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We present a novel solid-state magic angle-spinning NMR method
for measuring the NH—NH,,, projection angle 6;;,, in peptides. The
experiment is applicable to uniformly *N-labeled peptides and is
demonstrated on the chemotactic tripeptide N-formyl-L-Met-L-Leu-
L-Phe. The projection angle 6., is directly related to the peptide
backbone torsion angles ¢; and ¢5;. The method utilizes the T-MREV
recoupling scheme to restore *N—'H interactions, and proton-medi-
ated spin diffusion to establish *N-"N correlations. T-MREV has
recently been shown to increase the dynamic range of the “N-'H
recoupling by y-encoding, and permits an accurate determination of
the recoupled NH dipolar interaction. The results are interpreted in a
quasi-analytical fashion that permits efficient extraction of the struc-
tural parameters.  © 2000 Academic Press

Key Words: magic angle spinning (MAS) solid-state NMR; di-
polar vector correlation; y-encoded heteronuclear recoupling and
homonuclear decoupling; T-MREV; structure determination in
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INTRODUCTION

orientation of two interactions around a torsion axis of interes
For example, the relative orientation of two dipolar vectors
two shift tensors, or other combinations such as a shift ar
dipole tensor can yield directly torsion angldgi(15. Thus,
the relative orientation of"N,—*H, and *C*—'H, tensor inter-
actions yields the dihedral angfe (16, 17 and the orientation
of ®N,—"C* and ®C!-"N; the angleys; (18, 19 in a peptide
backbone. A similar experiment has been employed to exami
the side chain torsion angje (20).

Experiments designed to constrain torsion angles may &
sume a special importance in uniformifiC, **N-labeled sam-
ples. These samples are routinely employed in solution NM
experiments and are appealing for solid-state studies becal
of their ease of biosynthetic preparation. Nevertheless, in ur
formly labeled materials efforts to extract structurally impor-
tant long distances~4—6 A), which exhibit weak dipolar
couplings, are complicated by the simultaneous presence
stronger couplings from directly bonded atoms. Specifically
the intensity of a cross peak due to the weak coupling i

In recent years, solid-state magic-angle spinning (MASttenuated by the stronger interactions, an effect referred to

NMR has made important contributions to structure elucidat

i@fipolar truncation 21-23. For this reason spectrally selective

of biological macromolecules primarily through measurementi®monuclear dipolar recoupling techniqué#£27 and also

of internuclear distanced) Initially, application of rotational
resonance (R experimentsZ, 3) to bacteriorhodopsin4(-6)
and enzyme—inhibitor complexe¥)(provided information

recoupling techniques involving dipolar dephasing to a heter
nucleus 28-3) are being developed for distance measure
ments in multiply labeled samples. In a unifornifix-labeled

about reactive intermediates and the active site of these lapigtide sample, homonucledN—"N dipolar couplings are all
proteins not accessible with other_ spectroscopic techniqugs.the same magnitude, and truncation effects do not lim
Subsequently, homonuclear experiments were employed fghg-range homonuclear polarization transfers.

gether with a collection of specificalljC-labeled molecules to

The experiment described in this publication correlates tt

successfully constrain the conformation of fibrilar fragments @fientation of two NH vectors in the peptide backbone of th
p-amyloid @, 9). Similarly, heteronuclear REDOR  experi-yniformly **N-labeled tripeptideN-formyl-L-Met-L-Leu-.-Phe
ments (0) were used successfully to address the conformatlmLF) (32) illustrated in Fig. 1a. The first 2D increment of the

of inhibitors bound to large soluble proteink1-13.

3D pulse sequence yields a 2EN-""N correlation spectrum

Structures can also be constrained by measuring the relatjygich may be useful for assigning peptide backbone res:
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gles ¢; and ¢s;. The polarization transfer is achieved biy-
dfiven spin diffusion 83-35. Recently, a similar approach
was used to correlate two carbonyl CSA tensors in a polym
(36) and in the protein backbon&7, 39. T-MREV (39) is



NH-NH VECTOR CORRELATION IN PEPTIDES 133

a
Phe

¥y ¥x x

I .

