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Abstract: The results presented in this paper show that accurate through-space internuclear distance measurements
can be performed on doubly labeled retinals using the one-dimensional approach to the solid state magic angle
spinning (MAS) rotational resonance NMR technique. The apparent splttingf the resonances at= 1 rotational
resonance for the labeled vinylic positions @ll{E)-[10,2043C;]retinal, @ll-E)-[11,2043C;]retinal, and &ll-E)-
[12,2043C;]retinal can be simulated with a coherent set of parameters. From a series of simulations with different
dipolar coupling constartis, it appears thalg/27+/8 = 1.15Aw1/27) + 7 (Hz) to a good approximationUsing

this relationship as a calibration, it is demonstrated with a set of model compounds that straightforward Lorentzian
fitting to measureAw; can be used to determine internuclear distances up to 0.44 nm in doubly labeled retinals in
the solid state.

Rotational resonance is a high-resolution solid state magic 1. The extrema of the spectrum can be found at the positions
angle spinning (MAS) NMR technique in which the interference wherex = 1 orx = —1,; in these cases the line shape function
of the MAS with the homonuclear dipole interactions within a goes to infinity. In the absence dfcoupling these singularities
pair of equal sping and S gives rise to dipolar recouplink? can be found atv = w, + bg/2+/8 andw = ws + bg/2/8,

This phenomenon can be exploited to measure the internucleapredicting a “splitting” in the line shaplg/v/8.1

distance. The rotation frequency of the samplds adjusted In an established approach to measure distances between a
to match a rotational resonance conditien = Aws with Aws pair of 13C atoms, one of the spins is selectively inverted and
= w| — ws, the difference between the isotropic shifts. With  the rotor-driven exchange of magnetization is followed in time

a small integer and a homonuclear dipolar coupling by collecting a series of 1-D datasétsThe trajectory of the

difference Zeeman polarizatiofl, — SI{t) may then be
1) simulated to yield the internuclear distaricé. The inherently

two-dimensional Zeeman polarization exchange NMR technique
has already, at an early stage, been succesfully applied to
specifically doubly3C-labeled retinal in the light-driven ion
jpump bacteriorhodopsitwhich contains a retinoid photochemi-
cal energy convertér.For the bacteriorhodopsin the rotational
resonance technique has been used to discriminate besvegen

o

47 r|53

sufficiently strong compared to the average linewidihghe
line shapes change at or close to a rotational resonance conditio
and additional fine structure or broadening can be observed. In

eq 1 uo is the magnetic permeability in vacuum, is the . o o -
gyror#agnetic ratio of the nuclei, ang represent:?the inter- ands—trans_conforrr_\atmns, prow_dlng for th_e first time genuine
' structure information to atomic resolution for an intrinsic

nuclear distance. To a first-order approximation, neglecting the membrane proteif® The bacteriorhodonsin membrane protein
influence of anisotropy and relaxation effects, an apparent . protein. ' pS! protel

splitting Aw, of each resonance is expecfedit or close ton is a member of an important class of biological photoreceptors.

= 1 rotational resonance the spectrum of a doubly labeled fél(ghgrn;ﬁdm?:; O;r:g?blcgii’ tw;dﬁgfé%ﬁe%%gt?g;ourz:lgg or
sample can be described by p ponsi p ! ay ver-

sion and the primary steps in visual signal transduction in

8 Q,(w) vertebrates.
S) = v M @) The aim of this investigation is to explore the possibility for
lerbg M= b|s/(2\/8) measuring through-space internuclear distances up to 0.44 nm

with high accuracy from the analysis of the rotational resonance
with Qu(w) the set of frequency offset functions for the eight line shape, obtained through a single one-dimensional experi-
spectral components and ment on a di-labeled retinal. The one-dimensional approach to
the rotational resonance distance measurements is illustrated and
calibrated on a set of doubly labeled compounatK)-[10,20-

1) _ ; 1/2 ;_ 1/2
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Figure 1. (a) Molecular structure ofa(l-E)-retinal, showing the
positions labeled for this study. (b) Antiparallel arrangementadif (
E)-retinal. The short intermolecular distancg o = 0.367 nm is
indicated with a dotted lineThe ionone ring is not completely resolved.

