) medium- 
range connectivities provides an indication that a-helical 
turns  can  form  in  the peptide.  Near-complete  resonance 
assignment was also  obtained  for  the 60% H20/40% 
TFE sample  (data  not shown). The same  structural  infor- 
mation could be deduced from its NOE  pattern.  How- 
ever,  the  intensities of some of the  crosspeaks was 
significantly different when compared to the spectrum ob- 
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Table 1. 'Hand l3C, chemical shifts of the MLCK peptide 
in H,O/TFE mixture (75%/25%) at p H  5.0, 288 Ka 

NH a H  I3Cu OH Others 

K1 nab 4.03 54.61 1.92, 1.74 yH:  1.49, 1.49; 6H: 1.74; 

R2 8.76 4.33 55.59 1.78, 1.71 yH:  1.60, 1.57; 6H:  3.12, 

R3 8.50  4.39 55.94 1.78, 1.71 yH:  1.62, 1.55; SH: 3.12, 

W4 8.19 4.75  56.09 3.32, 3.23 2H: 7.22; 4H: 7.63; 5H: 

" ~ - _ _ _ _ _  

tH:  3.05 

3.12 

3.12 

7.12; 6H: 7.22;  7H: 
7.48; NH: 10.11 

EH: 2.96 
K5 8.16  4.25 55.93 1.90,  1.72 yH:  1.49, 1.49; 6H: 1.70; 

K6  8.15 4.10 56.48 1.82,  1.70 yH:  1.39, 1.38; 6H: 1.68; 

N7 8.26 4.66 52.72 2.81, 2.81 
F8 8.13 4.45  58.46 3.11, 3.11 2,6H: 7.19; 3,5H: 7.31; 

I9 7.97 3.86 61.91 1.88 yH:  1.55, 1.18; ./CH3: 

tH: 2.98 

4H:  7.30 

0.89; 6CH3: 0.8 
A10 7.95 4.23 53.06 1.46 
V11 8.02 3.92 63.90 2.09  7CH3:  0.96,  1.03 
SI2 8.16 4.29 59.17 3.80, 3.92 
A13  8.38 4.15 53.35 1.49 
A14  8.10 4.20 53.27 1.48 
N15 8.08 4.63 53.54 2.84,  2.84 
R16 7.94 4.13 56.91 1.88, 1.80 yH: 1.71, 1.71; 6H:  3.10, 

F17 8.13 4.60 57.54 3.29, 3.11 2,6H: 7.29; 3,SH: 7.36; 

K18 7.94 4.24 55.93 1.90, 1.72 yH: 1.49, 1.49; 6H: 1.70; 

K19 8.18 4.33 55.59 1.87, 1.72 yH: 1.42, 1.42;  6H:  1.54; 

I20 8.18 4.27 60.75 1.95 yH: 1.54, 1.18; yCH3: 

S21 8.18 4.55 57.25 3.83, 3.92 
S22 7.94 4.31 59.25 3.92, 3.92 

3.10 

4H:  7.30 

EH: 2.96 

EH: 3.03 

0.90; 6CH3: 1.00 

a Chemical shifts  are expressed in ppm relative to (trimethylsily1)- 
propionic-d4 acid (TSP) at 0 ppm for ' H  and - 1.6 pprn for I3C, which 
corresponds to 67.7 ppm for dioxane. 

Assignment not obtained. 

tained in 25% TFE. In  particular,  the  intensities of most 
dNN(i, i + 1 )  crosspeaks  increased  from  medium to 
strong, whereas the  majority  of  the daN(i,  i + 1) cross- 
peaks  decreased from  strong  to medium. 

Because more  and  more chemical shift data for proteins 
have been reported  recently,  it  has become possible to 
demonstrate  that  the  'H  a-proton  and 13C a-carbon 
chemical shift values display a  strong  correlation with the 
secondary  structure of peptide  chains in a  protein  (Spera 
& Bax, 1991; Wishart  et  al., 1991). In  order to measure 
the 13Ca chemical shifts values for  the MLCK peptide, 
a natural  abundance  ('H,'3C)-HMQC spectrum was re- 
corded  for  the peptide in the 75% D20/25% TFE mix- 
ture.  Figure  4  shows the C a H  region of this  spectrum; 
the chemical shift  values derived from this  figure  for  the 
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Fig. 3. Amino  acid  sequence  from  the  peptide  analog of the  MLCK 
CaM-binding  domain  and  a  summary of the  short-  and  medium-range 
NOEs involving  the  NH, C a H ,  and  CPH  protons.  Some likely NOE 
crosspeaks  that  are  presumably  present  but  could  not  be  detected be- 
cause of resonance  overlap  are  indicated by the  open  boxes  and  dashed 
lines. The thickness of the lines corresponds to  the intensities of the mea- 
sured  NOEs.  The  secondary chemical shift of a H  and aC of the  MLCK 
peptide in 25% TFE  are  also  presented.  The  random  coil  shifts  of a H  
and a C  were  taken  from  Wuthrich (1986) and  Richarz  and  Wuthrich 
(1978),  respectively. 