N

1H "CP CW Decoupling Spin-Diffusion  |[TMREVI] cw Decoupling | TPPM
[NEANIN] T |

t t t

| t
180° : = a0° 90° 1 180° :
5N [or | I 1 H | [T
Teonst = 107, Teonst = 107, uu t

FIG. 1. (a) 3D representation oi-formyl-.-Met-L-Leu+-Phe (MLF). The angle);;., corresponds to the projection angle between the two dipola
interactions NH and NH,,. This angle is directly related to a specific combination of the two backbone a#glasd s; in the protein backbone on the
Ramachandran diagram. (b) Pulse sequence for the determination of the relative orientation of two NH vectors in the peptide backbone. Creroiatbshift
on nitrogeni andi + 1 is taking place irt, andts, respectively. The NH dipolar coupling is reintroduced simultaneously for nitrogerwi + 1 duringt;.
Polarization transfer between the nitrogen nuclei is achieved using proton-mediated spin diffusion. The details of the T-MREV sequence whiah is
recoupling of the NH dipolar interaction is given on the top of the pulse sequence.

applied to the'H spins to actively recouple the dipolar inter +2
action in an indirect evolution period while decoupling the H2(1) = D wlexpimot) T, T3, [1]
'H-'H dipolar interactions. The T-MREV sequence is a m=-2; o

MREV-8 (40—42-derived, y-encoded 43), TC-5-type @4)

multiple-pulse sequence that does not refocus the dipolar cou-

pling after each rotor period. The magnitude of the dipolame definitions for the irreducible tensor operators of rank 1 fc
interaction recoupled by T-MREV does not depend on thgins | and S are

powder angley which increases the dynamic range of the

'H-"N dipolar recoupling and permits an accurate determina

m#0

tion of the projection angl®;,.,. The dephasing of the nitro Tio=1l, T$,=5
gen magnetization depends on the relative orientation of the
two N—"H dipolar interactions. The data can be analyzed with 1 1
the projection angl®; ., being the sole parameter in a least- Tia = =+ TI s Tia= —FSi. [2]
squares simulation. V2 V2
THEORY

In the following | and S represertH and **N spins, respec

The Hamiltonian operator of the heteronuclear dipolar ifively. The spatial componentsg,, can be represented as
teraction during MAS can be written as a product of the
time-dependent spatial components and the time-independent
contributions from the nuclear spin operators @om = —2bisD§ _n(Qpr)d% 1 o(BrL), (3]
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whereb s is the dipole—dipole coupling constant where w,,,m gives the amplitude of the interaction frame
average Hamiltonian terms of the dipolar coupling betwee
Vivsh o spins | and S
b|5 - r |3S E . 4
n n/Nt, ) .
The coefficientsDgn(Qer), Qer = {0, Bra, ves), are the wlusmm: N~ dri M“"los,mdt.,o[BRF(7'):|e”m':{'tmemmﬂ,
Wigner rotation matrices that define the coordinate transfor- "o
mation from the principal axis frame to the rotor frangz and )

ver are the polar and azimuthal angles, respectively, specifying

the orientation of the molecular frame dipolar coupling tensethereNr,/n corresponds to the length of one T-MREV cycle.

to the rotor-fixed frame. The transformation from the rotaRecoupling can occur only when the spatial components mat

frame to the laboratory frame is achieved by a subsequehé spin components of the sequence:

rotation by the magic angle @, = tan V2. The Wigner

matrices are given by Nm— w, = gn. [10]
2 — 2 H

Dom(Qer) = don(BerEXR—IMpr), [5] For the C5 T-MREV experiment used hemd, and n were

chosen to beN = 1 andn = 5, respectively. This leads to

recoupling of the spatial and spin components with= u =

+1. The basic building block of the T-MREV sequence is

derived from the MREV-840-42 element. In contrast to the

where the reduced Wigner matrix elemedfs,(3) are defined
as

d§o(B) =3(3 cosp — 1) traditional MREV-8 variant where the effective Hamiltonian
c lies in thex—z plane, inclined by 45° with respect to thexis,

