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Software facilitating numerical simulation of solid-state NMR
experiments on polypeptides is presented. The Tcl-controlled
SIMMOL program reads in atomic coordinates in the PDB for-
mat from which it generates typical or user-defined parameters for
the chemical shift, J coupling, quadrupolar coupling, and dipolar
coupling tensors. The output is a spin system file for numerical
simulations, e.g., using SIMPSON (Bak, Rasmussen, and Nielsen,
J. Magn. Reson. 147,296 (2000)), as well as a 3D visualization
of the molecular structure, or selected parts of this, with user-
controlled representation of relevant tensors, bonds, atoms, peptide
planes, and coordinate systems. The combination of SIMPSON and
SIMMOL allows straightforward simulation of the response of ad-
vanced solid-state NMR experiments on typical nuclear spin inter-
actions present in polypeptides. Thus, SIMMOL may be considered
a “sample changer” to the SIMPSON “computer spectrometer” and
proves to be very useful for the design and optimization of pulse se-
quences for application on uniformly or extensively isotope-labeled
peptides where multiple-spin interactions need to be considered.
These aspects are demonstrated by optimization and simulation of
novel DCP and C7 based 2D N(CO)CA, N(CA)CB, and N(CA)CX
MAS correlation experiments for multiple-spin clusters in ubiquitin
and by simulation of PISA wheels from PISEMA spectra of uniaxi-
ally oriented bacteriorhodopsin and rhodopsin under conditions of
finite RF pulses and multiple spin interactions. © 2002 Elsevier Science

INTRODUCTION

ence transfers or measurement of specific structural param
ters. Typically, these elements have been developed on basis
one- or two-spin systems using analytical tools such as ave
age Hamiltonian theoryl( 2) to tailor the effective Hamiltonian
to the appropriate form. Subsequently, the elements have be
tested by numerical simulations and by experiments on mode
systems and finally verified in real peptide applications eithe
directly or as elements in more advanced pulse schemes. Tht
in the development process numerical simulations have prima
ily been used for verification while they so far have only beer
used sparsely for direct design of pulse sequer;e.(In con-
trast, numerical simulations in combination with iterative fitting
are regarded as being almost indispensable for the extraction
structural parameters from experimental spedrd§.
Considering the increasing use of uniformly or extensively
13C 15N-labeled samples, it becomes exceedingly important the
the pulse sequence elements work appropriately in multiple-spi
systems with characteristics potentially being far from the sim:
ple one- or two-spin cases typically considered in the desigl
of these elements. Under multiple-spin conditions vital coher
ences may leak to undesired spins which may cause a signif
cant reduction in the sensitivity, wrong assignment of multiple-
dimensional spectra, and wrong interpretations of anisotropi
interactions in terms of structure and dynamics. Obviously
this problem may scale dramatically with the number of di-
mensions and coherence transfer steps involved in the pul:

Numerical simulations play an increasingly important role isequence. This is an important issue since current remedi