a-carbons  are listed in  Table 1. A graphical  representa- 
tion of the  secondary chemical  shifts  (the  difference be- 
tween the  measured and random-coil chemical shifts) for 
both  the 'H a-protons  and 13C a-carbons of the peptide 
is given in  Figure 3. As expected for  an  a-helical  struc- 
ture  (Wishart et al., 1991), all aH resonances in the cen- 
tral  part  of  the  peptide  shift in the upfield  direction. 
Likewise, in  agreement with previous  reports  (Spera & 
Bax, 1991; Wishart et al., 1991), all a-carbon shifts of the 
peptide are downfield. The maximum  shifts  observed for 
the peptide (-0.4 and  +3.0  ppm, respectively) approxi- 
mate  the values measured  for helical regions  in  intact 
folded  proteins. 

The  temperature  dependence  of  the  amide  proton 
chemical shift  can  provide  further insight into  the  forma- 
tion of secondary  structure. An amide  temperature  coef- 
ficient of -8 to -I  1  ppb/K is normally  observed for 
random coil peptides (Dyson et al., 1988), whereas a-helical 
regions  generally  display  lower  values  (Deslauriers & 
Smith, 1980; Williamson & Waltho, 1992). For  the 25% 
TFE/75% H 2 0  sample,  the  temperature  dependence of all 
amide  proton chemical  shifts was linear  in the  range  of 
5-30 "C (data not shown). The  terminal  and  penultimate 
residues  of the MLCK peptide  had values of -9 ppb/K, 
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Fig. 4. Region  of  the  HMQC  spectrum,  showing  the  assignment of the 
a-carbon  resonances  from  the  a-proton  resonances. 

but  the  majority of the  other  amide  protons  had values 

In order to further characterize the  induction of a-helix 
in the MLCK peptide by TFE, we have used CD spectros- 
copy.  The  formation of a  regular  a-helix is generally ac- 
companied by the  appearance of two  negative ellipticity 
minima at 208 and 222 nm  (Chang et al., 1978; Johnson, 
1990). However,  unlike NMR, CD studies  cannot  show 
the specific regions of the peptide that  are folded  into  a 
regular  a-helical  structure. The  data in  Figure 5 illustrate 

Of - 5  to -6 ppb/K. 
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Fig. 5. UV-CD  spectra  obtained  for  the  MLCK  peptide  under  the fol- 
lowing  conditions: 0% TFE (0), 15% TFE (A), 25%  TFE (+), 40% 
TFE (O), and 60% TFE (A). The inset  shows  the  ellipticity  measured 
at 222  nm as a  function of the  concentration of TFE. 
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clearly the  absence of regular  secondary  structure  in 0% 
TFE, whereas at 25% and 40% TFE, a substantial 
amount  of helix is formed  (up  to -50%). 

