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Summary: 1 H NMR double resonance studies of valinomycin in (CD3)2S0 were conducted 
at 90 MHz (FT-mode) and 250 MHz (correlation mode) to determine the mechanism of 
intramolecular nuclear Overhauser effects (NOE). These studies set specific con- 
straints on any model for the conformation of valinomycin in (CD3)2SO and illustrate 
that NOE experiments of this type hold considerable promise for conformational 
studies of peptides, proteins and other biomolecules. The NOE's are positive at 
the lower frequency and negative at the higher frequency. Consideration of the 
theoretical dependence of the NOE on the proton-proton internuclear correlation time 
and on the resonance frequency indicates that these results are explained by a 
predominantly dipolar relaxation mechanism. 

Because the intramolecular NOE is a sensitive probe of spatial proximity of 

nuclei, it has yielded conformational information about a wide variety of small 

molecules (1). However, 'H homonuclear NOE studies of peptide hormones and 

antibiotics have been limited, largely because the individual Overhauser 

enhancements for these relatively large molecules are small. Development of 

efficient methods for signal to noise enhancement by Fourier transform and cor- 

relation (2,3,4) techniques facilitates reliable detection of small intensity 

changes and makes possible the use of both intermolecular (5-9) and intramolecular 

(10,ll) homonuclear NOE measurements in conformational studies of complex molecules. 

Recently Gibbons et al. reported ' H NOE measurements at 220 MHz of the decapeptide 

antibiotic gramicidin-S in (CD3)2SO (12). Negative Overhauser effects were observed 
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for spatially proximal nuclei on non-contiguous segments of the peptide backbone. 

This observation suggests that the intramolecular NOE holds great promise for 

investigating the three-dimensional structure of peptides. 

If  this type of Overhauser measurement is to be generally applicable to con- 

formational studies of peptides, it is necessary that the mechanism responsible 

for the negative NOE be clearly elucidated. Toward this end we have conducted 

Overhauser measurements of the dodecadepsipeptide antibiotic valinomycin, (-L-Val-D- 

Hyv-D-Val-L-Lac-)3, chosen because its NMR spectrum and solution conformation have 

been extensively investigated previously (13-21). The signs and magnitudes of the 

NOE's at 90 MHz and 250 MHz clearly indicate that the negative NOE at high magnetic 

field results from a dipolar relaxation mechanism in combination with a long inter- 

nuclear correlation time. 

MATERIALS AND METHODS 

is 1 amp e concentrations are 4% (w/v) valinomycin (Sigma Chemical Co., St. Louis, MO.) 
dissolved in (CD3)2SO (Stohler Isotopes, Inc., Waltham, Mass.). NMR spectra were 
measured with 5mm sample tubes at probe temperatures of 29+l°C.; chemical shifts 
are referenced to the 1H resonance of internal TMS. 

lH NMR spectra (90 MHz) were measured with a Bruker HE-90 operating in the pulse - 
Fourier transform mode. NOE's were determined by applying a 1.5 set low power satura- 
ting pulse at the appropriate peak position, followed immediately by a high power 90° 
observing pulse. Since all the lH Tl's of valinomycin are less than 0.2 seconds, as 
determined by the inversion-recovery technique, the 1.5 set presaturating pulse is 
long enough to allow Overhauser equilibrium to establish. Off-resonance control spectra 
were measured in the same manner except that the presaturating pulse was offset 1000 Hz 
'to low field so that no solute resonances were perturbed. On-resonance and off-resonance 
spectra are the sums of 32 scans. Difference spectra were obtained by subtracting 
256 off-resonance FID's from 256 on-resonance FID's followed by Fourier transformation. 

At 250 MHz, spectra were acquired in the correlation mode (2,3) employing the 
Carnegie-Mellon superconducting spectrometer (4). NOE measurements were made with 
continuous saturation of the appropriate resonance. All spectra at this frequency 
(including those used in difference spectra) are the sum of 15 scans. 

RESULTS AND DISCUSSION 

Assignments of the 'H NMR spectrum of valinomycin in (CD3)2SO has been reported 
(13-17). Figure 1 illustrates typical NOE experiments with valinomycin at 90 MHz 
and 250 MHz. Saturation of the D-Val NIJ results in a positive NOE of 0.04 for the 
D-Hyv C"llJ resonance at 90 MHz; the same experiment at 250 MHz yields an NOE of 
-0.02 for the same proton. Intensity perturbations of pe 
resulting from successive saturation of all other solute P 