the development and application of solid-state NMR methogs the resolution problem of biological solid-state NMR, in
for determination of the structure and dynamics of biologicalddition to uniformly labeled samples, appear to involve in-
macromolecules immobilized by size, aggregation, or memreasingly sophisticated combinations of pulse sequence built
brane association. This is ascribed to the fact that most soliflg blocks in multiple-dimensional experiments. An important
state NMR experiments used for this purpose strongly depeipgredient in the solution of this problem may be to investi-
on manipulation of anisotropic interactions to obtain evolyate in detail the performance of the available pulse scheme
tion under well-defined isotropic or anisotropic parts of then multiple-spin systems closely reflecting the conditions in
Hamiltonian. Based on advanced RF irradiation schemes, gétevant peptide structures. This may provide optimized ex
ten in concert with sample spinning, a large number of pulg@rimental procedures, motivate the design of new procedure
sequences have been devised to accomplish specific col@ra multiple-spin basis, or result in the recommendation o
alternative isotope labeling procedurels) being optimally
1 To whom correspondence should be addressed. E-mail: ncn@imsb.au.dompatible with state-of-the-art solid-state NMR technology.
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Facing the facts that (i) analytical pulse sequence evaluatiarepmetry along with the NMR specific interaction tensors. This
become exceedingly difficult in multiple-spin cases, (ii) it iss accomplished via a relatively simple Tcl input file, with the
necessary to consider the combined action of the various etemmands listed in Table 1. The basic features of these con
ments forming the full pulse sequence, and (iii) experimentalands and examples on typical operations are given below, whil
evaluations require large amounts of spectrometer time angva refer to the internet release (see below) for more a detaile
variety of samples with different structure/labeling, it appeadescription of all commands.
reasonable to conduct such evaluations numerically. Preferably
this should be accomplished using software which allows t
easy interchange of pulse sequeraed multiple-spin systems
corresponding to different structures. The recently introducedPrior to any description of the various features, it appear:
SIMPSON “computer spectrometerlq) serves most of the relevant to mention that the SIMMOL program is released a
needs for efficient evaluation of advanced multiple-pulse skttp://nmr.imsb.au.dk as open-source software which gives th
guences on multiple-spin systems. In this paper we presentser full access to the algorithms in the program and freedor
program, SIMMOL, which enables straightforward establishe compile, correct, modify, and extend the program under the
ment of the anisotropic interaction tensors required for the ev@rms of the GNU General Public Licen&8J. The source code
luation of pulse sequences on relevant peptide structures ugiag be compiled on any platform with a+G- compiler and a
SIMPSON. Furthermore, SIMMOL provides 3D visualizatiorTcl language interpreter (open-source softw@@)( This en-
of the molecular structure with user-defined representation sifres full operation with respect to establishingdpensys part
relevant atoms, bonds, peptide planes, coordinate systems, @fithe SIMPSON input file, while the open-source Unix-based
anisotropic interaction tensors. In this regard, we should ndgeomview 24) program is required for interpretation and inter-
that SIMMOL is a greatly enhanced successor for the prelinfictive 3D visualization of the OOGL (object oriented graphics
nar Octave18) implemented PDB2SIMPSON program recentjanguage) output files. Finally, we should mention that precom
introduced for optimization of biological solid-state NMR exJiled and self-contained binary executables are freely availabl
periments 19). for various Unix platforms (including Linux/i386).

Ilf%/ailability, Portability, and Requirements

THE SIMMOL PROGRAM Initialization

The main idea behind the SIMMOL program is sketched in A first step in numerical evaluation of advanced solid-state
Fig. 1. Based on the atomic coordinates for a molecular structiMR experiments, for applications on multiple-spin systems in
(Fig. 1a), SIMMOL assigns elements such as peptide planes a8dypeptides, is to read in atomic coordinates representing th
typical anisotropic interaction tensors to user-specified partsssfucture elements to be investigated. This may be accomplishe
the structure leading to a specific visual representation alouging the Tcl command
with a file containing spin system parameters in the Tcl for-
mat of a typical SIMPSON input file (Fig. 1b). Using this and set m [mload filename]

a given pulse sequence (visualized using SIMDPS), SIMPSON
enables straightforward calculation of the corresponding NI\/IIR
spectrum or relevant coherence transfer efficiencies as inclu ¢
in a SIMPLOT representation in Fig. 1c. Provided that thg

aim is structure determination, rather than pulse sequence & PDB database$) (e.g., XRD, NMR, or cryoelectron mi-

sign/optimiza’;ion, the S.i mulated spectrum may be C(.)mpare%ﬁ%scopy data) or synthetic structures obtained by, e.g., mole«
a corresponding experimental spectrum using nonlinear mini modeling 26). Alternatively, it is possible to use
mization to obtain structural parameters (Fig. 1d). We note that '

this paper focuses primarily on the SIMMOL steps in the up-

per row of Fig. 1 and we restrict to give examples on the utility set m [mmake nres phi psi omegal

of this tool for optimization and simulation of 2D solid-state

NMR experiments for rotating powders as well as uniaxiallio create an ideal poly-alanine peptide withres residues and

oriented samples. The comparison to experimental spectra nitag torsion angles specified.