Discussion 

In  agreement with  earlier  reports (Seeholzer & Wand, 
1989; Ikura & Bax, 1992), our  NMR  and  CD  data show 
that  the 22-residue MLCK  CaM-binding  peptide does not 
adopt regular  secondary  structure  in  aqueous  solution. 
However, upon  addition of TFE,  the diagnostic negative 
ellipticities at 208 and 222 nm, which are indicative of the 
formation of a-helix,  are observed in the  CD spectra. For 
the MLCK  peptide  in  aqueous  TFE,  the  backbone  and 
side-chain proton  NMR resonances  could  be  completely 
assigned in a sequential  manner  with  the  aid of DQF- 
COSY,  TOCSY,  and NOESY  spectra.  The  observation 
of  dNN(i, i + l), daN(i ,  i + 3), and  dap(i, i + 3) cross- 
peaks  in  the NOESY spectra suggests clearly that  the pep- 
tide  can  potentially adopt a continuous  a-helical  structure. 
Although  some  dNN(i, i + 1)  connectivities  could not be 
established  because of crosspeak  overlap,  redundancy  in 
the  data (Fig. 3) suggests that  an  a-helix  can be  formed 
from residue 3 to residue 20. Also,  the  somewhat lower 
values of temperature  dependence of the  amide  proton 
chemical  shifts  in the  central  part of the  peptide  are  con- 
sistent with a-helix  formation,  but even lower values are 
usually obtained  for  stable helices in proteins.  Finally, 
some  indication  of the presence of an  ordered helix  is ob- 
tained  from  the upfield  shift  of the a H  protons; a simi- 
lar  upfield  shift is found  for these protons in  a-helical 
regions of intact  proteins  (Wishart  et  al., 1991). In  addi- 
tion, nearly  all a-carbon  atoms  shift  downfield, a trend 
that  has  also been observed  previously for  a-helices in 
folded  proteins  (Spera & Bax, 1991; Wishart et al., 1991). 
A  Gaussian-type  distribution  for  the 13C and  IH chemi- 
cal  shifts  of a C H  (Fig. 3) suggests that  the MLCK  pep- 
tide  may  have  a  more  ordered  a-helix  in  the  center,  and 
that  the  two ends  experience  fraying.  However,  it is 
known  that co-solvents  such  as TFE  can have an effect 
on the chemical shift of  amide resonances (Llinas & Klein, 
1975), hence the possibility that  the a H  and a C  shifts are 
also  affected to some extent by the solvent cannot be ruled 
out.  For  this  reason, it is difficult to  attach a  detailed  in- 
terpretation  to  the  substantial  shifts observed  here. 

Linear  peptides  rarely adopt  one  stable  conformation 
in solution.  Instead,  they usually exist as  an ensemble  of 
conformations  that  are  in  rapid exchange on  the NMR 
timescale  (Williamson & Waltho, 1992). Dyson,  Wright, 
and coworkers (1991, 1992) have  proposed a scheme for 
the classification of helices and helical turns  in linear pep- 
tides  based on the observed NOE  patterns  and  CD spec- 
tra.  A significant population of conformations  containing 
“ordered”  a-helix is present when the characteristic double- 
minimum CD spectrum  as well as  the  continuous  short- 
range  dNN(i, i + 1 )  and  medium-range daN(i ,  i + 3) 

and dap  (i,  i + 3) NOE connectivities are observed. A  con- 
formational  ensemble  containing  “nascent” helix is char- 
acterized by the  absence of the  diagnostic CD spectrum, 
detection  of  dNN(i, i + l),  and sometimes daO(i, i + 3) 
and/or  daN(i, i + 2) NOE  crosspeaks.  Clearly our data 
show that we have a  significant  population  of  ordered a- 
helical structure  for  the MLCK  peptide  in  aqueous  TFE. 
However,  the presence of strong daN(i,  i + 1)  connectiv- 
ities in 25% TFE suggests that this  structure is in  equilib- 
rium with extended  structures.  At 40% TFE,  the  altered 
dNN(i, i + l) /daN(i,  i + 1 )  crosspeak  intensity ratio  in- 
dicates that  the  equilibrium is shifted further  toward  the 
ordered helix. 

In  the complex  of the MLCK  peptide with CaM,  the 
helix extends from residue 3 to  21, whereas residues on 
either  end  appear  to  have  no regular structure  (Ikura & 
Bax, 1992; Ikura  et al., 1992; Meador et al., 1992). The 
similarity  of the helices induced by CaM  and  aqueous 
TFE suggests that  studies with the  latter solvent may  pro- 
vide some  insight into  the  structures of the  CaM-binding 
domain peptides of other  target  proteins.  Indeed, NMR 
studies of a 17-residue CaM-binding peptide derived from 
caldesmon  (Zhan  et  al., 1991) have  shown  that  this pep- 
tide  also  adopts identical  structures when bound  to  CaM 
and in aqueous  TFE  solutions  (Zhang & Vogel, 1993), 
lending  further  credence to this  notion. It is important  to 
stress that these  results do  not  imply that  the  induction 
of  a-helical  structure in the MLCK  peptide by CaM  or 
TFE follows the  same mechanism.  Although it is more el- 
egant to determine the  structure of the  bound peptide  di- 
rectly in the complex with CaM by NMR,  such  studies 
generally require the availability of totally ‘3C/’5N-labeled 
CaM  (Ikura & Bax, 1992) or ”N-labeled  peptides (Roth 
et al., 1991). The cost involved in the isotope labeling can 
make  this  approach prohibitive,  particularly when the 
structures of a series of  peptides  with amino acid  substi- 
tutions  are  compared.  Availability  of  TFE-induced 
“bound”  peptide  structures  of  other  target  proteins  of 
CaM will facilitate  molecular  modeling of their  peptide 
CaM complexes.  A  similar approach  has been used to  
study  the binding of melittin to CaM  (Strynadka & James, 
1990). Because the  two  domains of CaM  are known to re- 
tain their conformation  upon complex formation  (Ikura 
et al., 1992; Meador  et  al., 1992; Roth et al., 1992), such 
docking  studies with NMR-derived CaM-binding peptide 
structures  may  prove  insightful. 