d5-1(B) = =3 sin(2B) the effective precession axis of the Hamiltonian in the T

) - MREV multiple pulse sequence is located purely in the trans

do-2(B) = \& SIN°B. (6] verse plane. Furthermore, the basic C5 element is phase-shif

in order to reintroduce the dipolar interaction. To date, no othe
RF irradiation is incorporated into this treatment via applicarojection angle experiment usingencoded recoupling has
tion of the Wigner matrix elemen3; o({)) to the irreducible been described, where the interaction is not refocused af

tensor operatol} ¢T3, (3, 45) each rotor period.
The magnitude of the recoupled interaction is given by th
UL T Ure(t) = X DL [Qre(D)]TY, product of the amplitude of the spatial componefit, and the
n complex scaling factok of the sequencex is determined by

the symmetry numbemn and the details of the elements in the
pulse sequence. In the analysis, the theoretical value| of
0.5026 (forn = 5 andN = 1) was used 39). However,

. ecise calibration of the experimental scaling factor is nc
where ag: and - denote the time-dependent RF phase arﬁﬁucial for the description of thé’N'"H-""N'H recoupling

spin rotation angle of the pulses, respectively. The overa

) - eriment, since the dipolar dephasing of the correlated pe
phase of the pulse sequence in each element is mcludedgtfg/) lavs onlv modest dependence on the scaling of the effe
multiplication with a phase factor expfind(t)]. If the se- pay y P 9

R !
quence containg elements in each rotor cycle, the phase of thttlave N-"H dipolar couplings and strong dependence on the

. i : . rélative orientation.
pth.e'eﬂ%”t isp(t) = 2mp/n. The.f|rst order average Hamll Since the amplitude of the recoupled interaction is depel
tonian H* of an n-fold symmetric pulse sequence is eon

structed fromn elements withirlN rotor periods and can then dent on only the anglgPR, this type of sequence is referreq to
as y-encoded 43). This behavior makes a quasi-analytical
be expressed a2Z%, 469

treatment of the experiment particularly convenient. Furthel
more, the correct dephasing behavior of the coherences
138 8 e analyzed in our case by accounting for differential relaxatio
n 2 2 2 opn between the stateS, and 5,1, (39).

p=Om==2 w=-1 Figure 1b illustrates the experiment for correlating twc
2w e N—"H interactions in an indirect dimension yielding the-rel

X exp[l - (Nm— Ml)p]Tl,uTl,& [8] ative orientation between N, and N.,H,., vectors in the
peptide backbone. The basic T-MREV building block used t
5 In this work we employ the notation used in Re48], recouple the' H=""N heteronuclear interaction is shown above

= 2 didBre)]e 0Ty, [7]

n

1)
A -
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FIG. 2. 2D N-"N correlation spectrum from the 3D pulse sequence depicted in Fig. 1btwith0. The 1D spectra show cross sections through the
diagonal and cross peaks in the 2D experiment. The assignment of the resonances is given in the figure.

the first T-MREV element in the pulse sequence. Initiallynixing time as a function of thg, increment for each crystal
magnetization is transferred frofi to N by ramped cross lite orientation
polarization. The main building block of the sequence consists

of two dipolar dephasing periods that utilize the T-MREV

recoupling sequence to reintroduce th—"H dipolar inter ™ +l2
action. The constant time dephasing period uses 10 rotor peS" (t1, 015) = J dB‘”sinB“’f deS"i(t,, B, B?)
riods, in each element yielding a maximum dephasing time of 0

five rotor periods. Most approaches to this problem are derived

from dipolar—chemical shift experiment4g) and use MREV T @i 2@ iz
to generate dipolar sideband patterns which permit torsion N dg™sin B

angles to be constrainedq, 1. In our implementation, T- 0
MREYV leads to a heteronuclear dipolar interaction that is not X SNt B@). [12]
refocused after each rotor period and yields a scaled powder

pattern in the dipolar domain. Magnetization is transferred

-l 2

d(PSNHl(tl, B (1))

—al 2

between theé®N via proton-mediated spin diffusior88—35. (N-H)
N chemical shift evolution of the nitrogen spins occurs Z :
duringt, andt,, respectively. The corresponding 2EN-""N i B@ f 0

spectrum, representing the = 0 plane of the 3D experiment
depicted in Fig. 1b, is shown in Fig. 2.