13C;]-, (all-E)-[11,2043C;)-, and @ll-E)-[12,2043C;]retinal. As
will be explained below, these compounds provide model

distances of 0.253, 0.295, 0.367, and 0.440 nm that are also

well-determined by X-ray diffraction structural data of the
crystalline @ll-E)-retinal® In addition, they already provide a
coherent set of models for one specific biophysical problem,
the characterization of the conformation around theZ) lbénd

Verdegem et al.

Table 1. Isotropic Chemical Shiftsof), Anisotropies §),

Asymmetry Parameterg), and Pseudotransverse Relaxation Times
(T) for the Labeled Positions ofll-E)-[10,20+3C;]Retinal and
(all-E)-[11,2043C;]Retinal

label oi (ppm) 0 (kHz) n T, (ms)
10 130.1(0.1) 8.1(0.3) 1.0(0.1) 8.3(0.1)
11 134.1(0.1)  —11.3(0.3) 0.7(0.1) 7.5(0.1)
12 133.8(0.1) 8.0(0.3) 1.0(0.1) 7.2(0.1)
20 12.9(0.1) —1.6(0.3) 1.0(0.2) 10.6(0.1)

Table 2. Observed SplittingAw1/27), Line Width of the
Second-Derivative Signal of the/27 = 10.0 kHz SpectrumI{),
big/277+/8 Calculated from the NMR Data, and Interatomic Distance
(ris) As Deduced from NMR fordll-E)-[10,2043C;|Retinal,
(all-E)-[11,2043C;]Retinal, and &ll-E)-[12,2043C;]Retinal

A(,{)1/2.7'[ T b|s/2.7'l\/g ls (NMR) ns(X-ray)
compound (Hz) (Hz) (Hz) (nm) (nm)
10,20 (15%) 12 41 20.8 0.505 0.440
10,20 (100%) 35 45 47.3 0.383 0.367
11,20 78 a7 96.7 0.302 0.296
12,20 141 55 169.2 0.250 0.253

aFor comparison the X-ray distances are also listed.

[1-13C]acetonitrile, [21%Clacetonitrile, [21%Clacetic acid, andfC]-
methyl iodide (Cambridge Isotope Laboratories, MA). After silica gel
column chromatography purification of the retinal isomer mixture, the
(all-E)-retinals were crystallized from-pentane at-20°C. The purity

of the labeled retinals was confirmed with 300 MHtzNMR (CDCl),
75.4 MHz'H-noise-decouple#’C NMR (CDCL), and mass spectrom-
etry, and the isotope incorporation 899% at both positions.
Subsequently five samples were prepared: paleR)-[10,20+43C;]-
retinal, pure &ll-E)-[11,20+3C;]retinal, pure &ll-E)-[12,2043C;]retinal,

of the retinylidene chromophore in the visual signal transduction (all-E)-[10,2043C;]retinal diluted to 15% in natural abundancal{

pigment rhodopsin.
Figure la shows the molecular structure ali-E)-retinal,
indicating the positions labeled for this study. In Figure 1b, a

representation of the relative orientation of two retinal molecules

in the crystalline solid state o&ll-E)-retinal is shown. In this
figure the ionone ring is not drawn completely, since structural
disorder prevented the determination of all atom positions with
X-ray structure determinatich. Because of the antiparallel