The helical structure of the  CaM-binding  domain of 
MLCK is not observed in  the  structure  proposed  for this 
enzyme. The three-dimensional  structure for MLCK was 
obtained by homology modeling to a related protein kinase 
(Knighton  et  al., 1992). In this  model,  the  CaM-binding 
domain is in an extended conformation, which is stabi- 
lized by numerous  electrostatic  interactions.  Given the 
good fit obtained,  this model seems very reasonable.  It 
could be argued  that  the modeled  protein is from  the 
smooth muscle system and hence should have no bearing 
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on results  obtained  with  skeletal muscle protein.  How- 
ever,  the  CaM-binding  domains  of these two  proteins  can 
be  interchanged  with  complete  preservation of function 
(Leachman  et  al., 1992). Thus,  CaM  regulation  appears 
to  be  controlled  in an identical manner  for these two  pro- 
teins.  Moreover,  the  structure of their CaM-bound  tar- 
get peptides is nearly identical (Ikura et al., 1992; Meador 
et al., 1992). Taken  together, these data suggest that  a  ma- 
jor  conformational  change  of  the  CaM-binding  domain, 
which involves a  reorganization  of  the  secondary  struc- 
ture, is required  for  the  activation  of MLCKs by cal- 
cium-CaM. 

Materials and methods 

The  peptide (KRRWKKNFIAVSAANRFKKISS) was 
synthesized by the  Core Facility for  Protein/DNA  Chem- 
istry at Queen's University (Kingston, Canada).  Purity  of 
the peptide was greater than  95%  as judged by amino acid 
analysis and  HPLC.  The  D20  and deuterated  TFE were 
obtained  from  MSD  Isotopes  (Montreal,  Canada). 

Two  samples,  one  in 75% H20/25%  TFE  and  the 
other in 75% D20/25%  TFE, were used for  the  major- 
ity of the NMR studies. The concentration  of the samples 
was about 5 mM;  the pH was adjusted to 5.0 by addition 
of the  proper  amount of KOD  or DC1; no corrections for 
isotope effect were made.  A  third  sample  containing 60% 
H20/40%  TFE was also  prepared with a peptide  concen- 
tration  of -3  mM (pH 5.0). 

The NMR  spectra were recorded at 288 K on a Bruker 
AMX5OO spectrometer  equipped with a 5-mm inverse de- 
tection  probe. All spectra were recorded  in  the  pure  phase 
absorption  mode by using the  TPPI method to  obtain 
quadrature  detection in F1 (Marion & Wuthrich, 1983). 
The  TOCSY (Bax & Davis, 1985) and NOESY (Boden- 
hausen et al., 1984) spectra were recorded  for all samples. 
A mixing time  of 200 ms was used for NOESY experi- 
ments; mixing times of 55 and 75 ms were used for  the 
TOCSY  experiments. The DQF-COSY  spectra  (Rance 
et al., 1983) were acquired  for  the  sample  in H20/TFE 
mixture at five different  temperatures  ranging  from 5 to 
30 "C  in order  to  obtain  the  temperature dependence  of 
the amide proton chemical shifts.  For the TOCSY,  DQF- 
COSY, and NOESY spectra  recorded  in H20,  the water 
resonance was suppressed by presaturation  over  a sweep 
width of -25 Hz.  The  HMQC spectra of the peptide sam- 
ple in D20/TFE were recorded  using the  method  of Bax 
et ai. (1983). All spectra were processed on an X32 com- 
puter using the  Bruker  UXNMR  software  package. All 
data were zero filled once in the F1 dimension,  and  a sine- 
square window  function with a 60" phase  shift was used 
during  the  Fourier  transformation.  The intensity of the 
crosspeaks were classified as weak,  medium,  and  strong 
by counting  contour levels in the NOESY  spectra. 