L

0ii+1

In order to simulate the effects of the sequence, the gfgle (N-H),
of the second NH vector is expressed as a functio@®fthe
Brr angle of the first NH vector, the angle, between the two
vectors, and an angle which describes a rotation of the
second NH vector around the first on the surface of a cone (Fig.
3): >y

X

(2 — (1) — qj Dgj
Cos = COS cos o Sin Sin 6,,C0S . 11
B B 12 B 12 ¢ [11] FIG. 3. Theg-angle of a second dipolar vectBf’ can be expressed as a

. . o . . . function of the first dipolar vectog™, the angle between the two interactions
The. total S|gnql !ntenS|ty IS th? prOdU.Ct of the signal INteNsIl®S ., and an angley which allows for rotations of the second vector around
during the individual dephasing periods before and after thte first NH vector.
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FIG. 4. Time domain NH dipolar dephasing spectra for the correlations Met-Leu (a) and Leu—Phe (b) and the diagonal peaks of Met (c) and Leu (
projection anglé; ;., between subsequent NH vectors in the peptide backbone can be determthgd.as 165°, 0,c.pne = 25°. The error was estimated to
be less than 5°. The axis corresponds to the indirect evolution periedrom the pulse sequence shown in Fig. 1b in units of one rotor period. The intens
is normalized to the intensity of the signal in the first increment. Circles and solid lines indicate experimental and simulated data, respecvijyfrée
parameter in the simulations is the angle., between the two NH vectors.

The dephasing of the signal due to the NH dipolar interactiospectra were recorded atld Larmor frequency of 397.8 MHz,
in the two dephasing periods can be written as using a custom-designed spectrometer and data acquisiti
software courtesy of Dr. D. Ruben. The custom-designed tr
bis ) w2 ple-resonance transmission line probe was equipped with
ﬁ tisin 28 - [13] ' 4-mm Chemagnetics/Varian (Fort Collins, CO) MAS spinning
module. The spinning frequency was adjusted to 5952 Hz a
controlled by a Doty Scientific Inc. (Columbia, SC) spinning

For the second dipolar interactiog is expressed as a | i FetH 90° bulse lenath
function of 8% and the anglé,, between the two vectors. To TedUeNCy controller to within=5 Hz. The'H 90 pulse lengt

account for all possible relative orientations of the two NH the T-MREV multiple-pulse sequence was set to 2s5 to
vectors, a second integral over the anglis evaluated which 2¢commodate five MREV cycles in one rotor period. The
describes the orientation of the second NH vector around thé"/REV “N—"H dephasing period in thg evolution period
first on the surface of a cone. Using this approach, the dipol4®S incremented by1?3,ﬁs and a total of 16 experiments were
dephasing spectra acquired with the pulse sequence showfefPrded irt,. In the N chemical shift evolution perioth, 24
Fig. 1b can be accurately simulated. The only variable parafi¢’éments were recorded, with an increment of Gi&2per
eter in the simulations is the angle, between the two NH €xperiment. The mixing period was set to 3.98 s and tr
vectors. The minimum of a least-squares fit directly yields tH8Cycle delay between each transient was 4 s. The total exp

K

SNHl/Z(tl, B(l/Z)) — CO{

desired projection angle. imental time for the 3D experiment was 54 h. CW and TPPN
(49) decoupling were used in the indirect and direct evolutiol
EXPERIMENTAL periods, respectively, with &1 RF field of about 100 kHz.

Dipolar dephasing determined by the heteronuclear dipol.