E)-retinal, and &lI-E)-[11,2043C;]retinal diluted to 15% in natural
abundancedl-E)-retinal. The dilute samples were prepared from a
solution of 15% labeledy(l-E)-retinal and 85% natural abundanedi-
E)-retinal (Fluka Switzerland), im-pentane with subsequent recrys-
tallization at—20°C. All manipulations with isomerically pure retinals
were performed in dim red light(> 700 nm) or in the dark. The
retinals were stored in an argon atmosphere-80 °C. Crystalline
samples were packed into zirconium oxide rotors with KEL-F caps.
CP/MAS NMR experiments were performed with a Bruker MSL 400

spatial ordering, the shortest intermolecular internuclear distancespectrometer operating at'2C frequency of 100.6 MHz, using a 4

between the 10 and 2@ositions in two different molecules
rio,20 = 0.367 nm (indicated with a dotted line) is shorter than
the intramolecularip 2 = 0.440 nm. Hence, for a sample
containing dilute highly enriched pairs, the intramolecular
coupling will dominate, while the strongest dipolar interaction
in a uniform [10,2013C;]-labeled sample is associated with the
intermolecular coupling.

mm MAS probe with infrared spinning speed detection. The spinning
speed was kept stable within 3 Hz. RAMP cross polarizatiand
continuous wave decoupling with a typical nutation frequency of 80
kHz in the proton channel were used. The spectra of the crystallized
retinals were obtained by accumulating approximately 1000 transients
with a recycle delay of 1.75 s. The data were collected in 8192 points
with a digital resolution of 6 Hz. In one experiment the isotropic
chemical shifto; = 12.9 ppm for the C-20 methyl position was

In order to measure distances between the labeled positionSeferenced to the BC of external singly labeled glycine, which

in these model compounds, we carefully analyzed resonanceresonates at 176.04 ppm downfield from TMS. Other data are internally
line shapes using simulations and fit procedures. To achievereferenced to the C-20 shift. The= 1 rotational resonance conditions

this, high-resolution CP/MAS NMR spectra were recorded for
pure [12,2013C,]-, pure [11,20%C,]-, pure [10,20%3C;]-, and
[10,2043C;]retinal diluted to 15% in natural abundance retinal
at different rotation frequencies of the samples. It is shown
that the observed splitting for the= 1 rotational resonance
Aw; of the vinylic position can be used for all four model
compounds to determings using eq 1. Finally, we compare
the distances obtained from our MAS NMR investigations with
the X-ray structural daté.

Materials and Methods

Synthesis of lI-E)-[10,2043C;]retinal, @ll-E)-[11,20+3C;]retinal,
and @llI-E)-[12,2043C;]retinal was performed with procedures originally
developed by Groesbeei al.,® starting from commercially available

(8) Hamanaka, T.; Mitsui, TActa. Crystallogr.1972 B28 214.
(9) Groesbeek, M.; Lugtenburg,Bhotochem. Photobiol 992 56, 903.

were determined by fitting the lines of the labeled positions indHe

27 = 10.0 kHz spectra with Lorentzians and by taking the difference
between the fitted resonance frequencies. Simulations of rotational
resonance spectra were performed using the numerical procedures
described inref 1 and 11. Full powder averages were simulated using
at least 2000 crystallite orientations. For the comparison in Figure 7,
zero filling up to 32k was applied prior to Fourier transformation of
the simulated signals. The input parameters are listed in Tables 1 and
2.

Results and Discussion

Figure 2 shows the 100.6 MHz CP/MAS NMR spectra of
(all-E)-[10,2043C;]retinal (a, b), @ll-E)-[11,2043C;]retinal (c,

(10) Peersen, O. B.; Wu, X.; Kustanovich, I.; Smith, S.J0.Magn.
Reson 1993 104, 334.

(11) Weintraub, O.; Vega, S.; Hoelger, Ch.; Limbach, H.JHMagn.
Reson1994 109A 14.
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Figure 2. Comparison of'3C CP/MAS data ain = 1 rotational
resonance (solid lines) with data@t/2r = 10.0 kHz (dotted lines):
well off rotational resonance for purell-E)-[10,20+3C;]retinal, 99%
labeled at both positions (ajl-E)-[10,2043C;]retinal diluted to 15%
in natural abundancel(-E)-retinal (b), pure lI-E)-[11,20+3C;]retinal
99% dilabeled (c),dll-E)-[11,2043C;]retinal diluted to 15% in natural
abundanced(l-E)-retinal (d), and 4lI-E)-[12,2043C;]retinal (e).

