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Abstract 

Chemical  shifts  observed  from  samples  that  are  uniformly aligned with respect to  the  magnetic field can  be used 
as very high-resolution structural  constraints.  This  constraint  takes  the  form  of an orientational  constraint  rather 
than  the  more  familiar  distance  constraint.  The  accuracy  of these constraints is dependent  upon  the  quality  of 
the  tensor  characterization.  Both  tensor  element  magnitudes  and  tensor  orientations  with respect to  the  molecu- 
lar frame need to  be  considered.  Here these constraints  have been  used to  evaluate  models  for  the  channel  con- 
formation of  gramicidin A. Of the  three models  used, the  one experimentally derived model of gramicidin  in  sodium 
dodecyl  sulfate micelles fits  the  data least well. 
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Orientational  constraints  from  solid-state  NMR  can  pro- 
vide the  data necessary to determine  the three-dimensional 
structure of a protein  in  much the  same way that distance 
constraints  can be used to achieve three-dimensional struc- 
tures.  Here,  orientational  constraints  from 15N chemical 
shift  anisotropy of polypeptide  backbone  sites  in  grami- 
cidin A, solubilized  in  uniformly  oriented lipid bilayers, 
are used to evaluate several model  structures.  Only with 
the  addition of numerous  other  orientational  constraints 
will it be possible to determine the structure a priori; such 
studies  for gramicidin are  ongoing (Teng et al., 1991; 
Cross et al., 1992). Unlike the  distance  constraints  from 
solution  NMR, these orientational  constraints are precise 
quantitative  constraints  that  can  lead to  very high-reso- 
lution  structural  detail,  such  as  the  determination of the 
w torsion  angles  in  the  polypeptide  backbone  (Ketchem 
& Cross,  unpubl.).  However, in order  to achieve this 
structural detail  it is necessary to characterize very accu- 
rately the nuclear  spin  interaction  tensors with respect to 
the molecular  frame.  While the  approximate  orientation 
for  the ''N chemical  shift  tensor can  be  taken  from  the 
single  crystal  study of glycylglycine (Harbison  et  al., 
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1984), it is necessary to  determine  the chemical  shift  ten- 
sor element magnitudes and their  orientation with respect 
to  the molecular frame  for  the specific sites of  interest to  
minimize the  error associated with each orientational  con- 
straint (Teng & Cross, 1989). 

Gramicidin is a polypeptide of 15 amino acid residues 
that  as a  dimer  forms a monovalent  cation selective chan- 
nel across lipid bilayers and membranes.  A single-stranded 
&helical structure was first  proposed by Urry  in 1971 for 
the channel  conformation.  This  conformation is a  strand 
of @-sheet that is wrapped  into a helical structure with all 
of the side chains arranged on the outside interacting with 
the  surrounding lipid environment.  This is made possible 
by the  alternating D and L stereochemistry of the  amino 
acid residues. Consequently,  the  pore is lined with the pep- 
tide linkages and  for  the 6.3-residue-per-turn  conformer, 
a 4-A-diameter pore  contains a single file of water mole- 
cules. One  of  the  first  significant  applications  of I5N 
chemical  shift  constraints was to show that  the gramici- 
din  channel  conformation in  a lipid bilayer is a  right- 
handed helix (Nicholson & Cross, 1989) instead of the 
widely held belief, at  that time, that  the  structure was left- 
handed.  Three  crystal  structures  of  gramicidin have been 
achieved, but  none of them resemble the channel  confor- 
mation  (Langs, 1988; Wallace & Ravikumar, 1988; Langs 
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et  al., 1991). Instead, these  crystal  structures are  inter- 
twined helical dimers typical of the  structures observed in 
organic  solvents.  Cocrystals  of  gramicidin and lipid have 
been extant for  many years,  but the  structure  of  the  chan- 
nel conformation  remains unsolved by X-ray  diffraction 
(Kimball & Wallace, 1981; Wallace & Janes, 1991). De- 
spite  this  lack of a three-dimensional  crystal  structure a 
well-refined  solution  NMR structure  of  the channel-like 
conformation of gramicidin  has  been  achieved by stud- 
ies of gramicidin in sodium dodecyl sulfate (SDS) micelles 
(Arseniev et al., 1986; Lomize et al., 1992). Furthermore, 
there have been numerous  computational  efforts to refine 
the  structure of the  channel  conformation  of gramicidin 
(e.g., Venkatachalam & Urry, 1983; MacKay et al., 1984; 
Roux & Karplus, 1988,  1991; Chiu et al., 1989,  1991). 
These  computational  efforts  not  only  provide  a  structural 
model and rationale  for  conductance  properties,  but they 
also  generate models for  the local motion of the polypep- 
tide  backbone. Recently, it has been shown  experimen- 
tally that,  at least in the absence of cations, these motional 
amplitudes  are  quite small (k12"; Nicholson et al., 1991; 
North & Cross, 1992) and  that  their  effect  on chemical 
shift  tensor  averaging is small  (Lazo et al., 1992). Three 
of the  structural  models  mentioned  above  are used in  this 
study to predict chemical shifts for  the polypeptide  back- 
bone  nitrogen sites for  comparison with the observed 
chemical  shifts. 

Until  recently, it has  not been possible to  take full 
advantage  of  the chemical  shift as  an orientational  con- 
straint, because it had been suspected that crystal  pack- 
ing  forces  could distort  tensor  orientations in the model 
compounds used for determining  the  tensor  orientations. 
Therefore,  the  tensors  from single crystals of model  com- 
pounds  could  provide  only an approximate (k5-10") ori- 
entation  of  the tensor with respect to the molecular frame. 
With the  advent  of relating the chemical  shift  tensor to  
a dipolar  interaction  that has a unique axis fixed in the 
molecular  frame  (Linder et al., 1980) it is possible to con- 
sider  a  determination of the chemical  shift  tensor  orien- 
tation  for specific  sites  in the molecule of interest.  This 
was first  achieved  with "N backbone sites in  gramicidin 
in 1989 (Teng & Cross, 1989), and  other tensors have been 
determined  since (Teng et  al., 1992; Wang et al., 1992). 
One of the  questions  addressed in this  study is a  descrip- 
tion of how  variable  the  tensor  element  magnitudes  and 
orientations  are in  a  macromolecule. 

Once a satisfactory description of the  tensor is achieved 
relative to  the  molecular  frame, significant  orientational 
constraints  can  be  achieved by observing the  sharp line 
spectra of an anisotropic molecule in an oriented  matrix. 
Here  gramicidin is oriented  in  hydrated lipid bilayers be- 
tween glass plates.  When  these  samples  are  arranged so 
that  the bilayer normal  and  gramicidin  channel axis are 
parallel  with respect to  the magnetic field the alignment 
of  the  channels is enhanced.  In  fact, it has been recently 
shown  that  the mosaic  spread for such preparations  can 

be less than k0.2" (Cross et al., 1992). As a result, the 
misalignment  of the  sample does  not contribute signifi- 
cantly to  the  error in  the  resultant  orientational  constraint. 
Once a chemical  shift  frequency is achieved from  the  ori- 
ented  preparations it can be compared with chemical shifts 
calculated from  various  model  structures.  In this  report 
each of the  amino acid  backbone  nitrogen  sites  has been 
so studied via single-site isotopically labeled gramicidin A. 
Preliminary  results  for  a  subset  of  the  backbone "N sites 
have been previously  reported  (Chiu et al., 1991). 

