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Abstract

An approach to the determination of the orientation of the carbonyl chemical shift (CS) tensbiGh'a&N-1H
dipolar coupled spin network is proposed. The method involves the measurement of the Euler anglé¥3f the
15N and®N-'H dipolar vectors in thé3C’' CS tensor principal axes system, respectively, VidG!°N REDOR
experiment and by a 2D relayed anisotropy correlation of-# CSA (w2) and°N-1H dipolar interaction ¢1).

Via numerical simulations the sensitivity of the cross sections of the 2D spectrum to the Euler angles of the
15N-1H bond vector in thé3C’' CSA frame is shown. Employing the procedure outlined in this work, we have
determined the orientation of tH€C' CS tensor in the peptide plane of the dipeptide AibAib-NAib = -
aminoisobutyric acid). The Euler angles are found tojoent Wen) = (34° £ 2°, 88 + 2°) and (KNH, UNH) =

(90 + 10°, 8¢ £+ 10°). From the measured Euler angles it is seen thatth@ndoz, components of th&3C’' CS
tensor approximately lie in the peptide plane.

Introduction served spectral parameters such as chemical shift and
dipolar couplings are dependent upon the orientation
In the study of membrane-bound peptides and pro- of the relevant nuclear spin interaction tensor relative
teins, solid state NMR is emerging as a powerful to the magnetic field. From a knowledge of the mag-
source of structural information (Opella, 1997; Smith nitude and orientation of the relevant CS tensor in the
et al., 1996; Marassi and Opella, 1998; Fu and Cross, peptide plane, the observed chemical shift in a spec-
1999). Itis seen that a knowledge of the magnitude and trum of an oriented sample can be analyzed in terms
orientation of chemical shift (CS) tensors, for example of the orientation of the peptide planes with respect
of the 15N and 13C’ nuclei in the peptide backbone, to the magnetic field. Information about the secondary
is often essential in these investigations. Structural structure of the peptide backbone can then be obtained
studies of membrane-bound peptides and proteins canfrom the respective orientations of all peptide planes
be carried out via two different high resolution solid relative to the magnetic field (Ketchem et al., 1993;
state NMR approaches. One approach relies on ori- North et al., 1995; Kovacs and Cross, 1997; Bechinger
enting the sample of peptides/proteins embedded in et al., 1998).
lipid bilayers mechanically (Opella et al., 1987) or Alternatively, obtaining structural data from solid
magnetically (Sanders et al., 1994) with respect to the state NMR involves the study under magic angle
external magnetic field. In such experiments, the ob- spinning (MAS) of unoriented crystalline powders
(Schmidt-Rohr and Spiess, 1994, Griffin, 1998; Shaw
et al., 2000) and powder-like specimens, e.g. pep-