d), and @ll-E)-[12,20+3C;]retinal (e). For all five samples
spectra were accumulated witly2zr = 10.0 kHz (dotted lines)
and at the respective= 1 rotational resonance conditions (solid
lines). For the [10,205C;] samplesw,/2r = 11.794(2) kHz,

for the [11,2013C;] samplesw,/2r = 12.198(2) kHz, and for
the [12,2013C;] samplew/27 = 12.180(2) kHz at then = 1
rotational resonance condition. The data in Figure 2 are scaled
in order to keep the integrated intensities of the signals
approximately equal at the different spinning speeds. The effect
of the rotor-driven dipolar recoupling on tme= 1 line shape

is now evident. The resonances of the= 1 spectra are
broadened compared to the 10.0 kHz spectra, and additional
fine structure is observed for the [11,28E;] and [12,2013C;]
compounds. Tha = 1 spectra of the [10,28C,] sample show

a broadening of the signals, but no additional fine structure.
The dipolar recoupling effects are more pronounced &b (
E)-[11,2043C;)- and -[12,2013C;]retinal since the 1 ;0= 0.296

nm and theriz 20 = 0.253 nm are considerably smaller than
10,20 = 0.440 nm.

If the spin pair involves a methyl and a vinylic carbaxy,s
= || + |04, the sum of the absolute values of the chemical
shift anisotropies. To first order a splitting of the resonance at
the n = 1 rotational resonance condition is expected for the
stronger dipolar couplings. Since the dipolar interaction is
symmetric in the two spins, a similar rotational resonance line
shape for both label signals, far= 1, is in principle expected
in the case of small shift anisotropy.

In Figure 2c, d the C-11 resonance is apparently a doublet
but the C-20 line shape is more complicated. Itis immediately
obvious that for the [11,28°C;] compound only the response
from the vinylic C-11 resonance is in line with the generally
accepted theory, which predicts a neat splitting of both lines.
For the [12,20%C;] compound both labeled sides of the= 1
rotational resonance give rise to a doublet type contribution to
the spectrum, although the C-20 response appears distorted.

Then = 1 experimental data can be compared with theoretical
predictions in detail to address the applicability of the theoretical

J. Am. Chem. Soc., Vol. 119, No

. 1,113a97

Figure 3. Approximate orientation of the reduced CSA tensors for
the C-10, C-11, C-12, and C-20 positions and the dipolar coupling
tensors in the labeledll-E)-retinals.

approaches and to calibrate a method for measuring distances.
It should be stressed here that the parameters used for these
simulations are not fitted to the rotational resonance data, but
are from independent sources. All parameters used for the
simulations are from X-ray and separate MAS experiments and
are listed in Tables 1 and 2. The isotropic chemical shifts
were measured by fitting the MAS centerbands for édh&r

= 10.0 kHz datasets with Lorentzians. The anisotropy param-
eterso andy were obtained by a HerzfeleBerger analysi¢

of datasets collected with,/27 = 2.149 kHz,w/27 = 1.564
kHz, andw,/2r = 1.937 kHz for the [10,203C], [11,2043C],

and [12,2013C,;] compounds, respectively (data not shown).
Pseudotransverse relaxation timiesused for the simulations
were estimated from the Lorentzian line widthsat w,/2z =

10.0 kHz according td@, = (#I')"%. For all the compounds
used in our study, th@ couplings are very small and can be
neglected. In the rotational resonance simulations, the dipolar
couplingbys is calculated from the internuclear distance using
eq 1. A right-handed principal axis frame for the dipolar
coupling tensor was taken as the frame of reference with the
positivez axis along the vector connecting the vinylic and C-20
atoms and thg axis perpendicular to theaxis in the conjugated
plane (Figure 3). The orientations of the principal axis frames
of the chemical shift tensors with respect to the molecular frame
are not known exactly. For a vinylic carbon, tlwe; axis,
corresponding to the most upfield principal component, is almost
perpendicular to the plane of conjugation. T axis, for

the most downfield component, is approximately in the conju-
gated plane perpendicular to the double bond, and finally the
022 axis is along this bond (see, e.g., VeeA¥an To obtain

the reduced tensor elements for the simulatieng, oy, and

025 With 024 = |oxd = |0y, the isotropic chemical shifd;

was subtracted and the principal axis components were re-
arranged.