Results 

The  static powder pattern  spectra of "N-labeled grami- 
cidin were recorded from  randomly dispersed  samples 
of a dry  mixture of specific-site "N-labeled gramicidin 
and dimyristoylphosphatidylcholine (DMPC).  While 
these  samples are a  mixture of gramicidin and  lipid,  the 
gramicidin is probably  in  a  nonchannel  conformation 
(Zhang et al., 1992). The  three sites studied-  ["N]Val,, 
["N]Gly,, and  ["N]Trp,,-have been chosen for  two 
reasons.  First, Gly, and  Trp,, have chemical  shifts that 
deviate  substantially  from  the model-predicted  chemical 
shifts,  as  described  below, when assumed values of OD 
and  are used for  the predictions.  Secondly, the chem- 
ical environment  for Val, and Gly,  is unusual. Val, is 
blocked at  the  amino-terminus with a formyl  group  that 
may  result  in a significantly  different  electronic  environ- 
ment for  this site.  Glycine is the  only  amino acid with a 
hydrogen  for a  side  chain, and in the  literature  the  ori- 
entation  of  this chemical  shift  tensor  has typically been 
different  from  other  amino acid residues (Munowitz et al., 
1982; Harbison et al., 1984; Oas et al., 1987). 

Shown  in  Figure 1 are  the "N powder pattern  spectra 
for these  three  isotopically labeled sites, and in  Table 1 
the  magnitudes of the  tensor elements (see Materials and 
methods  and Fig. 2 for definitions) are presented for these 
and all of the  other  amide nitrogen sites in gramicidin with 
the sole  exception  of the  ethanolamine site. An efficient 
mechanism for isotopically labeling this latter site has yet 
to be developed.  It is immediately  clear from a compari- 
son of these  tensor  element  magnitudes  that  these  num- 
bers  vary  substantially  from  site to site. The  variation in 
uI  I = (Tbb is from 22 to 40 ppm; in u2, = ucc from 5 1 to 
68 ppm;  and in u33 = a,, from 194 to 213 ppm.  There is 
a variation  of  almost 20 ppm  for each of these  tensor 
elements  over  these 15 sites in  gramicidin  A. The varia- 
tions  among  the valine sites occur in Val, with a u33 value 
of 213 ppm  and in Vals with a u I I  value of 28 ppm. Both 
of these values differ by approximately 10 from  the  other 
valine tensor element values. For leucine, u I I  varies from 
33 to 38 ppm, u22 from 61 to 68 ppm,  and u33 from 196 
to 204. For  tryptophan  the  variation in u,, is from 35 to 
37, u22 from 60 to 65, and u33 from 194 to 204. Conse- 
quently,  even  among  the sites for  the  same  amino  acid, 
substantial  variation  occurs  in  the  tensor  elements.  The 
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A A, A*fl A Fig. 1. "N powder  pattern  spectra  ob- 
tained  from  dry  powder  pattern  samples 
of gramicidin. A: [15N]Vall  gramicidin A. 
B: [1sN]Gly2  gramicidin A. C :  ["NITrp,, 
gramicidin  A.  Spectral  simulations  were 
performed  as  described  in  Teng  and  Cross 

% (1989) on  a  Sun  Sparc  workstation.  The  nu- 
merical  parameters  determined  from  the 

tp+> 

I I I I 1 I I I I I I I I I I simulation  are given in  Table 1. 
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Table 1. Chemical shift tensor element magnitudesa 

Site u I  I = Obb u22 = ucc 033 = uaa 

39 
22 
40 
33 
38 
31  
37 
28 
31 
38 
36 
38 
37 
35 
35 

63 
51 
66 
64 
61 
62 
60 
55 
65 
68 
63 
66 
60 
61 
64 

213 
197 
209 
I99 
207 
202 
203 
20 1 
204 
204 
194 
196 
195 
198 
196 

"All  tensor  element  magnitudes  are  reported  here  with  an  error 
of k 1.5 ppm. All chemical  shifts  are  reported  relative  to  the  frequency 
of  a  saturated  solution  of  ISNH4NO3. 

value of aD has been observed for an amide I5N site. The 
sensitivity of the  spectral  simulations  to aD and OD is 
shown  in  Figure 4. Based on these sets of spectral  simu- 
lations  and  an  error  bar of f 1.5 ppm  for  the  determina- 
tion  of  the chemical  shift  discontinuities, error  bars of 
f5" for aD and k2"  for OD have  been chosen. Also 
shown in Figure  3 are  the best-fit spectral  simulations for 
the Gly, and  Trp,, sites. The  polar angles obtained  from 
these and  other  spectral  simulations  are given in  Table  3 
(note  only  the  data  that  are underlined  represent  experi- 
mentally determined values; all other values represent pre- 
dictions  based on the  experimental data  of  other sites). 
The glycine site  shows a very substantial  change  in  the 
value of OD from  an assumed  value based on Leu, gram- 
icidin of 105" to 98". A less dramatic change in  the  ten- 
sor  orientation  for Trp, , is observed;  from  the assumed 
OD value of 104" to  the experimental  value  of 106". Ex- 
cluding  those sites  with unusual  chemistry (Val, and 
Gly,) all of  the aD values  determined are 0", and  the OD 
values are 105 f 1 ". The experimentally  determined val- 

variation  appears  to be  greatest for  the u33 tensor ele- 
ment,  the element that is in  the vicinity of the N-H bond. 
This  comparison of tensor  elements  can  be taken a  step 
further in comparing  the  tensors  for identical  dipeptides. 
There  are  two valyl-valine peptides; Va16-["N]Va17 and 
Va17-["N]Va18 gramicidin.  These  two  tensors  are very 
similar in but  they  differ by 5 ppm  in u2, and 9 ppm 
in u, , . There  are  three  leucyl-tryptophan  peptides:  Leulo- 
[15N]Trp,,,Leu12-['5N]Trp13, and L ~ U ~ ~ - [ ' ~ N ] T ~ ~ , ,  gram- 
icidin.  These  tensors are indeed very similar with the 
exception  of a 4-ppm  variation in uZ2. There  are  also 
three  tryptophanyl-leucine  peptides:  Trp,-[15N]Leulo, 
Trp,,-[15N]Leu12,  and  Trp,3-[15N]Leu14.  Contrary  to  the 
leucyl-tryptophan results, these tensors show considerable 
variation  in u2, (7 ppm)  and u33 (8 ppm). CI 

In  Figure 3 the 13C dipolar-coupled  powder  patterns 
of the Same sites shown in  Figure 1 are presented. For Fig. 2. I5N  chemical  shift  tensor  orientation  relative  to  the  molecular 

gramicidin it was Only possible to achieve a reason- in  the CINH  bond angle,  and ubb completes  the  orthogonal  coordinate 
frame: u,, is approximately  perpendicular to  the  peptide  plane, u,, lies 

able shulation  of  the spectrum by using a  large  value of system. The  orientation  shown is drawn  to emphasize the unusually large 
aD. This is the  first  time  that a  significantly nonzero value of a,, observed  for  the  Val,  site  in  gramicidin A. 