be conducted using tools available in the SIMPSON softwarePrior to further operation, it may be relevant (optional) to

package 17). specify the output files for the Geomview 3D visualization and
In full analogy to the SIMPSON software, SIMMOL containghe spinsys part of the SIMPSON input file. If proton coordi-

a Tcl interpreterZ0) which gives the user a high degree of flexnates are not available (as is typically the case for PDB files fron

ibility to control all steps from the input of atomic coordinateXRD studies), it may be relevant to add amide adirbtons to

to the delivery of SIMPSON spin system input files and 3D irthe molecular structure. Furthermore, it may be relevant to orien

teractive graphics for optimum visualization of the moleculahe molecule with the long axis alorzgpotentially followed by

ing a PDB file from the disk (the command in square brack:
into a descriptat (using theset Tcl command). The PDB
e may represent a real polypeptide structure obtained fron
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FIG. 1. Schematic representation of the combination of SIMMOL and SIMPSON for numerical simulation of multiple-pulse solid-state NMR experim
on polypeptide structures. (a) Atomic coordinates for a molecular structure in the PDB format, (b) typical SIMMOL interpretation of the staip@ananaeter
output to thespinsys part of the SIMPSON input file, (c) SIMDPS and SIMPLOT visualization of a typical NMR pulse sequence, a coherence transfer func
and a spectrum simulated using SIMPSON, and (d) an experimental spectrum which through SIMPSON iterative fitting may provide NMR informatien abc
molecular structure.
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TABLE 1
Short Description of Tcl Commands for SIMMOL?

mload filename mposition desc list
Loads a PDB structure from disk and returns a descriptor. Returns a list of atom coordinates for the given list) of buffers.
mmake ¢ ¥ ?w? ?-geometry file? mdistance desc atoml atom2

Creates a poly-alanine structure with the given torsion anglesdefaults to Returns the distance between atoms 1 and&.in
180°). The default geometPmay be overruled by a local geomefitg. Returns  msetcoordsys desc (a b fmatrix)

a descriptor. Defines the current coordinate system based on the arguments. Returns the rotat
munload desc matrix®
Removes a structure from the memory and closes files. mdipole desc n n2 min max ?Specifigts
msave desc n filename specifiers of/parameters for the dipolar coupling between atoms in bnfieidn2
Saves a PDB structure for the atoms selected in baffer with distances or couplings betwesinandmax Returns pairs of atom numbers,
msetspinsysfile desc filename-Psorfnumbered? tensor magnitude, and orientation.
Establishes a file containing SIMPSO#pinsysparameters generated usingmshift desc n ?specifier§® f
mshift, mquadrupole, mjcoupling, andmdipole. Specifiers of/parameters for the chemical shielding tensor for atoms in buffer
mclosespinsysfile desc ?keep? Returns atom number, tensor magnitude, and orientétion.
Writes the selected spin system to the file specified usketspinsysfile mquadrupole desc n ?specifierd® f
and clears the internal spin system selection unless ueep-flag is Specifiers of/parameters for the quadrupole coupling tensor for atoms in buffer
present. Returns atom number, tensor magnitude, and orientétion.
msetooglfile desc filename mjcoupling desc n n2 ?specifierd?
Creates a file containing OOGL commands for Geomview specifiers of the struc-Specifiers of/parameters for tlecoupling between atoms in buffensandn2.
ture defined by the graphics commands. Returns atom numbers, tensor magnitude, and orientation.
maddprotons desc -amide -alpha matom desc n ?specifier§?
Adds coordinates for amide and idrotons based on the*CN, and Ccoordinates. Visualizes the atoms in buffer. Returns atom numbefs.
Returns added atom numbérs. mbond desc n n2 ?specifieré?
mexchangeisotope desc n oldiso newiso Visualizes bonds between atoms in bufferand n2. Returns pairs of atom
Exchanges spin isotope frooidiso to newisofor atoms in buffem. Returns numbers.
affected atom numbefs. mbackbone desc n ?specifier§?-h
mzalign desc ?buffer? Visualizes the smoothed structure of the backbone atoms in huffReturns

Orients the molecule with its long axis alongwhen specified, only atoms inthe  atom numbers.
buffer are used to orient the molecule). Returns the Euler angles for the rétatiamplane desc n ?specifier§®

mrotate desc{x S y} Visualizes peptide planes containing th& &oms in buffem. Returns list of

Rotates the molecule using the Euler angles, andy. Returns the rotation residues.

matrix© mline desc{X; y1 21} {X2 Y2 22} ?specifiers® f
mtranslate desc{x y 2 Draws a line between the given coordinates.