The resulting orientations of the principal axes for C-12, C-11,
and C-10 are also depicted in Figure 3. The effect of the methyl
anisotropy on the line shape is negligable sifegs is much
larger than the methyl anisotro@dy. An approximate orienta-
tion of the principal axis frame for the 20-methyl was inferred
from the various compilations of chemical shift anisotropy data
presented in the literatufé;“indicating that thes;; axis should
be roughly along the chemical bond, while i axis is most
likely perpendicular to the bond in the plane of the molecule.
This choice parallels earlier rotational resonance investigations.
After subtraction ofg; and rearrangement of the principal
components, the principal axis frame orientation depicted in
Figure 3 results.

(12) de Groot, H. J. M.; Smith, S. O.; Kolbert, A. C.; Courtin, J. M. L.;
Winkel, C.; Lugtenburg, J.; Herzfeld, J.; Griffin, R. G. Magn. Res199],
91, 30. Herzfeld, J.; Berger, A. El. Chem. Physl98Q 73, 6021.

(13) Veeman, W. SProg. NMR Spectrosd 984 16, 193.

(14) Mehring, M.Principles of High Resolution NMR in Solid2nd ed.;
Berlin, 1983.
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Figure 4. Stepwise derivation of the Euler angles, (3, y) for the
vinylic carbons illustrating the transformation of the principal axis frame
(X0, Yo, Zp) into the dipolar reference framey( ya, zg).

Figure 4 illustrates the stepwise derivation of the Euler angles the C-11 resonances coincide.

for the vinylic carbons that are required to transform the
chemical shift tensor frames into the dipolar reference frame.
Following standard conventiod®,where for a set of Euler
angles ¢, 5, v) theR(a, 5, v) = Ry (y) Ry(B) R(0), it is easily
seen from Figure 4 th&(-30, 90, 180) transforms the principal
axis frame of the 10 and 11 vinylic carbons into the appropriate
dipolar frame. Using a similar procedure, it can be deduced
thatR(0, —60, —90) represents the rotation needed to transform
the methyl principal axis frame into the dipolar reference frame.
For the [12,201C;] labels it is R(0, 90, 180) andR(0, —30,
—90) that transform the shift frames of C-12 and C-20 into the
dipolar frame. Finally, for the pure [10,26C;]retinal, in which

the intermolecular coupling dominates, the orientation of the

Verdegem et al.
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Figure 5. 13C CP/MAS NMR data (solid lines) and simulations (dotted
lines) for pure &ll-E)-[11,2043C;]retinal atw/2r = 10.0 kHz ando,/

21 = 12.198 kHz, then = 1 rotational resonance: (a) spectrum, (b)
first derivative, and (c) second derivative.

this figure, the signals of the vinylic and methyl labels are
shown, withw,/27r = 10 kHz and ah = 1 rotational resonance.

In addition, the first and second derivatives of the signals are
plotted. All resonances are scaled so that the amplitudes of
For the vinylic C-11 the
agreement between the data and simulations is quantitative with
respect to the positions of the maxima and qualitative with
respect to the overall line shape.

From the comparison of the experimental results with the
simulated data in Figure 5, it is evident that it is impossible to
simulate the experimentally observed line shapes of both spins
in detail for internuclear distances in the 0.3 nm range with the
rotational resonance theory that was originally developed for
the description of this phenomenon within a dilute spin pair,
for short internuclear distances and correspondingly strong
dipolar couplings, as for adjacent carbons in one moletile.
similar conclusion was reached independently by Pearsali®
who studied the rotational resonance effects for pairs of nuclei

dipolar tensor and therefore the reference frame is different from i 3 small peptide.

that in the case of dilute [10,28C;]retinal. The deviation of
the vector connecting C-10 and C-2ihd thez, axis for C-10
is within the error of determining the Euler angles associated