H 
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Fig. 3. 15N chemical  shift  powder  pattern 
spectra of 13C dipolar-coupled sites in  gram- 
icidin A. A: ['3Cl]formyl-[15N]Vall gramici- 
din A; aD was determined  to  be 28" while 
PD = 106". B: ['3Ci]Vall-['5N]Gly2  gramici- 
din A; aD was  determined  to  be 0" while 
PD = 98". C: [13CI]Leul,-[15N]Trpll  grami- 
cidin A; aD was  determined  to  be 0" while 
OD = 106". 

300 200 1 0 0  0 -1m 

ues therefore  appear  to  be within the experimental error 
(k2"  for pD) and suggest that  polar angles  could  be  as- 
sumed  for the remainder of the  structure  and possibly for 
other  proteins. 

Figure 5 shows the "N spectra at  room  temperature 
of  uniformly  oriented  samples  obtained with the channel 

PPm 

Fig. 4. Sensitivity  of  the  powder  pattern  line  shape  to aD and PD is 
shown in a  series of simulations  for  [i3Cl]formyl-[15N]Vall  gramicidin 
A. A: Dashed  line is aD = 28", = 108"; dotted  line a D  = 28", P D  = 
104". A q 3 ,  the  dipolar  splitting  about  the u33 tensor  element,  which is 
dominated by PD, affects  changes  by 7 ppm with this k 2 O  change in Po. 
The  frequency  of  the  highest  intensity  peak  changes  by 4 ppm. B: Best 
fit  from  Figure 3A, cyD = 28", OD = 106'. C: Dashed  line is aD = 33", 
PD = 106"; dotted  line aD = 23", Po = 106". A u ~ ~ ,  the  dipolar  splitting 

axis  (and the lipid bilayer normal)  parallel to  the mag- 
netic  field. It  has been shown  that  at  this  temperature 
global  rotational  motions  about  the bilayer normal  are 
rapid on the NMR  time scale (Smith & Cornell, 1986; 
Nicholson et al., 1987). Because all of these  samples are 
single-site 15N labeled,  only  one  peak is observed, which 
corresponds to  the  amino acid  residue  where an isotopic 
label has been incorporated.  The single narrow  resonance 
for each  site  (widths at half  height  vary between 3 and 
6  ppm)  indicates that all of  the isotopically  labeled sites 
throughout  the  sample have the  same  orientation  (i.e., 
conformation).  This  conformation has been identified  as 
that of the  channel  state.  Although  the samples used were 
prepared using benzene/ethanol to cosolubilize the lipid 
and peptide, the observed chemical shifts in the final prep- 
arations  are  the same  as  those  prepared using organic sol- 
vents,  where it has been thoroughly  documented  through 
CD  and  23Na NMR that  the gramicidin  channel  state is 
formed (Killian et al., 1988; LoGrasso et al., 1988; Moll 
& Cross, 1990). It can  also be seen from these spectra  that 
the observed  chemical  shifts  show an  alternating  pattern 
with the  odd sites close to u33 and  the even sites shifted 
considerably toward  the  isotropic value (approximately 
100 ppm).  This  alternating pattern has been previously 
shown to be  consistent  only with a  right-handed helical 
sense (Nicholson & Cross, 1989). Early  structural  mod- 
els presented very regular helical conformations  (Urry, 
1971 ; Venkatachalam & Urry, 1983; Koeppe & Kimura, 
1984). It is clear from a qualitative inspection of the chem- 
ical shifts  that  there  are significant  differences at  the bi- 
layer surface relative to  the  structure  at  the bilayer center. 
The observed  chemical  shifts for  odd sites Val,,  Ala3, 
Ala5,  and  Trp,  are 198 ppm; Val,, Trp, , , Trp,, , and 
Trp,,  are 196, 185, 182, and 181 ppm, respectively. The 
even sites Leu,, Val,, and Vals yield chemical  shifts at 
145 ppm  and  Leulo,  Leul2,  and  LeuI4  at 144, 132, and 
131 ppm, respectively. These (T&s values are  reported in 
Tables 2 and  3. 

about  the uZ2 tensor  element,  which is dominated by aD, affects 
changes by 7 ppm with  this 1 5 "  change  in 01~. The  frequency of the 

that pD is determined  with  an  error of less than k 2 0  and olD with an  er- dict the chemical  shifts for Various models. Arseniev's 

From a  knowledge of the chemical  shift  tensor  magni- 
highest intensity peak changes by 2 ppm, Based on  these  results we claim tudes and Orientations for gramicidin, it is possible to pre- 

ror of less than + 5 " .  structure is the  only  experimentally  derived  structure 
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Table 2. Predicted chemical shifts using literature 
tensor orientations (underlined values represent 
experimentally determined values) 

Site (YD (de@ PO (deg) VJ VR VA "obs 

Val I 

G ~ Y Z  
Ala3 
D-Leu4 
AlaS 
D-Val, 
Val, 
D-Vals 
Trp9 
D-Leul, 
TrPl I 
D-Leu,, 

D-Leul, 
TrP IS 

Trp13 

0 
0 
0 
g 

g 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

104  196 210 184 
105  136  132 121 
104  195  198  195 
105 141 154 135 
104  198 194 193 
105 
1 04 192 202 179 
105  138 131 134 
104  190  189  198 
105  125  143 141 
104  176 179 180 
105  129  137  142 
104 181 188  177 
105  133  122  129 
104  178  176  176 

- 
- 

- 149 139  146 

198 f 1 
113 f 1 
198 f 1 
145 f 2 
198 k 1 
145 f 2 
196 f 1 
145 f 1 
198 f 1 
144 t 1 
185 f 1 
132 f 2 
182 f 1 
131 f 1 
181 f 1 

available;  it was achieved from  solution NMR of an SDS 
micellar-solubilized preparation of gramicidin (Arseniev 
et  al., 1986; Lomize  et al., 1992). Jakobsson's  model is 
a  mean  structure  produced by molecular  dynamics  com- 
putations  beginning from  the idealized Koeppe and Ki- 

Gly-2 

D-Leu-4 

L-Alad L 
I I I 

300 200 100 b 
PPm 

W; Mai et al. 

mura (1984) right-handed  structure  (Chiu  et  al., 1991). 
The computations include water molecules, and  the effect 
of the lipid is taken  into  account  as artificial  restraints on 
the polypeptide motion.  ROUX'S model is derived from  the 
Arseniev structure  equilibrated with waters in the channel 
and refined by molecular  dynamics.  These  three  models 
all  have  the  same  folding  motif  -they  are all  single- 
stranded &helical structures  with a right-handed helical 
sense and  approximately  6.3  residues  per  turn. 