®N-labeled amino acids methionine, leucine, and phenylalouplings occurs during,. Figure 4shows experimental data

anine were obtained from Cambridge Isotope Laboratories)d simulations for the time domain dephasing of the cros

Inc. (Andover, MA). American Peptide Co., Inc. (Sunnyvalepeaks Met—Leu and Leu—Phe (a, b) and the diagonal peaks N
CA), performed the synthesis ®i-formyl-MLF. The NMR and Leu (c, d) inN-formyl-L.-Met-L-Leu--Phe. The diagonal
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\\“D\so curves from Fig. 4 as a function ap; and ¢;. The rmsd
150 80 \\ diagram for the Leu—Phe cross peak is shown in Fig. 7. Sm:
variations in the backbone anglésandys lead to a significant

100 change in the rmsd values. Furthermore, the dephasing of t
diagonal peaks illustrated in Fig. 4 serves as an internal refe
50 ence for estimating the error on the measured projection ang
— For the diagonal peaks, each nitrogen coherence depha
;_ 0 twice under the influence of its NH dipolar coupling during the
incremented time periot). The dephasing is therefore analo
-50 gous to the case of two NH vectors that are oriented parallel

one another, corresponding ¢9,., = 0° or 180°. This value

-100 can be reproduced with an accuracy of better thz8%. The

- resolution of the grid was 1° in this case.

The torsion angles determined in this experiment are in goc
agreement with the data from X-ray crystallographic investi
gations ofN-formyl-L-Met-L-Leu+.-Phe-OMe §0). The ¢ and
¢ angles found in the X-ray structure apéMet) = —140.0°,

FIG.5. Projection angle between the vectors Niid NH., of the amino  ¢(Met) = 151.3°,$(Leu) = —67.7°, andys(Leu) = —49.3°.
acidi andi + 1, respectively, as a function of the backbone angleandy;  These are indicated in Fig. 5 with crosses. The values fall on

in a protein. Hatched regions indicate combinationg)@ndys values that are the respective contour lines found from the NMR experimente
compatible with the NMR spectroscopic data for Met (hatched) and Le

(cross-hatched). Crosses correspondptand s values found in the X-ray ata. ) )
structure olN-formyl-MLF-OMe (X for Met, + for Leu). Grey shaded regions It can be seen from Eq. [11]-[13] that the dephasing sign:

indicate 8-sheet andx-helical regions in the Ramachandran diagram. of the projection ang|e experiment is invariant to the angles
and 180°— 0,,. In order to differentiate betwear-helical and
@ﬁ%heet regions in the Ramachandran diagréah-"°N cross-

peaks are included since the dephasing of the signal due to
NH dipolar coupling is analogous to the case of parallel vector
orientation and can therefore serve as an internal reference.

da
DISCUSSION 9
Figure 5 shows a plot ob,;,,, the relative orientation %
between the two NH vectors of residuesandi + 1, as a o
function of the backbone torsion anglés and ;. The angle ?':J
6.+, depends only on the torsion anglgsandys; according to %
)
; : i
co9; i, = —0.259 cosp;cosys; + 0.723 sing;sin s . . . .
e Spicosy eisiny 10 20 30 40
+ 0.471 cog; + 0.362 cosf; + 0.01. [14] Mixing Time [sec]
A derivation of this formula is provided in the Appendix. b

Regions corresponding te-helical andB-sheet secondary 3.6-
structure elements are indicated in gray. Fits of the time do-

3.4

main dipolar dephasing signal of the cross peaks yield an angle < 52

0.y, = 165 for Met-Leu and an angl®,;., = 25° for -§ :
3.04

Leu—Phe. The second solution can be excluded in both cases as

can be seen from the cross-peak buildup in Figviég infra). 2.8

The hatched regions indicate the possible NMR experimental

data in the diagramf, ;,, is especially sensitive to variation of

the backbone anglé¢ in the a-helical region, whereas in the

p-sheet region changes in both backbone angles contribytg'G: 8- (2) Ratio of cross-peak versus diagonal-peak intensity in th
L —>N spin diffusion experiment as a function of mixing time. The cross

significantly to changes of;.. TO_ evaluate the accuracy Of.peaks between Leu-Phe, Met-Leu, and Met-Phe are coded as triang

the da.ta., we Calculated the rms d|fference betWeen theore“&@hes' and squares, respective|y_ ([})_NH1 distance as a function of the

and experimental data of the time domain dipolar dephasiagyley; in the protein backbone.