The  CD spectra were obtained at 288 K on a Jasco 
J-5OOC spectropolarimeter  using cells with a  pathlength 

of 0.1 cm. The peptide  concentration was 15 pM.  The 
peptide was dissolved in a 5 mM citric acid buffer, pH 5.0. 

Acknowledgments 

This  research was supported by an  operating  grant from the 
Medical  Research Council (MRC) of Canada. H.J.V. is a 
Scholar of the  Alberta  Heritage  Foundation  for Medical  Re- 
search  (AHFMR).  The NMR spectrometer was funded by grants 
from MRC and  AHFMR. 

References 

Anderson, A., Forstn, S., Thulin,  E., & Vogel, H.J. (1983). Cadmium- 
113 nuclear  magnetic  resonance  studies  of  proteolytic  fragments of 
calmodulin: Assignment of  strong  and weak cation  binding sites. Bio- 
chemistry 22, 2309-2313. 

Babu,  Y.S.,  Bugg,  C.E., & Cook,  W.J. (1988). Structure of calrnodu- 
lin refined at 2.2 A  resolution. J. Mol.  Bioi.  204, 191-209. 

Bax, A.  & Davis, D.G. (1985). MLEV-17-based  two-dimensional  homo- 
nuclear  magnetization  transfer  spectroscopy. J. Magn. Reson. 65, 
355-360. 

Bax,  A.,  Griffey,  R.H., & Hawkins, B.L. (1983). Correlation  of  pro- 
ton  and  nitrogen-15  chemical  shifts  by  multiple  quantum  NMR. J. 
Magn.  Reson. 55, 301-315. 

Blurnenthal,  D.K.,  Takio,  K.,  Edelman,  A.M.,  Charbonneau,  H., 
Titani,  K., Walsh, K.A.,  &Krebs,  E.G. (1985). Identification of cal- 
modulin-binding  domain  of  skeletal  muscle  myosin  light  chain ki- 
nase. Proc. Nail.  Acad. Sci. USA  82, 3187-3191. 

Bodenhausen,  G.,  Kogler,  H., & Ernst,  R.R. (1984). Selection  of  co- 
herence-transfer  pathways  in  NMR  pulse  experiment. J. Magn. 
Reson. 58, 370-388. 

Chang,  T.C.,  Wu,  C.-S.C., & Yang,  J.T. (1978). Circular  dichroic  anal- 
ysis of  protein  conformation:  Inclusion of the  6-turn. Anal. Bio- 
chem. 91, 13-31. 

Cox,  J.A.,  Comte,  M.,  Fitton,  J.E., & DeGrado, W.F. (1985). The  in- 
teraction of calmodulin  with  amphiphilic  peptides. J. Bioi.  Chem. 

Deslauriers, R. & Smith,  I.C.P. (1980). The  multinuclear  NMR  approach 
to peptides:  Structure,  conformations,  and  dynamics.  In Biological 
Magnetic Resonance, Vol. 2  (Berliner,  L.J. & Reuben,  J.,  Eds.),  pp. 
243-344. Plenum  Press, New York. 

Dyson,  J.H.,  Merutka, G . ,  Waltho,  J.P.,  Lerner,  R.A.,  &Wright, P.E. 
(1992). Folding of peptide  fragments  comprising  the  complete se- 
quence  of  proteins. J. Mol.  Bioi.  226, 795-817. 

Dyson,  J.H.,  Rance,  M.,  Houghten,  R.A.,  Lerner,  R.A., & Wright, P.E. 
(1988). Folding of immunogenic  peptide  fragments  of  proteins in wa- 
ter  solution. J. Mol. B id .  201, 161-200. 

Dyson,  J.H. & Wright,  P.E. (1991). Defining  solution  conformations 
of small  linear  peptides. Annu. Rev.  Biophys.  Biophys.  Chem.  20, 

Forsen, S., Vogel, H.J.,  & Drakenberg,  T. (1986). Biophysical  studies 
of calmodulin.  In Calcium and  Cell Function, Vol. 6  (Cheung, W.Y., 
Ed.),  pp. 113-157. Academic  Press, New York. 