*To whom correspondence should be addressed. E-mail:
raman@imb-jena.de



168

tides in a multilamellar lipid dispersion (Hing and obtain the necessary Euler angles (Heise et al., 2000;
Schaefer, 1993; Hirsh et al., 1996) and frozen protein Leppert et al., 2000a). When dealing with a dipolar
solution (Li et al., 1995). Homo- and heteronuclear network of the type!>N1-13C-15N2, as, e.g., in the
dipolar recoupling techniques (Bennett et al., 1994; bases of nucleic acids, we have shown thdf@-
Griffin, 1998) are employed to inhibit the spatial av- 1°N REDOR (Leppert et al., 2000b) ortdN — 13C
eraging of weak dipolar couplings under MAS and TEDOR experiment (Leppert et al., 2001) can be ef-
structural constraints are obtained as distances andfectively employed to determine tHéC' CS tensor
torsion angles. The data analysis of some of these orientation in the molecular frame spanned by the two
techniques requires a knowledge of the orientation dipolar vectors C-N1 and C-N2.
of the 1°N and 13C’ chemical shift tensors, e.g. in In this work, we suggest a method for obtaining the
the peptide plane. For example, Bower et al. (1999) CS tensor orientation of the carboryC CS tensor in
have recently shown a method for obtaining the Ra- a13C’-15N-1H dipolar network, for example of a car-
machandran angles (/) via DRAWS (Gregory etal.,  bonyl carbon in the backbone of peptides and proteins
1995) and DQDRAWS (Gregory et al., 1997) experi- or of the carbons in nucleic acid bases, e.g., uridine
ments on carbonyfC-labelled peptides. This method (C4) and guanine (C6). The method involves the deter-
requires a knowledge of thEC’ CS tensor orienta-  mination of the Euler angles(én, Wen) of the13C'-
tion in the peptide plane (Bower et al., 1999) and 5N dipolar vector in the"3C’ CS tensor frame from
an accurate measurement of torsion angles would bea 13C-1>N REDOR experiment and the angles,
facilitated if exact CS tensor orientational parameters {nn) of the 1®N-1H vector via a relayed anisotropic
were available. correlation of the3C' CSA with the'®N-'H dipolar
Information about the CS tensor orientation in the interaction. In the context of the determination of the
molecular frame can also be useful in other investi- peptide torsion angle, Hong et al. (1998) have re-
gations such as solution state NMR studies involv- cently proposed, consideringt#l-1°N-13C,-1H spin
ing cross correlated relaxation processes (Yang et al., network, a 2D approach for correlating th\ CS and
1997; Yang and Kay, 1998; Pang et al., 1999; Pellechia 13C,-1H dipolar tensor interactions. In this approach,
et al., 1999; Reif et al., 2000). the orientational information is obtained from a single
Solid state NMR has been the traditional method w1 cross section. This cross section, containing infor-
of choice for the characterization of CS tensor pa- mation about the sum and difference frequencies of
rameters. For such investigations, techniques which the relevant chemical shift and dipolar couplings, is
are based on polycrystalline materials and techniquestaken at the isotropit®C, position inw,. In principle,
which are convenient to implement (Linder et al., the method of Hong et al. (1998) could be adapted
1980; Hartzell et al., 1987a,b; Oas et al., 1987; Teng to correlate thé3C’ chemical shift and°N-1H dipo-
and Cross, 1989; Teng et al., 1992) and techniqueslar interactions in the peptide backbone. However, in
based on single crystals (Harbison et al., 1984; Takedathis work we have taken the alternative approach of
et al., 1999) have been proposed. Compared to staticextracting the relative orientation of tensorial interac-
methods, MAS NMR studies provide better sensitivity tions via a 2D correlation of the relevant anisotropic
and resolution and hence, MAS NMR is the method interactions (Linder et al., 1980; Munowitz and Grif-
of choice in the study of powder specimens. While fin, 1982, 1983). This method makes use of the fact
the magnitude of the CS tensor principal values can that each of thew; cross sections running through
be conveniently obtained from conventional CPMAS the centreband or sidebands of #f€' chemical shift
studies on polycrystalline samples (de Groot et al., spectrum in they, dimension reflects the orientational
1991; Schmidt-Rohr and Spiess, 1994), extraction of relationship between the dipolar and chemical shift in-
CS tensor orientations is not straightforward. To orient teractions. AI°N — 13C TEDOR coherence transfer
a CStensor in the local molecular frame, for example a step (Hing et al., 1992, 1993) is employed to obtain
peptide plane, one can measure the Euler angles of twoa 2D correlation of thé°N-1H dipolar (1) and13C’
dipolar vectors in the CS tensor principal axes system chemical shift (»2) tensor interactions. The potential
(Hartzell et al., 1987a). For example, for backbone of 2D relayed anisotropic correlation experiments for
15N nuclei we have shown that one can effectively obtaining orientational information has been pointed
use 1°N-13C REDOR (Gullion and Schaefer, 1989; outearlier in the literature (Ishii et al., 1996; Takegoshi
Goetz and Schaefer, 1997) aheN-'H DIPSHIFT etal., 2000). However, the approach adopted here does
(Munowitz and Griffin, 1982, 1983) experiments to not result in 2D powder patterns under MAS but in-
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CH; O CHz O applied across the bilayer (Grigoriev et al., 1995; Ter-
| ” | ” novsky et al., 1997). Solution state NMR studies of
Ha'"N—C —"3C —"*N—C —C——NH, chrysospermin C in a micellar environment indicate
| H | that chrysospermin C consists of an N- and C-terminal
A CHg CHs helix separated by a slight central bend (Anders et al.,

2000). We are currently pursuing solid state NMR
studies on chrysospermin C bound to magnetically ori-
ented DHPC/DMPC bicelles to obtain the orientation
of the peptide with respect to the bilayer surface. For
the interpretation of the observed chemical shift in
such experiments, as mentioned earlier, a knowledge
of the relevant CS tensor magnitudes and orientations
is crucial.1>N and13C’ CS tensor parameters are cur-
rently available for a variety of amino acid dipeptides
(Oas et al., 1987; Shoji et al., 1993), but no data
is available on systems containing the unusual amino

u MJW acid Aib. To obtain data of°C’ CS tensor parameters

ool in Aib-containing systems we have carried out mea-
300 200 15N ppm 0 surements on &°N, 13C’ labelled AibAib dipeptide
(Figure 1A).