The n = 1 second-derivative line shape for the methyl side
apparently contains an off rotational resonance type single line,
superimposed on the= 1 rotational resonance “doublet”. The

with the uncertainties in the shift tensor orientations, and the giscrepancies between experiment and isolated spin-pair theory
dipolar reference frame was chosen to coincide with the principal to; the methyl response originate from additional field-dependent

axis frame of the C-10 vinylic carbon. In that case, the
orientation of the principal axis frame for C-10 is the same as
for the dipolar reference frame, whil&—90, 90, —30)
transforms the principal axis frame of C-20to the reference
frame.

For the vinylic carbons, deviations up tel5° from the
reference frames indicated in Figure 3 may occur, while for
the 20-methyl, the deviation may still be larger. However, since
Awis 2 10| + |04, the effect of the anisotropy on the rotational
resonance line shapes is only minor. This was verified by
calculating theoretical predictions for the line shapes using
different values for the parameters. In particular, simulations

with different sets of Euler angles were generated, giving almost

negligable differences in the spectra.

interactions interfering with the very weak homonuclear dipolar
couplings. For instance, the linewidths for the two labels are
different, and for thev/27 = 10 kHz data the vinylic resonance
has extended wings at its bottom, which are not reproduced by
the theory. In contrast, the methyl side of the spin pair response
is much narrower. Interestingly, the separation between the two
outer lines in the second-derivative methyl response at rotational
resonance matches the simulations and the characteristic splitting
of the vinyl part (Figure 5c). In this investigation we focus on
the extrema and\w;. A discussion of the details of the line
shape is beyond the scope of the present study, and will be
reported elsewhere.

Interestingly, despite the obvious differences between the
experimental data and the theoretical predictions with respect

For instance, a comparison between experimental data forto the overall line shape, th&w; matches the simulations quite

the C-11 position and simulations is illustrated in Figure 5. In

well. To enhance the extrema for further analysis, we now often

(15) Spiess, H. W. I'NMR Basic Principles and Progres8iehl, P.,
Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1978; Part 15.

(16) Peersen, O.; Groesbeek, M.; Aimoto, S.; Smith, S1.@um. Chem.
Soc 1995 117, 7228.
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Figure 6. Comparison of second derivatives of experimental data (solid
lines) and simulations (dotted lines) for pusdl{E)-[10,2043C;]retinal

and pure &ll-E)-[11,2043C;]retinal with w/27 = 10.0 kHz (a), ah =

1 rotational resonance (/525 Hz off rr (c),+100 Hz off rr (d),—25

Hz off rr (e), and—100 Hz off rr (f).
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Figure 7. big/27+/8 from X-ray determination versuswi/2z of the
vinylic resonances measured from the NMR spectra of the four model
compoundsHl). The size of the squares represents the estimate of the
statistical errors for both experimental procedures. The solid line
represents a linear fit to the simulated poin®y @nd corresponds to
bg/27/8 = 1.15Aw/27) + 7 (Hz).

= 10.0 kHz resonance were determined by fitting the second
derivatives of the signals using Lorentzian lines. Then, for pure
[12,2043Cy]-, [11,2043C,]-, and [10,20%C;]retinal, fitting the

two maxima in the second derivative of the=1 line shapes
while keepingI' constant yieldsAw; with an accuracy of at
least the digital resolution. This procedure ensures an optimal
accuracy for the measurement &t for these model com-

use second derivatives of the data and the correspondingpounds (Table 2). The experimental error associated with the

simulations. This is illustrated in Figure 6, which shows the

data points is estimated asl Hz. Obviously, the accuracy is

second derivatives of the experimental data (solid lines) and improved by the interpolation from the fitting procedure, relative

simulations (dotted lines) for purall(-E)-[10,2043C,]retinal and
pure @ll-E)-[11,20+3C;]retinal at six different rotation frequen-
cies @J/2r = 10.0 kHz, then = 1 rotational resonance
condition, 25 and 100 Hz above the= 1 rotational resonance
condition and 25 and 100 Hz below the= 1 rotational

to simply determining the positions of the minima by reading
off the extrema with the absolute accuracy of the digital
resolution in the spectra.