Table  2  presents both  the experimental  chemical  shifts 
for all 15 amino acid  residues  in the gramicidin  channel 
conformation,  as well as  the model-based  predictions 
founded on the previously  published  tensor  orientations 
(Teng & Cross, 1989; Teng et al., 1992). Based on the 
near equivalence of the experimentally determined aD and 
OD values it was initially  considered  a  good  assumption 
to choose an alternating  pattern of OD values throughout 
the  peptide  and a uniform value for aD. As  mentioned 
above  the discrepancy between experimental and pre- 
dicted  chemical  shifts for Gly, and  Trp,, sites and  the 
unique  chemistry of the Val, and Gly, sites suggested 
these  sites for  tensor  orientation  studies.  The new values 
of aD and pD result in  a very significant  change in the 
prediction of the chemical shift values for Gly, as  shown 
in  Figure  6 and  subtle changes for  the Val, and  Trp,, 
sites.  This result emphasizes both  the sensitivity of  these 

D-Val-8 G T q -  13 

D-Leu-14 

D-Leu-10 

I I I I I 1 I 1 
900 200 100 0 so0 200 100 0 

ppm  ppm 

Fig. 5. I5N chemical shift spectra of single-site I5N-labeled gramicidin in fully hydrated lipid bilayers that have been aligned 
between glass plates. The samples have all been oriented so that the vector normal to the glass plate is parallel with respect to 
the magnetic field. Here the chemical shift is directly related to the  orientation of the nitrogen site with respect to the magnetic 
field and hence to the  channel axis. 
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Table 3.  Predicted chemical shifts using new tensor orientations 
(underlined values represent experimentally determined values) 

Site a D  (deg) PO (de@ VI A U J  VR A U R  VA A VA Vobs 

- 

Val , 
G ~ Y Z  
Ala3 

Ala, 
D-Val, 
Val, 
D-Vals 
Trp9 
D-Leul" 
TrPl I 

D-Leull 

D-Leul4 

D-LeU4 

Trp13 

Trp15 

0+5 
0+5 
0 
0 + 5  
0 
0 
0 
0 

0 
0 
0 
0 

106 f 2 
98 k 2 

104 + 2 
105 + 2 
104 
105 + 2 
104 
105 
106 
105 
106 f 2 
105 
1 0 6  
105 
106 

RMSDta 
RMSDla 

199 
115 
195 
141 
198 
149 
192 
138 
193 
125 
180 
129 
183 
133 
181 

+ I  21 1 
+2 113 
-3 198 
-4 154 

0 194 
+4 139 
-4 202 
-7 131 
-5 192 

-19 143 
-5 182 
-3 137 
+ I  190 
+2 122 

0 179 

6.0 
3.4 

+ I 3  
0 
0 

+9  
-4 
-6 
+6 

-14 
-6 
- 1  
-3 
+ 5  
+8 
-9 
-2 

7 . 1  
7.0 

I79 -19 
103 - 10 
195 -3 
135 - 10 
193 -5 
146 + I  
179 -17 
134 - 1 1  
198 0 
141 -3 
182 -3 
142 + 10 
180 -2 
129 -2 
178 -3 

8.7 
9.8 

198 k 1 
113 f 1 
198 + 1 
145 k 1 
198 + 1 
145 + 1 
196 f 1 
145 + 1 
198 f 1 
144 k 1 
185 f 1 
132 f 2 
182 + 1 
131 f 1 
181 f 1 

a RMSD, root mean square deviation. RMSD, is for all sites, and RMSD, is for only  those sites where the chemical shift ten- 
sor has been experimentally determined rather than assumed. 

chemical  shift  measurements to slight  changes  in  orien- f 1 ppm, suggesting an orientational sensitivity of k0.3". 
tation  and  the nonlinear  relationship between orientation Because the chemistry is unique  for Val, and Gly, these 
and chemical shift.  For Gly, a 21-ppm change  in  the pre- tensor  orientations  have  not been generally  applied to 
dicted  chemical  shift  results from a 7" change  in  orienta- the  other sites, but  the  Trp,  orientation has been used 
tion.  Most of the observed  frequencies are  accurate  to for all of the  tryptophans in the predictions  presented in 

Table 3.  

Gly-2 

L-Trp- 1 1 ii 
I I I I 

300 200 100 0 
ppm 

Fig. 6. Experimental "N chemical shift spectra as in Figure 5.  Also 
shown is the chemical shift predictions from Jakobsson's model (Chiu 
et al., 1991) based on assumed tensor element orientations (dashed lines) 
and the experimentally determined orientations from Figure 3 (solid 
lines). For Val, a large change in the aD angle from 0" to 28" results 
only in a modest change in frequency, 3 ppm, but a more modest change 
in Po for Gly,, 105" to 98", results in a 21-ppm change in the predicted 
value. For Trp,, both angle (Po = 104-106") and frequency (4 ppm) 
changes are modest. 

Discussion 

For  the  first  time we present  here the  entire set of static 
"N chemical  shift tensor  elements  for a  polypeptide. 
The  tensor element  magnitudes  vary  substantially  irre- 
spective (Fig. 7 )  of the  surrounding covalent  structure, 
i.e., the  amino  acid sequence. This suggests that if chem- 
ical shift is to be used as  an  orientational  constraint  that 
it will continue to be necessary to determine  the magni- 
tude of each set of tensor  elements.  There  appears to  be 
little  hope that  standard  tensor elements  based on amino 
acid  residues or even dipeptide  pairs  could  be  assumed 
for  other  proteins.  This  finding is further  supported by 
the crystalline  tripeptide  study  of Hiyama et al. (1988) in 
which they found  that  the  tensor element values differed 
dramatically  for  the  same  peptide  in  two  different crys- 
tal  forms.  Consequently,  the  tensor elements are sensitive 
to  noncovalent  interactions  including  hydrogen  bonding 
and van  der Waal contacts.  Furthermore,  the  tensors  can 
be expected to vary with changes in the values of the back- 
bone  torsion angles. Correlations of torsional angles with 
isotropic  chemical  shifts  have been developed, in par- 
ticular,  for 31P in nucleic acids (Un & Klein, 1989), but 
efforts have  also  been  made to  correlate values for  the 
''N chemical  shift  tensor  elements  with  hydrogen-bond 
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Fig. 7. I5N chemical  shift  tensor  element  magnitudes  as  a  function of 
residue  number.  Each  element is identified  by  "aa,"  "bb,"  or  "cc,"  and 
the  chemical  shift  anisotropy is delineated by a  rectangle for each  site. 
While  there is considerable  variability  among  the  tensor  element  mag- 
nitudes,  there are few trends  that  are  identifiable, with the exception that 
uaa appears  to  decrease  from  the  amino-terminus  toward  the  carboxy- 
terminus.  The  thick  black  line  represents  the  observed  chemical  shifts 
in oriented  preparations. 

lengths  (Kuroki et al., 1991). Here it is interesting to note 
that  the value of u33 is substantially  different for  the five 
residues of the carboxy-terminus relative to  the  other sites 
in the polypeptide.  It is uncertain  as to  what is responsi- 
ble for  this  trend  toward  the  carboxy-terminus. If it was 
known  that  these were the tensor element magnitudes for 
gramicidin  in the  channel  conformation  then it might  be 
easier to  draw substantive  conclusions.  It is unfortunate, 
but  the  determination of the  static chemical  shift  anisot- 
ropy is difficult to achieve for  the  channel  state  that  forms 
once  water is added  to  the samples,  because of local and 
global  motions  (Smith & Cornell, 1986; Nicholson et al., 
1989, 1991). Although  the  characterization is not  for  the 
conformation  of  interest, it is for  the site of interest and 
consequently represents a significant advance over the use 
of  crystalline  model  peptides.  Further  refinements of the 
tensors  are  anticipated in the  future. 