B

Figure 1. (A) AibAib dipeptide with @°N, 13C) labelling at posi-
tions indicated. (B) Typical®N CPMAS spectrum of AibAib; =
1800 Hz).

Experimental

stead leads to 2D data with spectral peaks occurring Synthesis of labelled AibAib dipeptide

only at integral multiples of the spinning speed and 15\-labelled Fmoc-Aib-OH (5 equiv, related to the
thereby facilitates rapid spectral data analysis. In our maximum resin capacity) was prea,ctivated with
scheme, thé°N — 13C TEDOR polarization transfer [(dimethylamino)-1H-1,2.3-triazolo-[4.Blpyridin-1-

. _l . . .
step Is pr_e.cgded by ]é;N H dlpolar evolution time. ylmethylene]N-methylmethanaminium hexafluoro-
The sensitivity of the dlpolar S|depand pattgrns 'Fo the phosphat&l-oxide (HATU) (5 equiv) and diisopropyl-
Euler angles, W) is shown via numerical sim- ethylamine (DIEA) (10 equiv) in dimethylformamide
ulations. From a determination of the Euler angles (DMF: concentration: 0.5 M) for 10 min and coupled
§§C,N' Wen) and (enw, k), we have obtained the ) g of a Rink amide NovaGel HL resin (loading:

C’ CS tensor orientation in the peptide plane of an 0.6 mmol/g: Novabiochem, Bad Soden, Germany)

AibAib dipeptide (Figure 1A), where Alb represents The reactior,1 was performea via double c'oupling dh
the unusual amino acig-aminoisobutyric acid which each). The resin was washed with DMF £31 min
is present_in many channelformin_g peptaibols such as 10 ml each) and the Fmoc group was deblockéd by
alarget?c_;}n ?nd the_ chrysospelrrplns._ | id treatment with 10 ml 20% piperidine/DMF for 20 min.

eptaibols are lon channel Torming polypeplioes  agq washing with DMF (5x 1 min, 10 ml each)
containing a high percentage of Aibs as one of the Fmoc-Aib-OH,13C, 5N-labelled at the carboxy func-
constituents (Benedetti et al., 1982; Sansom, 1993a’b)'tion was cou,ple;:i in the same manner. The resin
IZ_)ue to e.g. their a_mtlbacterlall and fungicidal .act|V|- was then washed with DMF (& 1 min, 10 ml
ties, structural studies of peptaibols are of considerable each) and the Fmoc group was deblocked as before
current resee_lrch |_nterest. The 19-re5|due_ peptalboIWashing with DMF (5x 1 min, 10 ml each), and
chrysospermin C, isolated from the fung@piocrea dichloromethane (DCM; % 1 min, 10 ml each) was

fﬁrysos?erma(Dr?rr;]bgrger et atll ég.%)’ Its do_ng O.f followed by peptide resin cleavage with 50% triflu-

€ systems which 1S currently being studied Via -, qqatic acid (TFA)/DCM containing 5% water for
NMR in our Igbora_tory (Anders et al., 19_98’ 2000). 2 h. After evaporation of TFA and DCM the peptide
Chrysospermin C is an example of an ion channel was lyophylized and purified by preparative HPLC us-

in which channel activity is observed for salt con- 3, 2\, qac 18 column. ESI-MS: calculated: 188.15
centration gradients even without electrical potential (monoisotopic); found: 189.5 [NMH]*
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Solid state NMR spectroscopy