tide NH_ and Gag resonances, 
H resonances at 90 MHz 

are summarized in Table 1. Although NOE measurements were not performed for all 
peaks at 250 MHz, the change in NOE sign from positive at 90 MHz to negative at 
250 MHz was confirmed for several resonances. 
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Figure 1. NOE measurements of valinomycin in (CD3)2SO at 90 MHz by FT-NMR: 

a) control spectrum, b) spectrum obtained after low power presaturation of 

D-Val M-resonance, c) difference spectrum (spectrum h minus spectrum a - 

multiplied by a factor of 2.0). NOE measurements at 250 MHz by correlation 

NMR: d) control spectrum (secondary rf 100 Hz to high field of D-Val NH_ 

resonance), e) spectrum obtained with simultaineous saturation of D-Val 

M- resonance, f) difference spectrum (spectrum e minus spectrum d multiplied 

by a factor of 3.1). 

Negative homonuclear Overhauser effects can result from several mechanisms. 
Exchange modulation of the scalar coupling interaction (1) between saturated and 
observed nuclei always produces a decrease in resonance intensity. This mechanism 
does not appear to be operative for valinomycin, since it would not explain the 
observed positive NOE's at 90 MHz. Negative Overhauser effects are also predicted 
for dipolar interactions involving certain orientations of multispin systems 
described by Noggle and Schirmer (1). However, a positive NOE would not be pre- 
dicted by this mechanism at 90 MHz. 

For macromolecules a third mechanism must be considered: as molecular size 
increases and the correlation time (T,) between interacting spins increases, homo- 
nuclear NOE's become negative (22). Negative Overhauser effects have been observed 
for complexes of bovine neurophysin II with lysine vasopressin and various peptide 
analogs (5,6). The negative NOE's at 250 MHz for valinomycin can therefore be 
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Table 1. Nuclear Overhauser enhancements of peptide NH and CH protons 

Resonance 
Saturated 

L-Val HH_ 

D-Val NH_ 

L-Lac CaH - 

D-Hyv CUE 

D, L Val CaH - 

D,L Val, D-Hyv CSIJb 

Lac C% 

Val, Hyv C% 

of valinomycin in (CD3)2SO at 90 MHz. 

Resonance Observed 

L-Val NH D-Val N&l L-Lac COLE D-Hyv Cull D,L-Val C"H - 

. . . 

0.058 

0 

0 

0.046 

0 

co.02 < 

. . . 0.068 0 0 

0 0.040 0 

0 . . . . . . 

0 . . . . . . 

0 . . . . . . 

0.046 0 0.054 0.099 

0 0.090 0 0 

:o. 02 0 0.076 0.065 

a. The fractional increase in intensity (+lO%) of the observed resonance upon saturation 
of specific resonances; (...) indicates peaks are too close to saturated resonance 
to be measured accurately. 

b. Peaks overlap; cannot be distinguished. 

explained readily in terms of a long rotational correlation time. The equations 
of Solomon (22) predict that for 7.1 x lo-10 set < rc < 2.0 x 10eg set the dipolar 
NOE is positive at 90 MHz and negative at 250 MHz. For 'cc < 7.1 x lo-10 NOE's are 
positive at both frequencies (maximum NOE 0.5), whereas for ~~ > 2.0 x 10mg they 
are negative at both frequencies (minimum NOE -1) (1). Similar results have been 
obtained for l3C-1H (23,24) and 15N-lH interactions (25). 

These NOE's place restrictions on any conformation proposed for 
Since NOE's are observed between the NH_'s of L-Val and Gag of L-Lac, 
must be in close proximity. Similar considerations apply for the m- 
D-Val and Cafi protons of L-Lat. In contrast, no intra-residue NOE's 
for the NE and CO"lJ of L and D-Val, suggesting that these protons are _. . . . . 

valinomycin. 
these protons 
protons of 
are observed 
not proximal. 

Taken together these observations indicate, in agreement witn earlier workers 
(13,16, 17,19,20) that the conformation of valinomycin is different in nonpolar 
solvents and highly polar solvents such as (CD$2SO. In other words the "pore" 
and "core" (13,17) conformations observed in non-polar solvents are not retained 
in (CD3)2SO. In addition, these observations argue against a conformation in 
which the CaH-NH dihedral angles are nearly zero (13,17); such a conformation would 
juxtapose the C"H and NH protons and would predict an Overhauser effect for the 
Gag upon saturation of the peptide NH. These measurements illustrate that because 
of the dipolar origin of the NOE, this effect yields valuable information about 
the molecular geometry of peptides, depsipetides and related biomolecules. We are 
presently analyzing the Overhauser results and previous NMR data in detail to 
determine which, if any, of the proposed conformational models of valinomycin in 
(CD3)2S0 is the most suitable. 
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