Hiraoki, T. & Vogel, H.J. (1987).  Structure  and  function of calcium- 
binding  proteins. J. Cardiovasc.  Pharmacol. IO, S14-S31. 

Ikura,  M. & Bax,  A.  (1992).  Isotope-filtered 2D NMR  of  a  protein- 
peptide  complex:  Study of skeletal  muscle  myosin light chain  kinase 
fragment  bound  to  calmodulin. J. Am. Chem. SOC. 114,2433-2440. 

Ikura, M . ,  Clore,  G.M.,  Gronenborn,  A.M.,  Zhu,  G., Klee, C.B., & 
Bax,  A. (1992). Solution  structure  of  a  calmodulin-target  peptide 
complex  by  multidimensional  NMR. Science 256, 632-638. 

Ikura,  M.,  Kay,  L.E.,  Krinks,  M., & Bax,  A. (1991). Triple  resonance 
multidimensional  NMR  study of calmodulin  complexed  with  the 
binding  domain of skeletal  muscle  myosin  light  chain  kinase:  Indi- 
cation of a  conformational  change  in  the  central  helix. Biochemis- 
iry 30, 5498-5504. 

Johnson, W.C. (1990). Protein  secondary  structure  and  circular  dichro- 
ism:  A  practical  guide. Proteins Siruci. Funci. Gene!. 7, 205-214. 

Knighton, D.R., Pearson,  R.B.,  Sowadski,  J.M.,  Means,  A.R., 

260, 2527-2534. 

519-538. 



Peptide analog of MLCK CaM-binding domain 1937 

Ten Eyck, L.F., Taylor, S.S., & Kemp, B.E. (1992). Structure ba- 
sis of the  intrasteric regulation of myosin light chain kinases. Sci- 
ence 258, 130-135. 

La Porte, D.C., Wierman, B.M., & Storm, D.R. (1980). Calcium- 
induced exposure of a hydrophobic surface on calmodulin. Biochem- 
istry 19, 3814-3819. 

Leachman, S.A., Gallagher,  P.J.,  Herring, B.P., McPhanl, M.J., & 
Stull, J.T. (1992). Biochemical properties of chimeric skeletal and 
smooth muscle myosin light kinase. J. Biol.  Chem.  267, 4930-4938. 

Lehnman, S.R., Tuls, J.L., & Lund, M. (1990). Peptide a-helicity in 
aqueous trifluoroethanol: Correlations with predicted a-helicity and 
the secondary structure of the  corresponding regions of bovine 
growth hormone. Biochemistry 29, 5590-5596. 

Llinas, M. & Klein, M.P. (1975). Charge relay at the peptide bond: A 
proton magnetic resonance study of solvation effects on  the amide 
electron density distribution. J. Am.  Chem. SOC. 97, 4731-4737. 

Marion, D. & Wiithrich, K .  (1983). Application of phase sensitive two- 
dimensional correlated spectroscopy (COSY) for measurement of 
'H- 'H spin-spin coupling constant in proteins. Biochem. Biophys. 
Res.  Commun. 113, 967-974. 

Meador, W.E., Means, A.R., & Quiocho, F.A. (1992). Target enzyme 
recognition by calmodulin: 2.4 A  structure of a calmodulin-peptide 
complex. Science 257, 1251-1255. 

Means, A.R., Van Berkum,  M.F.A., Bagchi, I . ,  Lu, K.P., & Rasmus- 
sen,  C.D. (1991). Regulatory functions of calmodulin. Pharrnacol. 
& Ther. 50, 255-270. 

Nelson, J.W. & Kallenbach, N.R. (1989). Persistence of the a-helix stop 
signal  in the S-peptide in trifluoroethanol solution. Biochemistry 28, 

O'Neil, K.T. & DeGrado, W.F. (1990). How calmodulin binds its tar- 
gets: Sequence independent recognition of amphiphilic a-helices. 
Trends Biochem. Sci. 15, 59-64. 

Rance, M., Sorensen, O.W., Bodenhausen, G., Wagner, G., Ernst, R.R., 
& Wiithrich, K .  (1983). Improved spectral resolution in  COSY IH 
NMR spectra of proteins via double quantum filtering. Biochem. 
Biophys.  Res.  Commun. 117, 479-485. 