All experiments were performed at room tempera-
ture on a wide bore VariaHN'™Y INOVA 500 MHz
solid state NMR spectrometer equipped with 5 mm Considering the spin 1/2 dipolar netword-1°N-
supersonic DOTY triple resonance probes. Cross- 13C’, we have carried out density matrix calculations
polarization under Hartmann—-Hahn matching condi- to compute 2D relayed anisotropic correlation spectra.
tions was used to enhance the sensitivity of all spectra In these calculations we have neglected scalar cou-
employing typical’H, 13C and?®N 90° pulse widths  plings and assumed ideal experimental conditions. For
of 3.8, 4.5 and 7.3.s, respectively. Standard pulse se- a single crystallite, specified by the Euler angles (
quences were employed for obtaining ti€ CPMAS B, v) defining the orientation of thé3C’' CS tensor
and 13C-1>N REDOR spectra of the dipeptidé®N principal axes system in the rotor frame, the observed
CPMAS spectra only show the signal from the amide signal (forward dipolar evolution) at a MAS frequency
nitrogen (Figure 1B). The N-termin&?N (NH,) sig- or IS given by:

nal could be observed only as a broad hump (rea- + o .

sons unknown) around 50 ppm in CPMAS spectra (I (1, 12)) = SiP A - cOSE} - COSB - exp(i ).
acquired at very low spinning speeds below 1 kHz where
(data not shown). In the 2D correlation of théC’
CSA with **N-'H dipolar interaction via the pulse A = 4DCN(
sequence given in Figure 2, standard phase cycling

tra was carried out as described earlier employing the
software package ‘SPINME’ (Leppert et al., unpub-
lished; Heise et al., 2000; Leppert et al., 2000b).

WCN
wr

) Sil’]OLDCN

procedures were employed to eliminate the contribu- B — ONH oo . _

tion from signals arising from unwanted coherence "= o [2Dnw sin (er1 — apy,)
transfer pathways. Th®N transverse magnetization + Gnp sin Z(wrtl _ OLDNH)
present at the end of the cross polarization period is .

allowed to evolve iri; under the scaletPN-H dipolar + 2DnH Sinapy,

coupling and is then subsequently transferred to the + GnHsin 20‘DNH]

13C’ spins via a TEDOR coherence transfer step. As

one is dealing with directly connectd@N and3C’ p — 2CN [2Dcnsin (ort2 — apey)
spins, only two rotor periods of dipolar recoupling be- 4o

fore and after the polarization transfer step were used + Gensin Z(wrtz - OLDCN)

to achieve efficient coherence transfer at the spinning + 2Dcn Sinapgy

speeds employed in this work. A 9@ulse in the'®N 1 Gensin2ipg, ]

channel and at the start of théC data acquisition is cN Den

employed to purge the contributions from anti-phase and

operator terms to the observed signal (Heise et al., _ w1 : :
2800; Leppert et al., 2000b). Unlegs mentioned oth- T 2wy [(2g1 SiN¢y + g25iN2)

erwise, all spectra were collected under high power
TPPMIH decoupling (Bennett et al., 1995). Homonu-
clear 'H decoupling, where required, was achieved
by employing a semi-windowless MREV8 sequence
(Rhim et al., 1973). 2D data sets with normal and
time reversed dipolar evolution (Munowitz and Grif-

— (2g1sin(wrt2 + $1)

+ g2SinRort2 + $2))]
In the above equations, we havBcyn
24/2 SiNBpgy COSPD.y, GeN = Sif Ppey andw; =
wo[o33 — 1/3(011 + 022 + 033)] With o;; (i =1, 2, 3)

fin, 1983) were collected to generate phase sensitive 'ePresenting th&C’ CS tensor principal values.\p

relayed anisotropy correlation NMR spectra. All spec-
tra were referenced indirectly to DSS (Wishart et al.,
1995).

Calculations

Extraction of CS tensor principal values from CPMAS
data and orientational information from REDOR spec-

and Gy are defined similar to By and Gen. wcen and
wnH are the dipolar coupling strength@py. by
and(Bpyy. @Dy ) are the Euler angles of tH&C'-15N
and'®N-1H dipolar vectors in the rotor frame amg,