While it is clear that  the  magnitudes  of  the  tensor ele- 
ments  must  be  determined for individual sites, it is less 
clear whether the  tensor  orientations have a  significant 
variation  from site to site with the exception of those sites 
where  the  chemistry is unique.  It is however clear from 
model  peptide  studies that  the PD angle  has  a  significant 
variance (Hartzell et al., 1987; Oas et al., 1987). This vari- 
ability may not  be  observed  in  gramicidin where the  con- 
formation is quite  regular (see Fig.  9  described  below), 
i.e., all of the  backbone  torsion angles represent 0-sheet- 
type  angles. 

The  three  structural models used in this study have been 
aligned  (Fig. 8) by minimizing the  backbone  root mean 
square  deviation  (RMSD) distances. The value of this 
backbone  RMSD (0.51 A) was determined by calculating 

the  RMSD between each of three  pairs  of  model  struc- 
tures  and  then averaging the  RMSD  for these  three  pair- 
wise measurements.  The  RMSD is even smaller  (0.36 A) 
when the  Roux  and  Jakobsson models  alone are  com- 
pared.  These RMSDs are such that if the models were to 
be  considered  as a set of structures  from a solution NMR 
refinement,  the  structure  would  be  considered well re- 
fined. Yet substantial  variation in backbone  torsion  an- 
gles among  the models is clearly shown in Figure 9. There 
are several interesting features  that  are  apparent  from this 
figure.  First,  the  only  experimentally  derived  model,  the 
Arseniev structure, was constrained to have  planar  pep- 
tide linkages. Secondly, its values of phi and psi are much 
more  variable than either the  Roux  or  Jakobsson  struc- 
ture.  In  fact,  the psi angles for  the even-numbered resi- 
dues  (Roux: A$ = 12"; Jakobsson: A$ = 7") and  the 
odd-numbered residues  (Roux: A$ = 9"; Jakobsson: 
A$ = 13")  are  remarkably  uniform  for these  two  struc- 
tures even though  the  mean values of $ for  the even sites 
differ  significantly  (Roux: $avg = -125"; Jakobsson: 

= -113"). Furthermore,  the phi  angles for  the  odd 
sites are  also  remarkably  uniform  for these  two  models 
(Roux: A$ = 10"; Jakobsson: A$ = lo", excluding  site 
15). However, the  Jakobsson model shows a linear change 
in the phi  angle of the even sites as a function of residue 
number, while the  Roux model  shows  a  nonlinear  func- 
tion  for  the  variation  in  the  omega angle of the even sites 
with residue number.  In  fact,  this  variation in the omega 
torsion angle suggests that  the gramicidin  channel  has  a 
distorted  structure  at  approximately  the  location  where 
cations  are  thought to bind.  In  other words, Roux's model 
may suggest that  the channel  has an inherent  binding site 
for  cations. The omega torsion angle is important because 
it causes the carboxyl oxygen to  rotate in toward  the  chan- 
nel axis,  making  the  partial  negative  charge  available  for 
solvating the  cations  that  have been largely stripped of 
their  waters of hydration. Recently, it has been shown 
that  the omega  torsion angle can be determined  from  ori- 
entational  constraints by solid-state  NMR  (Ketchem & 
Cross,  unpubl.). 

Figure 10 displays the  data  of  Table 3 and shows that 
with only three exceptions the range of predicted chemical 
shifts  from  the  three models  spans the observed  chemi- 
cal shift  model.  This suggests that  the  channel  confor- 
mation lies within the  variation  of  the model  structures 
presented  here. The  qualitative agreement between ob- 
served and predicted chemical shifts is remarkably  good, 
as  summarized  (Table 3) by the RMSD,  chemical  shift 
for all sites and  the RMSD, for only those sites where the 
chemical shift  tensor has been experimentally determined 
rather  than  assumed. These  RMSDs suggest that  the  Ar- 
seniev model  has the  poorest fit to the  observed data 
and  the  Jakobsson  model,  the best;  however, it must be 
kept in mind that  the predicted chemical shifts do not 
specify a  unique  structural  solution  but only  provide  a 
high-resolution  constraint.  This  conformational  ambigu- 
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Fig. 8. Superposition of structural models for 
the  gramicidin  A  cation  channel.  These  models 
are color coded:  blue,  red,  and  black represent 
Roux, Jakobsson,  and  Arseniev  structures,  re- 
spectively.  These  structures,  especially  the Roux 
and  Jakobsson  structures  are  very  similar  as 
judged  by  the  backbone RMSD for distance. 

ity arises from axially  asymmetric tensors where it is  pos- 
sible to have a considerable range of orientations result 
in the same chemical shift. For instance, Ala3, Trpll , 
and  Trp,, have very narrow ranges for  the predicted 
chemical shifts, and the observed  chemical shift is in very 
close agreement. It has been  previously  shown that a 7" 
change in the orientation can result in a 21-ppm shift in 
frequency; therefore the narrow range  of  predicted  chem- 
ical shifts for these three sites (approximately 3 ppm) 
could result in a very narrow orientational range. These 
sites demonstrate the danger in using  chemical shift alone 
to "determine" structure anfi show that chemical shift can 
be both very  sensitive and insensitive to orientation with 
respect to the magnetic  field. The N-H orientation has 
been  calculated from each  model at the three sites, and 
the range in N-H orientations is 19,  14, and 18" for Ala3, 
Trpl and Trp,, sites, respectively. Clearly, more data, 

such as the "N-'H dipolar interaction (LoGrasso et al., 
1989; Teng et al., 1991) are needed to absolutely define 
the structure. 

The fact that  the RMSD for those sites  where the ten- 
sor orientation has been determined is  smaller than the 
total RMSD suggests that the determination  of  tensor ori- 
entations is important. For Jakobsson's  model the RMSD 
could be greatly reduced  by  improvement at one site, in 
particular, Leulo. Interestingly, the other models  predict 
the chemical shift very  well for this site. Another site 
that stands out is  Vals, one of the sites  where the pre- 
dicted  values do not span the observed  chemical shifts. 
These are clearly potential sites for a tensor orientation 
determination. 