Translates the molecule by the given vector. marrow desc{xy y1 21} {Xo Y2 zo} ?specifiers®
mtorsionangle desc ( buffelatoml atom2 atom3 atom4) Draws an arrow from coordinates 1 to 2.

Prints out the backbone torsion angles for atoms in the buffer or prints the torsinylinder desc{x; y1 1} {X2 y» 2} ?specifiers?

angle for the four atoms. Draws a cylinder between the given coordinates.
mloadtensors desc (filenamedefault) mcone desc{X; Y1 21} {X2 Y2 22} ?specifiers'?

Loads tensor values for anisotropic interactions (shift, quadrupole) froffiiéie Draws a cone from coordinates 1 to 2.

nameor uses the default values in Table @dfaul). msphere desc{x y 7 ?specifiers?
mloadjcouplings desc (filenamedefault) Draws a sphere at the given position.

Loads one-bond coupling constants from filidlenameor uses the default values mpoly desc{x; yi z1}... {Xn Yn Z2} ?specifiers®9

in Table 2 (defaul). Shades the area between the given coordinates.
mselect desc n type selectian. mdingbat desc{x y 2 {« 8 y} dingbat ?specifierskf

Selects atom, residue, chain, or buffgmpe)from buffern as specified by PDB  Draws a dingbattéxt, dart arrow,. . .) at the given position and orientation.
atom number, atom type, residue number, residue tgelection)with various mgeteulerangles matrix

logical variablestype andselectioncan be repeated. For each selected atom it Returns Euler angles corresponding to a rotation matrix.

returns a list containing atom number, atom type, residue number, residue tyfgeteulermatrix {« 8 y}

and peptide-plane numbkr. Returns the rotation matrix corresponding to the Euler angles.

mset desc specifiefs" mmath a (+| — | *|/|x) b
Sets global flags and values controlling the specifiers (tensors, colors, axes, etcReturns the result of the algebraic operatiarandb are numbers, vectors, or
and text output of the subsequent commands. matrices.

a8 A more detailed description can be found in the SIMMOL package freely available at http://nmr.imsb.au.dk. Arguments enclosed by question mar
optional.

BN, C, and O bond lengths and angleg-cx = 1.458 A, rca—cy = 1525 A, reu_cp = 1521 A roy = 1.329 A ro—o = 1.231 A, /(C'-N-C¥) = 1217,
/(N-C*—C)) = 1112°, /(C*~C-N) = 1162°, and/(N-C—O) = 1230° (21). rn—+ = 1.07 A, Z(C'-N-H) = 123, rcus_yes = 1.09 A (22). All other angles
are ideal tetrahedral angles of 109

¢ Return values depending on whether -[no]returnvalues is set.

d General visualization specifiers -size s, -colory b}|cpkihydropathy), -[no]nice.

€ Tensor specifiers -[no]coordsys, -ellipsoid (unifieelding)/-noellipsoid, -ellipsoidcyix y 2z /-noellipsoidcut, -[noJusecoordsys, -cutcolorg b}, -angles
{ape BPE YPE}, -Magnitude(iso aniso eth -textsize s .

f Line specifiers -linewidth w, -segments s.