02, ¢1 and ¢, are as defined before (Leppert et al.,
1999). The Euler angles of the dipolar vectors in the
rotor frame are related to the Euler anglgs(, Ucn)
and ((nH, UnH) in the13C’ CS tensor principal axes
system via ¢, B, y). In our notationoss denotes the
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Figure 2. Pulse sequence employed for 2D correlation of'#-1H dipolar (forward evolution) and3C’ CSA interactions. All 180 pulses
were applied either at the centre or the end of the rotor periods, as shown.
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Figure 3. Simulatedwq d|polar cross sections (at the side-band posmons indicated) of the 2D relayed anisotropic correlation spectra at a
spinning speed of 1400 Hz and as a function of a coarse variation of the Euler angiesi(ny), as indicated. These plots were generated
employing13C’ CS tensor principal values of{1, 022, 033) = (92.1 ppm, 191.4 ppm, 239.1 ppna 1°N-13¢C’ dipolar coupling strength of
1200 Hz, a scaled®N-1H dipolar coupling strength of 5500 Hz and Euler anglesy, W) of (34°, 88°).
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Figure 4. Simulatedw dipolar cross sections (at th& side-band positions indicated) of the 2D relayed anisotropic correlation spectra at a
spinning speed of 1800 Hz and as a function of a coarse variation in the Euler gaglesi{ny) indicated. All other parameters employed in
the simulations were the same as given in Figure 3.

least shielded component of the CS tengprepre- Results
sents a rotation aboub, ands defines a subsequent
rotation abouisss. Parameters such as theC’-15N The sensitivity of the dipolar sideband patterns of the

dipolar coupling strengths and the Euler angles of 2D relayed anisotropic correlation NMR spectra to
the 13C’-15N dipolar vector in the!3C’' CSA frame  the Euler anglesy(nH, UnH) has been assessed by
which are needed in the calculation of the 2D spectral simulating the spectrum as a function of the angles
data can be obtained from other measurements andat different spinning speeds. In Figures 3 and 4 we
these are employed in our calculations. A weighted show thew1 cross sections for coarse variations in the
averaging of the response over all possible crystallite Euler angles at two representative spinning speeds of
orientations gives the final signal observed. 1400 and 1800 Hz, respectively. The effect of finer
variations in the angles on the observed side-band in-
tensity patterns is shown in Figure 5 for a spinning
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— T Figure 6. Simulated two-rotor period, purgetfC-1°N REDOR

4 0 -4 kHz 4 0 ~4 kHz spectra at a spinning speed of 1200 Hz displaying the influence of
Figure 5. Simulatedw dipolar cross sections (at the side-band the second amide nitrogen at two-bond distance. These plots were
positions indicated) of the 2D relayed anisotropic correlation spectra generated for different polar anglgg:nz using a two-bond dipolar
at a spinning speed of 1400 Hz with finer variations in the Euler an- coupling of 210 Hz andXcn, Wcn) of (34°, 88°). A spectrum
gles (nH, UNH). The angles are varied around the values observed generated neglecting the two-bond coupling is also shown (bottom).
experimentally in the dipeptide. All other parameters employed in
the simulations were the same as given in Figure 3.

deduced that the two-dimensional cross sections were

not sensitive to {cn, vcn) and hence, these angles
speed of 1400 Hz. These spectra were generated eMhaye to be determined via some other experiment. We
ploying the'3C’ CS tensor principal value$’C'-**N have obtained these angles ¥#€- >N REDOR.
and*°N-*H dipolar coupling strengths and Euler an-  since in our AibAib dipeptide two nitrogen sites
gles (xcn, Wen) as found for the AibAib dipeptide  are isotopically labelled (Figure 1A), we have assessed
(see below). From these plots it is seen that the dipo- the possible influence of the two-bond coupled ni-
lar sideband patterns are sensitive to the Euler anglestrogen on the observed REDOR sideband intensities.
(XNH, WUnH). For smaller variations iny(uH, WnH), Figure 6 shows simulated purged two-rotor period
even if the differences in the dipolar sideband inten- 13¢_15\ REDOR spectra of a three-spifN1-13C - .-

sity patterns are not very pronounced in one of the 15\2 gipolar network. These plots were generated em-
w1 Cross sections, measurable variations can still be p|oying one- and two-bontC’-15N dipolar coupling

seen in some other cross section of the 2D spectrum.strengths of 1200 and 210 Hz, respectively (distances
From the results presented it can be concluded thatthe; 36 A 2.43 R). It was seen from spectral simulations
pulse sequence given in Figure 2 can be conveniently that the side-band intensity patterns for the oner)(1