The narrow error bar on the determination  of the tensor 
element magnitudes, tensor orientations, and observed 
chemical shifts culminate in the generation of exception- 
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Fig. 9. Backbone  torsion  angles  for  three  structural  models  denoted  by 
"J"  for  Jakobsson,  "R"  for  Roux,  and  "A"  for  Arseniev's  model.  De- 
spite  the  excellent  RMSD  for  the  distances  between  backbone  atoms 
there  are  numerous  sites  in  the  backbone  where  the  torsion  angle  vari- 
ability is large. 

ally high-resolution structural  constraints. While  agree- 
ment  between  predicted and observed is not conclusive, 
it is severely constraining to  the  structure in an easily 
quantifiable way. Furthermore a disagreement between 
predicted and observed  chemical  shifts is conclusive  in 
that  the native and model structures  are  not  the same. The 
importance  for characterizing the  tensor element  magni- 
tudes  has been documented  here, while variability  in  ten- 
sor  orientation is still an  open  question. Qualitatively 
there is remarkable  agreement between predicted and  ob- 
served  chemical  shifts, but  the  quality  of  the  fit is indeed 
less good for  the Arseniev structure, suggesting that mod- 
eling the  membrane  environment with SDS micelles may 
not be  beneficial. Furthermore,  the best fit to  the ob- 
served data comes from a computational  effort  starting 
from a  uniform  structural  model  (Jakobsson)  rather  than 
starting  from  the experimental data (Roux). 

110 
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Fig. 10. Predicted  (denoted  by  "J"  for  Jakobsson,  "R"  for  Roux,  and 
"A"  for  Arseniev's  model)  and  observed  (solid line) chemical  shifts  as 
a  function  of  residue  number  for  the I5N amide  backbone sites in  gram- 
icidin  from  oriented  lipid  bilayer  preparations.  The  agreement is decep- 
tively good - just  because  there is close  agreement  does  not  necessarily 
mean  that  there is a  close  agreement  between  the  conformation of the 
model  and  the  native  channel  conformation.  However,  significant  de- 
viations of the  predicted  and  observed  chemical  shifts  does  mean  that 
the  model  and  native  conformations  differ.  This is particularly  true for 
those sites where we have determined  the  orientation of the chemical shift 
tensor with respect to  the  molecular  frame (residues 1-4, plus 6 and 11). 

Materials and methods 

[13C,]formyl-[15N]~-valine was synthesized by dissolving 
3.5 mmol  [15N]~-valine  (Cambridge  Isotope  Labs) in 
3.5 mL 1 N NaOH.  p-Nitrophenyl  formate (3.5 mmol) 
(Muramatsu et al., 1964; synthesized in situ fromp-nitro- 
phenol  and  ['3C]formic acid  [Cambridge  Isotope  Labs]) 
in 5 mL tetrahydrofuran was added dropwise  in an ice 
bath while the  solution was stirred.  After reacting for 2 h 
in an ice bath  the  reaction was continued at  room  tem- 
perature  for 20 h.  To  the  solution, 30 mL of water was 
added,  and  the  pH was adjusted  to 4 with 1 N HCl.  The 
solution was extracted twice with 20 mL  ethyl  ether, and 
the extracted  mixture was vacuum  dried.  The solid was 
then  refluxed  in 30 mL of acetone,  followed by centrifu- 
gation  and  drying of the  solution  to yield a white  solid 
with  a 16% yield. The solid  was  characterized by 'H 
NMR  to  be [13Cl]formyl-['5N]~-valine. 

Single-site and double-site  isotopically  labeled  grami- 
cidin A was synthesized via solid-phase  peptide synthesis 
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. For 
single-site-labeled gramicidin, 0.5 mmol of isotopically 
labeled Fmoc  amino acid was used,  followed by 1 mmol 
of  unlabeled amino  acid  for  recoupling. Double-site- 
labeled  gramicidin  required one  mmol of each  labeled 
Fmoc  amino acid. The  synthetic peptides were identified 
by high performance liquid chromatography (HPLC)  and 
purified,  when necessary (i.e., if purity was <98%), by 
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HPLC. Details on  the peptide  synthesis and  the  HPLC 
purification  have been reported elsewhere (Fields  et  al., 
1989). 

Uniformly  oriented  samples were prepared by cosolu- 
bilizing 9 mg of isotopically labeled gramicidin and 26  mg 
of DMPC (1:8 molar  ratio) in benzenelethanol (9515 by 
volume). The  solution was placed  in a freezer  overnight. 
After thawing at room  temperature, it  was spread in equal 
aliquots onto 26 clean glass coverslips and  dried  under 
vacuum overnight. These glass coverslips were then stacked 
into a 13 X 8-mm square  tube with HPLC-grade water 
added  to achieve 45-50% by weight water.  After  sealing 
both  ends,  the  sample was incubated  at 45 "C for  at least 
4 days to allow the  complete  alignment of the  gramicidin- 
containing  bilayers.  This  preparation has been shown to 
yield the  channel  conformation (Moll & Cross, 1990). The 
degree of orientation was monitored by 31P NMR.  Pow- 
der  pattern  samples were prepared by codissolving 55 mg 
of specific site-labeled gramicidin and 165  mg of DMPC 
(1 :8 molar  ratio) in 8 mL  of 5 %  ethanol in benzene. The 
mixture was frozen  in  liquid  nitrogen  and  then  immedi- 
ately  placed  under  vacuum to  dry  overnight. 

Spectra of uniformly  aligned  and  randomly dispersed 
samples were obtained  on a  narrow-bore  IBM/Bruker 
WP200  NMR  spectrometer  modified  for  solids  capabili- 
ties.  Oriented  samples were placed in a home-built  static 
probe  equipped with variable  temperature  control in such 
a way that  the  channel axis is parallel with the  static mag- 
netic field. Cross-polarization between the  abundant 'H  
pool  and  the  rare "N nuclei followed by a Hahn  echo 
was used to enhance  sensitivity and  to minimize probe 
ringing.  Typical  experimental  conditions were: 6 ps 90" 
pulse  length for cross  polarization, 1 ms mixing time  for 
polarization  transfer, 48 p s  for echo  delay, 7 s for recy- 
cle delay,  and a sweep width  of 62.5 kHz. 

The  determination  of  the chemical  shift  tensor  orien- 
tation  for specific sites was achieved by orienting  the 
chemical  shift  tensor  relative to  the t5N-13CI dipolar  in- 
teraction  (Oas et al., 1987; Teng & Cross 1989; Teng 
et al., 1992). The principal  components  of  the  chemical 
shift  anisotropy a1 I ,  uz2, and a33 were obtained by sim- 
ulating  the  experimental  powder  pattern  spectra of single- 
site-labeled  samples. For  the  purposes  of  comparing  the 
chemical  shift  tensor  elements from  one site to  another 
it is important to define the tensor elements relative to  the 
molecular frame (aaa, ubb ,  and a,,; Teng  et al., 1992) 
rather  than based on their  magnitudes (e.g., a l l ,  azZ, and 
( T ~ ~ ) .  This is particularly  important  for  the glycine site. 
Amino acids  typically  have  their a22 element  perpendic- 
ular to the peptide plane; however, it has been shown (Oas 
et al., 1987) that  on occasion, for glycine, the uZ2 element 
can lie in the peptide  plane.  This is not  the result of a 90" 
rotation  of  the  tensor,  but  rather a  small  change  in the 
magnitudes  of  the a l l  and uz2 elements.  A  similar prob- 
lem occurs  for  the  C2  site in the  tryptophan side  chain 
where the  asymmetry, 7 ,  is approximately  equal to  1 and 