For dilute [10,20%3C,]retinal the effect of the dipolar re-
coupling due to the relatively large internuclear distangeo

resonance condition). It is clear that the minima in all six second = 0.440 nm is so small that accurate analysis in the previously
derivative datasets are satisfactorily reproduced by the simula-described way is not possible. Moreover, the relatively large

tions. In Figure 6b, for the = 1 rotational resonance condition,

natural abundance background signal comprises an important

the splittings in the second derivative of the data are in fact part of the total response. In this case; could be determined

remarkably well reproduced by the simulations.
At n = 1 rotational resonance, for purall¢E)-[10,2043C;)-

by analyzing the resonance line shape instead of its second
derivative. First, a spectrum collected with a spinning speed

retinal the change in line shape of the C-10 signal is now also 100 Hz less than the = 1 rotational resonance condition was
due to a combination of intramolecular and intermolecular carefully fitted with a superposition of Lorentzian lines. For
couplings, sincei020 < rio20 The minima in the experimental  dilute [10,2013C;]retinal at least four Lorentzians are required,
data are accurately represented by the minima of the theoreticalone strong component for the contribution from the label and
line calculated for the intermolecular distance, in agreement with three weaker components to generate the natural abundance
expectations. background in the spectral region of 3¥. Subsequently, a

It is thus concluded that the apparent splitting in the vinylic dataset with the spinning speed exactly at rotational resonance
resonances is due to dipolar recoupling at the rotational is analyzed while allowing for additional broadening of the
resonance condition. This information may be used to determine Lorentzian representing the label response slightly off rotational
distances between two spins. For model compounds éite (  resonance. The parameters describing the other Lorentzians in
E)-retinal the analysis of experimental data with the help of the fit are kept identical to the values determined for the data
simulations is definitely the most elegant and probably the most off rotational resonance. Hence, the only free parameter in this
accurate way of measuring the internuclear distance directly second fitting procedure is the line width of the contribution
from the second-derivative data. However, when the method from the label. Both fitting procedures are illustrated in the
is applied to systems where the spin pairs are very dilute, like, Supporting Information. The increase of the line width, with
for instance, in membrane proteins, the relevant information respect to the response off rotational resonance, provides a fair
needs to be extracted from a noisy background containing estimate of theAw; due to the rotational resonance dipolar
contributions from natural abundance signals that may be severakecoupling.
times stronger than the signals from the labels. The next step Finally, in Figue 7 a graph of thég/+/8 in the compounds
in our analysis procedure is therefore to investigate if it is versus theAw; is presented. To compare these data with the
possible to extract the splittinyw; from the second-derivative  rotational resonance theory, a series rof= 1 rotational
data using straightforward iterative fitting with the second resonance second-derivative simulations was performed, with
derivative of a pair of Lorentzian lines and to verify if the 10 Hz < big/27+/8 < 190 Hz (see the Supporting Information).
splittings measured in this way still reproduce the; predicted It appears thafw; in the simulations varies linearly withs/
by the full computer simulations. First; andI" for the w./27 V8, according to the solid line in Figure 7, and can be described
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determination ofAw1/27 contributes+0.005 nm to the error

in the distance. Additional systematic errors arising from the
deviation between the line in Figure 7 and the experimental

: points yield an overall error estimate ©£0.01—-0.02 nm for

./ distances below 0.4 nm.