Richarz, R. & Wiithrich, K. (1978). Carbon-13 NMR chemical shifts of 
the  common amino acid residues measured in aqueous  solutions of 
the linear tetrapeptides  H-Gly-Gly-X-L-Ala-OH. Biopolymers  17, 
2133-2141. 

Roth,  S.M., Schneider, D.M., Strobel,  L.A., Van Berkum, M.F.A., 
Means, A.R.,  &Wand, A.J. (1991). Structure of the  smooth mus- 
cle myosin light chain kinase calmodulin-binding domain peptide 
bound to calmodulin. Biochemistry 30, 10078-10084. 

Roth,  S.M., Schneider, D.M., Strobel, L.A., Van Berkum,  M.F.A., 
Means, A.R.,  &Wand, J.A. (1992). Characterization of the second- 

5256-5261. 

ary  structure of calmodulin in complex with a calmodulin-binding 
domain peptide. Biochemistry 31, 1443-1451. 

Seeholzer, S.Z. & Wand, J.A. (1989). Structure characterization of the 
interactions between calmodulin and skeletal muscle myosin light 
chain kinase: Effect of peptide(576-594)G binding on  Ca*+-bind- 
ing domain. Biochemistry 28, 401 1-4020. 

Segawa, S.I., Fukuno, T., Fujiwara, K., & Noda, Y. (1991). Local struc- 
ture  on unfolded lysozyme and correlation with secondary structures 
in the native conformation: Helix-forming or -breaking propensity 
of peptide segments. Biopolymers  31, 497-509. 

Sonnichsen, ED.,  VanEyk,  J.E., Hodges, R.S., &Sykes, B.D. (1992). 
Effect of trifluoroethanol on protein secondary structure: An  NMR 
and  CD study using a synthetic actin peptide. Biochemistry 31, 

Spera, S. & Bax, A. (1991). Empirical correlation between protein back- 
bone  conformation and C, and C, I3C nuclear magnetic resonance 
chemical shifts. J. Am.  Chem.  SOC. 113, 5490-5492. 

Strynadka,  N.C.J. & James, M.N.G. (1990). Model for  the interaction 
of amphiphilic helices with troponin  C and calmodulin. Proteins 
Struct. Funct. Genet. 7, 234-248. 

Tanaka, T. & Hidaka, H. (1980). Hydrophobic regions function in cal- 
modulin-enzyme(s) interactions. J. Biol.  Chem.  255, 11078-1  1080. 

Thulin,  E., Anderson, A.,  Drakenberg, T., Forsen, S., & Vogel, H.J. 
(1984). Metal ion and drug binding to proteolytic fragments of cal- 
modulin: Proteolytic,  cadmium-l 13, and  proton nuclear magnetic 
resonance studies. Biochemistry 23, 1862-1871. 

Williamson, M.P. & Waltho, J.P. (1992). Peptide structure from NMR. 
Chem.  SOC.  Rev.  21, 227-236. 

Wishart, D.S., Sykes, B.D., &Richards, EM. (1991). Relationship be- 
tween  nuclear  magnetic resonance chemical shift and protein second- 
ary  structure. J. Mol.  Biol.  222, 311-333. 

Wiithrich, K. (1986). NMR of Proteins and Nucleic Acids. Wiley, New 
York. 

Vogel, H.J., Lindahl, L., & Thulin, E. (1983). Calcium-dependent hy- 
drophobic  interaction  chromatography of calmodulin,  troponin C 
and their fragments. FEES Lett. 157, 241-246. 

Zagorski,  M.G. & Barrow, C.J. (1992). NMR studies of amyloid 
P-peptides: Proton assignments, secondary structure, and mecha- 
nism of an  a-helix --t 0-sheet  conversion for a homologous, 
28-residue, N-terminal fragment. Biochemistry 31, 5621-5631. 

Zhan,  Q., Wong, S.S., & Wang, C.-L.A. (1991). A calmodulin bind- 
ing peptide of caldesmon. J. Biol.  Chem.  266, 21810-21814. 

Zhang, M. & Vogel, H.J. (1993). Structure determination of the calmod- 
ulin  binding domain of caldesmon by 2D NMR spectroscopy. In Pep- 
tides: Chemistry, Structure and Biology (Hodges, R.S. & Smith, 
J.A., Eds.), in press. Escom Publisher,  The  Netherlands. 

8790-8798. 