for different indoles a,, is forced, by definition, to switch 
from being upfield to being the most  downfield element 
(Cornell et al., 1988; Separovic et al., 1991). Conse- 
quently,  definitions  for  the  tensor  elements  of  the  amide 
nitrogens relative to the molecular frame have been estab- 
lished: a,, is approximately  perpendicular to  the peptide 
plane, a,, lies in the  CINH bond  angle, and (Tbb com- 
pletes the  orthogonal  coordinate system (see Fig. 2).  Once 
determined,  the  magnitudes of the principal values are 
used as  input to simulate  the I3C  dipolar-coupled "N 
powder  pattern  spectra  for  obtaining aD and &, the  an- 
gles for  rotating  the  dipolar  interaction  into  the principal 
axis system of  the chemical  shift  tensor. aD is the angle 
formed between a b b  and  the projection of the  N-CI  bond 
onto  the f&/(Tbb plane. PD is the  angle between the N-CI 
bond  and a,, component  and it can be  estimated from 
the observed  dipolar  splitting about a33 = a,, frequency 
using the  equation Av33 = vll(1 - 3 cos2 OD) (Teng & 
Cross, 1989). 

The chemical shift in an oriented sample varies with the 
orientation  of  the  tensor elements to  the magnetic field 
(v&s = all  cos2 e l ,  + C J ~ ~  cos2 022 + u~~ cos2 033). Calcu- 
lation of the chemical  shift for each site from  different 
models is possible after  the  orientation  of  the "N chem- 
ical shift  tensor relative to  the molecular frame  at  the spe- 
cific site of interest is known.  The calculation is done 
through  a series  of unitary  transformations  from  the  prin- 
cipal  axis  system of the chemical  shift  tensor to  the  labo- 
ratory-fixed reference frame via the  molecular  symmetry 
axis frame (Chiu  et al., 1991). The principal  axis frame 
was first  transformed  to  the molecular  symmetry  axis 
frame using the angles aD and &,. Rotation via a  second 
set of angles brings the molecular  symmetry axis frame 
to  the  laboratory  frame where the Z axis  parallels the 
static  magnetic  field. 

Acknowledgments 
We thank  Professors  Benoit  Roux  (University  of  Montreal)  and 
Eric  Jakobsson  (University  of  Illinois-Urbana)  for  providing  co- 
ordinates of their molecular  dynamics  refined  conformational 
models,  and  Professor  Arseniev  (Russian  Academy  of  Sciences, 
Moscow) for making  available  the  coordinates of  his solution 
NMR-derived structure to the  scientific  community. We are in- 
debted  to the staff of the FSU NMR facility,  Joseph Vaughn, 
Richard  Rosanske,  and  Thomas  Gedris  for their skillful main- 
tenance,  modification,  and service  of the  NMR spectrometers. 
T.A.C. gratefully acknowledges the support of NIH grant 
AI-23007. 

References 
Arseniev, AS.,  Barsukov, I.L., & Bystrov, V.F. (1986). Conformation 

of gramicidin A in solution and micelles: Two dimensional ' H  
NMR study. In Chemistry of Peptides and Proteins, Vol. 3 (Voeler, 
W., Bayer, E., Ovchinnikov, Y.A., & Ivanov, V.T., Eds.), pp. 127- 
158. Walter de Gruyter & Co., Berlin. 

Chiu, S.-W., Nicholson, L.K.,  Brenneman, M.T., Subramaniam, S., 
Teng, Q., McCammon, J.A., Cross, T.A., & Jakobsson, E. (1991). 



542 W Mai et al. 

Molecular  dynamics computations and solid state NMR of the grarn- 
icidin cation channel. Biophys. J .  60,  974-978. 

Chiu, S.-W., Subramaniam, S., Jakobsson,  E., & McCammon, J.A. 
(1989).  Water and polypeptide conformations in the gramicidin chan- 
nel: A molecular dynamics study. Biophys. J .  56, 253-261. 

Cornell, B.A., Separovic, E ,  &Smith, R. (1988). Side chain and back- 
bone conformation of gramicidin A in lipid bilayer membranes. In 
Transport  through Membranes: Carriers,  Channels  and Pumps (Pull- 
man, A.,  Jortner,  J., & Pullman, B., Eds.), pp. 289-295.  Kluwer 
Academic Publishers,  Dordrecht. 

Cross, T.A., Ketchem, R.R., Hu, W., Lee, K.-C., Lazo, N.D., &North, 
C.L. (1992). Structure and dynamics of a  membrane  bound poly- 
peptide. Bull. Magn.  Reson., 14, 96-101. 

Fields, C.G., Fields, G.B., Nobles, R.L., &Cross, T.A. (1989). Solid 
phase peptide synthesis of ISN-gramicidins A, B, and C and high 
performance liquid chromatographic purification. Int. J. Pept.  Pro- 
tein Res. 33, 298-303. 

Harbison, G.S., Jelinski, L.W., Stark, R.E., Torchia, D.A., Herzfeld, 
J., & Griffin, R.G. (1984).  "N chemical shift and lSN-l3C dipolar 
tensors for the peptide bond in [I-13C]glycyl['sN]glycine hydrochlo- 
ride monohydrate. J. Magn.  Reson. 60, 79-82. 

Hartzell, C.J., Whitfield, M.,  Oas, T.G., & Drobny, G.P. (1987). De- 
termination of the ISN and I3C chemical shift tensors of ~ - [ l ~ C ] a l -  
anyl-L-[ "Nlalanine  from dipole-coupled powder patterns. J. Am. 
Chem. Soc. 109, 5966-5969. 

Hiyama, Y., Niu, C.-H., Silverton, J.V., Bavoso, A., & Torchia, D.A. 
(1988). Determination of  ''N chemical shift tensor via IsN-*H di- 
polar coupling in Bo~-glycylglycyl[~~N]glycine benzyl ester. J. Am. 
Chem. Soc. 110, 2378-2383. 

Killian, J.A., Prasad, K.U., Hains, D., & Urry, D.W. (1988). Themem- 
brane  as an environment of minimal interconversion. A circular 
dichroism study on  the solvent dependence of the  conformational 
behavior of gramicidin in diacylphosphatidylcholine model mem- 
branes. Biochemistry 27, 4848-4855. 

Kimball, M.R. & Wallace, B.A.  (1981). Co-crystals of gramicidin and 
phosphatidylcholine: A system for studying ion-channel structure 
and lipid-protein interactions. Acta  Crystallogr. Sec. A 37, c50. 

Koeppe, R.E., 11 & Kimura, M. (1984). Computer building of 0-heli- 
cal polypeptide models. Biopolymers 23, 23-38. 

Kuroki, S., Asakawa, N., Ando, S., Ando, I . ,  Shoji, A., & Ozaki, T. 
(1991). Hydrogen bond length and ISN NMR chemical shift of the 
glycine  residue  of  some  oligopeptides in the solid state. J. Mol. Struct. 