employed to extract the Euler angleguti, wnH). For and two-rotor period (&) REDOR experiments car-
obtaining the'3C’ CS tensor orientation, both Euler ried out in this work are not affected by variations

angle pairs{cn, Wen) and (., k) are required. i the two-bond dipolar coupling strength in the ex-
From our simulations (data not shown) it could be pected range of 190230 Hz (simulations not shown).
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Figure 7. Experimental and simulatetfC CPMAS data of thel®N,13C’) labelled dipeptide at spinning speeds of 1600 and 2000 Hz. The
experimental spectra were recorded using a conventional CPMAS sequence. The simulated spectra were generated employing the optimized
CS tensor parameters af4, 022, 633) = (92.1 ppm, 191.4 ppm, 239.1 ppna 13C’-15N dipolar coupling strength of 1200 Hz and Euler

angles fcn, Wen) of (34°, 88°).

Hence, a value of 210 Hz was employed for the two- 1.2 kHz vial®N-13C REDOR (data not shown). To ob-
bond dipolar coupling. Since the REDOR side-band tain the anglesycn, Vcn), 13C-1°N purged REDOR
intensities were not found to be sensitive to the az- spectra (Heise et al., 2000) were collected at different
imuthal anglelscn2 of the two-bond dipolar vectorin ~ spinning speeds and with one and two rotor periods
the 13C’ CS tensor frame, these plots were generated of dipolar recoupling; Figure 8 shows some typical
for some representative values of the polar an@g>. spectra. The CPMAS and REDOR data were itera-
For comparison, a spectrum generated neglecting thetively analyzed to obtain the optim&fC’' CS tensor
two-bond dipolar coupling is also shown in Figure 6. principal values and Euler anglegdn, ¥cn) which
These plots show that the presence of the two-bond lead to a satisfactory fit of both spectral data sets. In
dipolar coupling can lead to some variations in the the estimation of the CS tensor principal values the
observed side-band intensity patterns. Hence, the it- effect of the one- bon&N-13C" heteronuclear dipolar
erative analysis of the experimental REDOR spectra interaction, although found to be minimal, was also
(see below) and the REDOR spectral simulations were taken into consideration. THEC' CS tensor principal
carried out by considering a three-spin dipolar network values were found to be{1, 22, 033) = (92.1 ppm,
(Leppert et al., 2000b). 191.4 ppm, 239.1 ppm) and the Euler anglgsy,
Extraction of orientational information frof?C- Pcn) were determined as (34 2°, 88 + 3°). A
15N REDOR and 2D relayed anisotropic spectra re- three-spin analysis of the REDOR data resulted in a
quires the values of the CS tensor principal elements value of xcnz = (143 + 12°). An analysis of the
and 1°N-13C’ dipolar coupling strength. The analy- REDOR data shown in Figure 8 without considering
sis of the 2D data additionally requires the values of the two-bond dipolar interaction also essentially leads
(xcN, Wen)- To obtain the CS tensor principal values, to the same values foen, Wen). The accuracy of
experimental’®*C CPMAS spectra of thé®N, 13C'- the estimated parameters can be seen from the satisfac-
labelled dipeptide were recorded at different spinning tory fit of the experimental and simulated plots shown
speeds at room temperature and the spectra at two repin Figures 7 and 8.
resentative spinning speeds are given in Figure 7. The  To obtain (N, VUnH), 2D relayed spectra were
13¢-15N dipolar coupling has been measured to be collected at different spinning speeds and Figure 9
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Figure 8. Experimental and simulated purgé%C—l5N REDOR spectra of AibAib with one (Heise et al., 2000) and two rotor periods of dipolar
recoupling (Leppert et al., 2000a) at various spinning speeds. Experimental spectra were recorded with the applicatfopungm@@ulse

in the 15N channel at the start of the data acquisition (Heise et al., 2000; Leppert et al., 2000b), §19D@ Hz, 1 and 2y, 1200 Hz)

and 4096 scans £2, 1800 Hz) and a recycle time of 2 s. Simulated spectra were generated considering a three-spin dipolar network (Leppert
et al., 2000b) employing the best fitting Euler anglgsy, vcn) and13C’ CS tensor principal values given in Table 1 and one- and two-bond
13¢/-15N dipolar coupling strengths of 1200 Hz and 210 Hz, respectively.