' It thus appears that a determination of the location of the
maxima associated with the singularities in the rotational
resonance line shape provides a good route to the measurement
of homonuclear dipolar interactions in the quasi-two-spin system
at rotational resonance and internuclear distances. In this
respect, peaks and shoulders in a spectrum are generally

136 135 134 133 132

considered a source of valuable information, even when the
Chemical shift (ppm) associated spectral lines are heavily distorted, also, e.g., in

Figure 8. Simulated vinylic line shapes for different 5 msT,’ < 10 optical spectroscopy.
ms, using the parameter set from the analysis of the [1¥2{retinal In our study we have chosen to evaluate the particular
spectra: solid lineT;' = 10 ms; dashed lin€[;' = 7 ms; dotted line,  yroplem of measuring distances between vinylic carbons and

T, = 5 ms. The dotted straight lines indicate the positions of the

extrema of theT, = 10 ms line. methyl carbons in some depth, from a practical perspective and

aiming for an optimization with respect to accuracy. Other
_ investigations that have been performed in the past have largely
by b/27v/8 = 1.15 (wy/27) + 7 (Hz) to a very good neglected the possibility for extracting distances from the

approximation. . . - :
. analysis of rotational resonance line shapes, in favor of
I can be.e.m.pha5|zed that the t.)ffset. and s.lope are the reSUItmagnetization exchange experiments. The results presented here
of and implicit in the exact numerical simulations for the two-

Spin svstem. In particular. thev should not be interoreted as Emsuggest that line shape analysis will be quite useful for pairs of
pin Sy - Inp ey terp carbons provided that essential features of the response can be
empirical correction to the data or eqs-3. In Figure 7 the

squares represent the experimental data. The simulationsdescnbed in terms of the two-spin approximation. Testing with

depicted by open circles are strictly independent from these model compounds may help to determine the accuracy that may

P Yy op y p - be achieved for other specific cases, involving different types
measurements. Therefore, both measured and simulated value f

. . carbons.

of Aw, thus appear to be systematically smaller than predicted
by the first-order theory in eqs-13. This is attributed mainly
to the To-type line broadening of the rotational resonance . o o .
response that decreases the separation between the singularities The results discussed in this paper show that it is possible to
of the first-order theory and gives rise to rounded, inward shifted Measure the internuclear distance between a vinylic and a methyl
maxima (Figure 8). As already mentioned before, this effect carbon in doubly labeled retinals accurately from the apparent
is taken into account in the Spin_pair simulations through Spllttlng in a 1-D rotational resonance dataset. A calibration

apodization with a pseudB,’ exponential broadening factor in ~ Procedure is worked out and tested for four independent model
the time domain before the Fourier transform (Figure 6) distances. The advantage of this tEChnique over the more Wldely

The simulated points in Figure 7 are not very sensitive to Used magnetization exchange experiments is that the distance

small variations of the linewidth and, correspondingly, the information can be obtained in a single experiment and can
pseudoT,. This is illustrated in Figure 8, which shows a set already be extracted using straightforward fitting procedures.
of simulations, using the parameters from the [11:XT}] It should be possible to use this approach for collecting structural
analysis and 5.0 ms T’ < 10.0 ms. Although the line shapes constraints in complex systems, for instance ligands bound to
change considerably, the locations of the maxima stay the same'€ceptor proteins.

within the digital resolution of these simulations. The line in )

Figure 7 represents a fit to the simulated points and may serve Acknowledgment. We thank M. H. Levitt, S. Vega, and
as a good calibration for measuring distances fronF 1 their co-workers Y. Lee, X. Feng, and G. Goobes for making
rotational resonance spectra in our labeled retinals, since fortheir simulation programs available to us and for extensive
practical purposes a simple expressiog’27+/8 = 1.15(Aw1/ discussions. This work was financed in part. by Biotechnology
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simulations. Applying this calibration, distances can be calcu-
lated for the set of model compounds which are listed in Table
2. For pure [10,20°C;]-, [11,2043C,]-, and [12,2013C,]retinal, . . . . .
the results are in close agreement with the X-ray data, as caneffegt of dipolar coupling, and simulations of a seriesiof 1
already be expected on the basis of the close correspondenc.J;:‘Ot"’lt'OnalI resonance spectra (3 pages). _See any current masthead
between the data and simulations in Figure 6 with respect to page for ordering and Internet access instructions.

the splittings. The estimated accuracy ## Hz for the JA961475M

Conclusion

Supporting Information Available: Figures showing meas-
urements of the apparent splitting in the experimental data, the