-150-100 -50 0 50 100 150
v [
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only when the N-N,,, vector is nearly colinear with HN; or
Hi.1—Ni.: (51). Such near linearity occurs only with nonstand
ard peptide geometry—(50° < s < 10°, 90° < ¢ < 150°).
Even in this unrealistic case, the angle would be perturbed |
not more thant5° due to the inadequacies of the polarizatior
transfer model. Over the majority of the Ramachandran spa
this effect is negligible in comparison to other experimenta
errors.

The proposed experiment is the first to ugencoded re-
coupling over multiple rotor periods to correlate dipolar inter
action for structure determination. Reintroduction of the he
eronuclear dipolar interaction over multiple rotor periods is i
general desirable, since this allows analysis of the long-ter
behavior of the dephasing signal which emphasizes weak
couplings. Thus, a more accurate determination of the relati
orientation of the dipolar interaction tensors is possible. kshii
al. (17,52 used the RHEDS sequence (rotor-synchronot
heteronuclear dipolar switching) to correlate a NH and a ClI
dipolar dephasing period over multiple rotor periods in sepe

FIG. 7. rms difference diagram between experimental and simulated da@ate dimensions. The RHEDS sequence combines the WIM-.
as a function of the backbone angtesndy. The calculations are carried out (53) and FSLG-2 %4) multiple-pulse sequences to accumulate
for the Leu—Phe cross peak. The‘ lowest rmsd values are ot_)tair_1ed for regiﬁlﬁsase over several rotor periods. However, this sequence is
in the Ramachandran plot from Fig. 5 where the NNH, ., projection angle . . .
adopts a value of 25° and 155°, respectively. y-encoded, and the dipolar scaling factor is smaller by a fact_t

of 2.24 than the fivefold T-MREV sequence. Further analysi
of the dephasing data obtained by the RHEDS sequence nr
peak buildup curves were recorded, which provide an estimdie complicated by the combination of two multiple-pulse mix:
of the ®N,—"°N,., distance. ing sequences; in particular, correct accounting for differenti:

Figure 6a shows the cross-peak buildup as a function of tredaxation would require analyzing the relative performance c
spin diffusion time. Clearly, the Leu—Phe cross peak showstee two pulse sequences. The experiments presented previot
significantly faster buildup rate than the Met—Leu cross peal89) demonstrate the value of considering differential relax
Figure 6b shows th&N,—"N,., distance as a function of theation for highly accuraté’N-'H distance measurements.
backbone anglgs. The distance is shorter far-helical ( =~
—30°—50°) thang-sheet type residues)(~ 70° — 150°).

0[]

This is in agreement with the X-ray structure which gives a CONCLUSION
value for the™N,—"°N,,, distance of"N(Met)-""N(Leu) =
3.59 A and®N(Leu)-"°N(Phe)= 2.83 A. We have shown that correlation of two NH vectors in the

The experiment uses a rather long mixing period for tranpeptide backbone can provide valuable information for th
ferring coherence between ti# nuclei. However, T-MREV determination of structure in uniforml{’N-labeled samples.
is ay-encoded multiple-pulse recoupling scheme. Sipan- We have demonstrated that the NiNIH, ., projection angle
coded recoupling displays only a weak dependence on the., can be measured to constrajn and ¢ in a peptide
azimuthal powder anglecx (43) which corresponds to a rota backbone with high accuracy. The method does not re{f@n
tion around the rotor axis, rotor synchronization is expected labeling of the peptide. The results agree with other solid-sta
have only a minor influence on the dephasing data. In a simildMR experiments which determine these torsion angles ind
experiment, Tycko and co-worker37, 38 showed that aniso- vidually (55). This type of information cannot easily be ob-
tropic polarization transfer affects the extracted angle in thained in liquid-state NMR experiments due to the inherentl
limit of incomplete magnetization transfer. In our experimentsmaller interactions. In addition, we usedy@&ncoded recou-
a mixing time of 3.98 s was used, at which time the transfeling sequence to reintroduce the heteronuclear dipolar inte
between neighboring residues has reached a plateau. We thaction over multiple rotor periods in a tensor correlation ex
fore assume an isotropic model in approximating the polarizaeriment, where the heteronuclear dipolar interaction is n
tion transfer dynamics, noting that precise description of thisfocused after each rotor period. Precise calibration of tt
process would require further knowledge of the nearby protabsolute value of the dipolar scaling factor of the sequence
geometry 83—35. However, even for the case in which thenot crucial for extracting the projection angle restraints. W
polarization transfer is assumed to be purely anisotropic, sjgrovide a quasi-analytical formalism for the evaluation of the
nificant perturbation of the dephasing trajectory is expectéédta, and expect this method to become extremely valuable 1
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FIG. A1. Protein backbone showing the relevant angles and coordinate system axis for the Wigner rotations described in the text.