Langs, D.A. (1988). Three-dimensional structure at 0.86 A of the un- 
complexed form of the  transmembrane ion channel peptide grami- 
cidin A. Science 241, 188-191. 

Langs, D.A., Smith, G.D., Courseille, C., Precigoux, G., & Hospital, M. 
(1991).  Monoclinic  uncomplexed double-stranded, antiparallel, left- 
handed Ps.6-helix structure of gramicidin A: Alternate  patterns of 
helical association and deformation. Proc.  Natl. Acad. Sci. USA 88, 
5345-5349. 

Lazo, N.D., Hu, W., & Cross, T.A. (1992). Probing lipid-protein in- 
teractions by solid-state NMR spectroscopy of fast frozen samples. 
J. Chem. Soc. Chem. Commun. 1529-1531. 

Linder, M., Hohener,  A., & Ernst, R.R. (1980). Orientation of tenso- 
rial interactions determined from two-dimensional NMR powder 
spectra. J. Chem.  Phys. 73, 4959-4970. 

LoGrasso, P.V., Moll, E ,  111, &Cross, T.A. (1988). Solvent history de- 
pendence of gramicidin A  conformations in hydrated lipid bilayers. 

LoGrasso, P.V., Nicholson, L.K., & Cross, T.A. (1989). N-H bond 
length determination and implications for the gramicidin channel 
conformation and dynamics from ISN-'H dipolar interactions. J. 
Am. Chem. Soc. 111, 1910-1912. 

Lomize, A.L., Orechov, V.Yu., & Arseniev, A.S. (1992). Refinement 
of the spatial structure of the gramicidin A transmembrane ion-chan- 
nel. Bioorgan. Khim. 18, 182-200. 

MacKay, D.H.J., Berens, P.H., Wilson, K.R., & Hagler, A.T. (1984). 
Structure and dynamics of  ion transport through gramicidin A. Bio- 
phys. J. 46, 229-248. 

245.  69-80. 

Biophys. J. 54, 259-267. 

Moll, F., 111 &Cross, T.A.  (1990). Optimizing and characterizing align- 
ment of oriented lipid bilayers containing gramicidin D. Biophys.  J. 

Munowitz, M., Aue, W.P., & Griffin,  R.G. (1982). Two dimensional 
separation of dipolar and scaled isotropic chemical shift interactions 
in magic angle NMR spectra. J.  Chem.  Phys. 77,  1686-1689. 

Muramatsu, I . ,  Itoi, M., Tsuji, M., & Hagitani, A. (1964). The  forma- 
tion of formic anhydride with N,N'-dicyclohexylcarbodiimide. Bull. 
Chem. Soc. Jpn. 37, 756. 

Nicholson, L.K. & Cross, T.A. (1989). Gramicidin cation channel: An 
experimental determination of the right-handed helical sense and 
verification of &type hydrogen bonding. Biochemistry 28, 9379- 
9385. 

Nicholson, L.K., LoGrasso, P.V., & Cross, T.A. (1989). Experimental 
observation of orientational dispersion in the peptide backbone of 
the gramicidin backbone of the gramicidin cation channel. J. Am. 
Chem. Soc. 111, 400-401. 

Nicholson, L.K., Moll, F., Mixon, T.E.,  LoCrasso, P.V., Lay, J.C., & 
Cross, T.A. (1987). Solid-state 15N  NMR of oriented lipid-bilayer 
bound gramicidin A. Biochemistry 26, 6621-6626. 

Nicholson, L.K., Teng, Q., & Cross, T.A. (1991). Solid-state nuclear 
magnetic resonance derived model for dynamics in the polypeptide 
backbone of the gramicidin A  channel. J. Mol.  Biol. 218,621-637. 

North, C.L. & Cross, T.A. (1993). Analysis of polypeptide backbone 
TI relaxation data using an experimentally derived model. J. Magn. 
Reson., in press. 

Oas, T.G., Hartzell, C. J., Dahlquist, F. W., & Drobny, G.P. (1987). The 
amide "N chemical shift tensors of four peptides determined from 
13C dipole-coupled chemical shift powder patterns. J. Am. Chem. 

Roux, B. & Karplus, M. (1988). The  normal modes of the gramicidin- 
A dimer channel. Biophys. J. 53, 297-309. 

Roux, B. & Karplus, M. (1991). Ion transport in a gramicidin-like chan- 
nel: Dynamics and mobility. J. Phys.  Chem. 95, 4856-4868. 

Separovic, F., Hayamizu, K., Smith, R., & Cornell, B.A. (1991). C-13 
chemical shift tensor of L-tryptophan and its application to polypep- 
tide structure  determination. Chem.  Phys.  Lett. 181, 157-162. 

Smith, R. & Cornell, B.A. (1986). Dynamics of the intrinsic membrane 
polypeptide gramicidin A in phospholipid bilayers. Biophys. J. 49, 
117-1  18. 

Teng, Q. & Cross, T.A. (1989). The in situ determination of the 15N 
chemical shift tensor orientation in a polypeptide. J. Magn.  Reson. 

Teng, Q., Iqbal, M., & Cross, T.A. (1992). Determination of the I3C 
chemical shift and I4N electric field gradient tensor  orientations 
with  respect to  the molecular frame in a polypeptide. J. Am. Chem. 
SOC. 114, 5312-5321. 

Teng, Q., Nicholson, L.K., &Cross, T.A. (1991). Experimental deter- 
mination of torsion angles in the polypeptide backbone of the gram- 
icidin A channel by solid state nuclear magnetic resonance. J. Mol. 
Biol. 218, 607-619. 

Un, S. &Klein, M.P. (1989). Study of 31P NMR chemical shift tensors 
and their correlation to molecular structure J. Am. Chem. Soc. 111, 

Urry, D.W.  (1971). The gramicidin A  transmembrane channel: A  pro- 
posed IIL,D helix. Proc.  Natl. Acad. Sei. USA 68,  672-676. 

Venkatachalam, C.M. & Urry, D.W.  (1983). Theoretical analysis of 
gramicidin A  transmembrane  channel. I. Helix sense and energet- 
ics of head-to-head dimerization. J. Comput.  Chem. 4 ,  461-469. 

Wallace, B.A. & Janes, R.W. (1991). Co-crystals of gramicidin A and 
phospholipid:  A system for studying the  structure of a  transmem- 
brane  channel. J. Mol.  Biol. 217, 625-627. 

Wallace, B.A. & Ravikumar, K. (1988). The gramicidin pore: Crystal 
structure of a cesium complex. Science 241, 182-187. 

Wang, C., Teng, Q., & Cross, T.A. (1992). Solid-state 13C NMR  spec- 
troscopy of a 13C carbonyl-labeled polypeptide. Biophys. J. 61, 

Zhang,  Z.,  Pascal, P.S., & Cross, T.A. (1992). A  conformational re- 
arrangement in gramicidin A: From  a  double-strand left-handed to 
a single-strand right-handed helix. Biochemistry 31, 8822-8828. 

57, 351-362. 

SOC. 109, 5962-5966. 

85, 439-447. 

5119-5124. 

1550-1556. 