I 1] f T I
300 200 13C ppm 300

shows the data for two representative spinning speeds.However, as in the REDOR case, the effect of the two-
The dipolar cross sections were analyzed by comput- bond heteronuclear dipolar coupling on the estimated
ing the 2D spectra for various values of the Euler Euler angles is not expected to be significant. Hence,
angles fnH, UnH). The observed signal in the 2D to simplify our calculations, the experimental 2D cross
experiment could originate, in principle, from both sections were analyzed neglecting the two-b&id-

15N labelled sites. Th&N signal from the N-terminal ~ 13C’ dipolar interaction. The spectral simulations were
NH> site appears only in very low spinning speed CP- first carried out by incrementing the angles in coarse
MAS data as a broad component and this site also steps of£30° to get an idea about the possible region
experiences only a weaker two-bond heteronuclear in parameter space in which one may find the correct
dipolar coupling with thé3C’ spin. Hence, the contri-  values for the Euler angles. The Euler angles are then
bution from this site is expected to be minimal and the varied in finer incrementsi{ 5°) to get the best fitting
observed signal should primarily arise from the one- values of the angles. Visual inspection reveals a sat-
bond coupled amid&®N nitrogen. In the analysis of isfactory fit between the experimental and simulated
the signal arising from the directly coupled amfcal data with gnH, WUnH) Values of (90 £ 10°, 80° +

— 13C’ TEDOR transfer, one should also consider, in 10°). Figure 9 also shows the simulated cross sections
principle, the two-bond dipolar coupling interaction. obtained employing these values. All measured values
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Figure 9. Experimental 2D relayed anisotropic correlation spectra of the dipeptide and the corresponding experimental and simulated dipolar
cross sections. The experimental spectra at spinning speeds of 1400 Hz and 1800 Hz were generated employing the pulse sequence given in
Figure 2 with N= 6 (1400 Hz) and 10 (1800 Hz). The simulated cross sections were obtained employing the esfia®&itensor principal
values,13C’-15N dipolar coupling strength, mean Euler angleg:(, W) from Table 1 and withXnH, ¥nH) = (90°, 8C°). In generating

the two experimental spectral data sets, differbtRF power levels were employed for MREV decoupling (due to unexpected hardware
problems) and the spectra at 1400 and 1800 Hz could be satisfactorily simulated employind¢dlietidipolar coupling strengths of 5500

and 5000 Hz, respectively.
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Table 1. 13C’ CS tensor parameters of Aib determined at different spinning speeds

13c cPMmAS I5N-1H dipolar«13C’ CSA  1xr / 2¢13C-15N REDORR
correlation

v (Hz)  o11(ppm)  op2(ppm)  ozz(Ppm)  xnH OPC UNH OPC xen () wen () xenz2 ()¢
1000 95.5 188.4 238.7 - - 31/38 90/90 155/ 146
1200 93.0 189.1 240.5 90 80 31/36 90/ 90 136/ 166
1400 92.3 191.2 239.1 90 80 33/35 90/81 129/153
1600 91.1 191.1 240.3 90 80 35/35 90 /82 142/ 147
1800 90.6 191.8 240.2 90 80 33/36 90/88 143/138
2000 92.8 191.6 238.2 90 80 35/34 90/89 €122
2200 92.0 193.2 237.4 - - - - -
2400 91.6 194.9 236.1 - - - - -
Mean  921+15 1903+1.9° 2398+15 90+10 804+ 10 34+29  88+39 143+ 1M

@Data collected with one/two rotor periods of dipolar recoupling.

bvalues and error margins obtained from visual fitting of all 2D cross sections at all spinning speeds.

€(180— xcN), —Vens £ (180 — Ycp) and (180- yyy) are also allowed solutions.
ez could not be determined due to poor angular sensitivity. A 210 Hz two-BaNel3C’ dipolar coupling was employed in
the three-spin REDOR calculation in addition to the 1200 Hz one-bond coupling.

eNo stable solution was found from iterative fitting.

fcalculated from the mean anisotrofy = 033 — ojso = 64.9 and asymmetry parametgr= (o922 — 611)/(033 — 0jso) = 1.53,
as the iterative fitting procedure did not include the isotropic chemical gkift= 174.2 ppm.