the determination of the relative orientation of adjacent sec- R(a, B, v) = R(0, —v,, 0)cs+cs? [A2]
ondary structure elements in larger spin systems. .
[Nisi—Hi.4] ©52= R(0, —v4, 0) CSl_)CSTNHl_HiH] s,
APPENDIX [A3]

The projection angle between the two vectors,NH,,, and In this case,a, y = 0, and the rotation of the coordinate
N;—H, can be expressed as a function of the backbone ang]s . X

q ) | il Wi i056) Th %tems can be achieved by a change ofzteis. v, was
¢; andy, using several sequential Wigner rotatiod§)( The = g it ted fo and refers to the bond angle kN, ,—C,. In

W|gr:j¢r matrix R(a, B, y)dQescnbﬁs 2 Iqeneral rotat|odn _Of he second step, the coordinate system CS2 is rotated arounc
coordinate system according to the Euler angies, andy. old z.s, axis by the peptide bond torsion angbe and further
around its intermediatg axis by the bond angle,. The new

. Ca-CB-Cy— Sa-sy Zcss @xis is now oriented along the/GC* bond. In the coor
R(a, B, y) =| —Ca-CB- 37[; Sc+ Cy dinate system CS3, the vector,l4-N,,, can be represented as
Ca-S
Sa*cB+Cy+cCca*Sy —SB-Ccy

g jCs3_ f _ cs2-Cs3
—Sa-cB-sy+ ca-cy SB sy [N 1= R((i), ve=m 0
sa- 5B cB X R(0, —vy, 0)SFCSTN, 1—H,, ]
[A1] [A4]

The original coordinate system CS1 is characterized with the

N;..—Hi., parallel to thez.s, axis, and thex axis within the The same principles apply to the vector-M,. To represent

Hi..—N;;,—C{ plane (Fig. Al). N;—H; in the coordinate system CS3, the CS5 has to be rotat
In the first step, the vector;N-H., is represented in a coor first by the bond angles; into CS4. Subsequently, CS4 is

dinate system CS2, in which thegs, axis is oriented along the rotated by the torsion angle — ¢ around its originakcs, axis,

N;,,—C axis and thes axis within the H,,—N,.,—C plane. In the and then around the intermediatexis according to the bond

CS2 system, the vector,N-H;,, can be expressed as a functiormnglev,. Finally, CS4 is rotated by the torsion anglearound

of the bond angle, after application of a Wigner transformationthe newz.s; axis. This can be represented as
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[Ni_Hi]CS3: ﬁ(_(b! —V,, _‘p)CS4—>CS3

X R(0, —v;, 0)CSCS{N—H ] [A5]

The projection angle,;,, between N,;—H,,, and N-H; is
thus expressed by the scalar product

1
€osb .1 = q2 [Ni—H] % [Ni;1—Hi; 1]

= —[cogv;)coqv,) + sin(v,)sin(v,)codw)]

X [coqvs)coqv,) + sin(vg)sin(v,)cod )]
— [sin(v;)coqv,)cod w) — coqv,)sin(v,) ]
X [—sin(v3)cog v,)cod ¢)cod )

+ coqv;)sin(v,) cog )

+ sin(v3)sin(¢p)sin(y) ]

— sin(v,){coq v3)sin(v,)sin(y)

— sin(vs)[sin(¢)cogy)

+ coq v,)cod ¢)sin(y) J}sil w], [A6]

whered corresponds to the length of the-MH, vectors.
Typical values fory; arev, = 119.5°,v, = 115.6°,v; =

118.2°, andv, = 111.0° andw = 180° (57). Using these values

leads to Eq. [14].
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