9 Plane specifier -[no]solid.

h Backbone specifiers -helixcolofr(g b} | hydropathy), -strandcolofi(g b} | hydropathy), -turncolor{¢ g b} | hydropathy).
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a user-defined rotation of the molecule relative to the “laborato¥yN atoms in residues 29, 31-34, and 65 for further operatior
fixed” coordinate system. All this may be accomplished by thend by

commands
msetooglfile $m "test.oogl" mselect $m 1 atom CA |C |0 residue &4
msetspinsystem $m "test‘spinsys" -numbered mselect $m 2 atom CA IN |H residue &5 buffer |1,

maddprotons $m -amide -alpha
mzalign $m

mrotate $m {90 90 0}, which select the atoms defining the peptide plane. The latte

two-step operation could also be accomplished using the oper
tiﬂ']nemselect $m 2 plane 4. We should note that all logical

where the atoms are requestedto be numbered SucceSSIVewlr(])perators are evaluated sequentially from left to right. Finally

test.spinsys file (optional) and the rotation of the moleculet is relevant to mention thatselect (in full analogy to many

is conducted using the given Euler anglgs. We note that tmethe other Tcl commands) returns information about the spe
molecule may be translated in space using dfieanslate

command and that Spin isotopes mav be exchanaed uS(I:ri]fic selections in the form of a list that for each atom contains
b sot P P y 9 Nfdrmation about the PDB file atom number, the atom type
mexchange1sotope. residue number, residue type, and peptide-plane number, e.
{450 CA 29 LYS 28} {471 N 31 ILE 30}..., which may
Selections and Molecular Representation be retrieved into a local variable using Tcl constructs of the
) ) ) typeset loclist [mselect ...].

The next step in a typical SIMMOL evaluation of the struc- petails on the output (graphics and return parameters) may k
ture file is to select the relevant part of the molecular structusgntrolled globally using theset command with a large num-
including the atoms, bonds, internuclear vectors, and peptiggr of optional arguments being specified as flags (precede
planes of interest. These elements form the framework for t59 -) and associated adjustables (e.g., numbers). For examp
subsequent attribution of anisotropic interaction tensors to tf general visualization specifiers allow definition of the rel-
structure. The relevant parts of the structure may be selecigfle size ¢size), linewidth (-linewidth), color (-color),
using the commandselect typically used in constructions and quality of the graphical appearardeolnice for all types

such as of graphical objects. The specifiefno] returnvalues con-
trols the return of parameters such as atom numbers, ato
mselect $m 1 residue 15..25 atom &!'N, types, peptide plane numbers, Euler angles, rotation matr

ces, or anisotropic interaction parameters activated by subs
ent commands. In addition to these comes a large nun
r of specifiers for the graphical representation of tensor
.g., ~[nolellipsoid, -ellipsoidcut, -[no]coordsys,

specifying that all but the amide N atoms in residues 15to 25 WﬂE
be inserted into buffer 1 (&' represents “and not” among sey:

eral logical variables operating on previously selected atoms lagnitude, -angles), peptide planes—([nolsolid), and

It.S.hOUI(.j be noted that thﬁgele.Ct command qﬁers the fiexi- s&)ecial visualization of the backbone structurkelixcolor,
blht.y to include a repeated series of type (residue, atom, b(.)n—strandcolor, -turncolor). A typical command would be
helix, strand, turn, chain, plane, or buffer) and selection (residue

numbers, atom type, residue type, helix number, peptide plane

number, etc.) potentially preceded by logical modifiers (&nd: mset $m -noreturnvalues -color {0 0 1} -size 1.2,
or: |, not: !, and all possible combinations of these) to specify

any part of the molecule in one or several commands using the )
descriptors and buffers. For example, specific residues may'ifa€ré the arguments deactivate return of values from sut
guent commands, specify the color blue (arguméed

selected using the typical three-letter codes for the amino acits!

The flexibility and straightforward combination with standar@"€€" blug, all three being in the range from O to 1), and
Tcl procedures may be exemplified by scale geometric objects by a factor of 1.2 relative to defaul

sizes. The arguments could also include, e-gii,ce to draw
sphere and tensor surfaces with a high polygon resolutio

mselect $m 1 atom C [CA N (also changeable within Geomview) and the argumepksor
foreach residues {29 31..34 65} { hydropathy to the-color specifier to activate the cpk color
mselect $m 2 residue $residues buffer &1 scheme or color labeling according to residue hydropa2fy. (
We note that all settings may be overruled locally by argu-
} ments to the commands activating the geometrical objects. ,

listing of available options can be found in the footnotes to
which in three distinct operations select the backbti@and Table 1.
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With appropriate settings, atoms, bonds, and peptide plameted on basis of a high-field truncated Hamiltonian, where
may be visualized and parameterized using the commands the internal part of a first-order interaction may take the typical
form
matom $m 1
mplane $m 1 -color {0 1 0}