9Mean value taken over bothtd2t, REDOR experiments.

011

Figure 10. Orientation of the'3C’ CS tensor in the peptide plane
of the AibAib dipeptide. The dashed line represents the direction of
the N-H bond.

of the13C’ CS tensor parameters in AibAib are given
in Table 1. From the determined orientation of the N-
H and N-C vectors in thé3C' CS tensor principal
axes system, one finds the orientation of tf& CS
tensor in the molecular frame of the peptide plane as
depicted in Figure 10. As the angle included by the N-
H and N-C bonds is~120 in a peptidexcn = 34°

and yng = 90C° place the least shielded CS tensor
componentssz into the peptide plane. Experimental

errors in the determination gfcn andynn, however,
would allowoss to move slightly out of the plane. The
alignment of the most and intermediate shielded com-
ponentss1; andoys is given by the azimuthal angles
Pen andyny. As o33 and the N-C and N-H bond
vectors (the dotted line in Figure 10 is parallel to the
N-H bond vector) are lying essentially in one plane,
Vcn andiryy should both have, in principle, the same
value. This is confirmed, within the experimental er-
ror, by the estimatedscy and Yy values of~90°
(Table 1). Sincepny is not exactly 90, 11 is not
perfectly perpendicular to the peptide plane apglis
slightly tilted out of the peptide plane, deviating from
the C-O bond by~9°. The angle(cne = 143 £ 12°,
obtained from the three-spin analysis of fF€-15N
REDOR data, approximately fits with a torsion angle
¥ of —10@, as seen from molecular modelling.

Discussion

From our studies it is seen that if3C’-15N-1H dipo-

lar network, the 2D relayed anisotropy correlation
procedure can be effectively employed to obtain the
orientation of thé>N-1H dipolar vector in thé3C' CS
tensor frame. This experiment, together whttt’ CP-
MAS and13C-15N REDOR experiments, reveals that
the magnitude and orientation of the CS tensor of the
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carbonyl carbon in the peptide bond of the dipeptide lation experiment outlined here can be employed for
AibAib do not deviate substantially from the typical the characterization of the CS tensor orientation of the
values in commonly occurring amino acid dipeptides 4-13C and 613C of the uridine and guanine bases, re-
(Oas et al., 1987; Teng et al., 1992). spectively. The availability of efficient procedures for
The pulse scheme employed in this work leads to characterizing the CS tensor orientations of different
2D spectra displaying a matrix of rotational side-bands sites in nucleic acid bases should permit a systematic
spaced aby in both dimensions. Such 2D spectral data study of hydrogen bonding effects on the CS tensorsin
sets are amenable to a fast extraction of orientational nucleic acids (Czernek et al., 2000). This may allow to
parameters as the computation of such spectra only re-relate the measured CS tensor orientations and magni-
quires the calculation of the time domain d&#y,to) tudes to structural features. By incorporating suitable
over one rotor period. By making use of the periodicity homonucleart3C-13C dipolar decoupling (Schaefer,
of the Hamiltonian under MAS, the time domain data 1999), the techniques employed here could also be ex-
over one rotor period can be replicated to obtain, after tended to systems with multipfN and13C labelled
Fourier transformation, 2D spectra with good spectral sites.
resolution (Hong et al., 1997a, 1998). In our case, the  The approach of determining the Euler angles of
typical time required for the computation of one 2D two dipolar vectors to define the CS tensor orienta-
data set on a SGI Origin R12000/270 computer is less tion in the molecular frame (Hartzell et al., 1987a)
than 10 s. Such fast computation permits the gener- was employed in this work. Alternatively, in situa-
ation of a large number of spectra, corresponding to tions where the CS tensor orientation of one of the
different values of the Euler angles, in a reasonable nuclei in a heteronuclear dipolar coupled spin sys-
amount of time and thereby makes the analysis of the tem is already available, the CS tensor orientation of
experimental spectra easier. the other nucleus can be obtained from a 2D relayed
To achieve sufficient spectral resolution in the anisotropic correlation of the CSAs of the two nuclei.
experimentalw1 cross sections, we have employed Such experiments are in progress in our laboratory.
multiple rotor periods of dipolar evolution in thig
dimension of the 2D experiments. However, as in the
numerical computation of 2D spectra, orientational References
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