2
mbond $m 1 2, Hy, = Z wf,'ge'm“"t(’)x, [1]

m=-2

where atoms (balls) and peptide planes (spanned‘tan@ H

in the selected residue along with the carbonyl oxygen ahd

in the preceding residue) are attributed to the atoms in bu

1. Likewise, covalent bonds are established between atoms in

buffers 1 and 2 (defined usingelect). wgrfg = Wl dmo + wgniso{ Dé?lm(gé,R) _
In addition to these fundamental commands, SIMMOL has

numerous other commands for custommade visualization, e.g., @ N @

in the form of lines, arrows, cylinders, spheres, polygons, and + Dz,fm(QPR)] }dm,o(ﬂRL)’ (2]

various dingbats as described briefly in Table 1. For example, the

polypeptide backbone in buffer 1 may be given in a smooth%ging the angular frequenciqugzwo(siso, a)gnsiso: ©oSarico

representation usin
p g a)l\;O = _27-[\/§Jiso, Q)IEO = 0, Cl)D = \/éb|s, C()Igo = O, and

aniso —

wdi, = 21v/6Cq /(41 (21 — 1)) for the chemical shift, scalar

aniso
J coupling, dipolar coupling, and quadrupolar coupling inter-

with specification of hydropathy color labeling and a certaiﬁcuons' respectively. A more detailed description can be foun

linewidth. in Ref. (17).

. . S l
An important feature of SIMMOL is the possibility for estab- The orlentat|c_)n of a(r;)amsotropm tenso_r 'S expz))ressed. usin
L . second-rank Wigner¥®) and reduced Wignerd(®) matri-
lishing local coordinate systems that may subsequently be use s : . -
’ X . . ! ceés describing coordinate transformations from the principal
to define the orientation of an NMR interaction tensor. The cQ- . > .
. : : : . axis frame P*) to the laboratory-fixed framelL(. For the
ordinate system is defined from the atomic coordinates of three . .
atoms présent purpose it proves convenient to let the transforms

tions further involve a peptide plane framg)( a molecule
(or crystal) fixed frame(), and a rotor-fixed frameR). With
Q. = {ohy, By, vy} denoting the Euler angles relating two
framesX andY, the transformations relating and R may be

with w; /27 denoting the spinning frequency addy, the spin
T_ﬁeeerator. The Fourier coefficients may be written as

n*
% [ D(—Z%.—m (Q)ISR)

mbackbone $m 1 -~color hydropathy -linewidth 5

set pos [mposition $m {1 2 3}]
msetcoordsys $m [lindex $pos O] [1index $pos 1] \
[lindex $pos 2],

written
where the buffers 1, 2, and 3 contain the three involved atoms 2
Al, A2, and A3 selected a priori using commands such as D@ (@) = Y. DZ (e
mselect $m 1 atom N residue &6. The newly established m’,m’=-2
coordinate system has isaxis oriented alonéd1 — A2, zalon 2 2
y 2} g X D,(n)m(SZ’EC) D,(n,?,’m(QcR), (3]

X x (A3 —A2), andy perpendicular tax andz, whereAi denotes
the vector from origin to the position of ato/i. In combina-

tion with algebraic operations using theath command, this i
9 b g & L = tam1y/2, andyg. = O for a sample spinning at the

feature proves useful for the establishment of, e.g., anisotrogic- . . . ’
interaction tensors in the peptide side chains for which dglag'c angle whilé2g, = (0, 0, 0) for a static sample. Witkecr

escribing the orientation of the individual crystallite relative to

fault parameters may not be availablédg infrg). Finally, the \ ; . i
mdingbat command allows the association of text and sp(B- (Fhe powder angles”), we are left W'.t h the need for specifi-
fation of the most relevant transformations,

cial markers to emphasize important elements in the molecu
structure.

while R is related toL by a Wigner rotation usingr, = wyt,

Qk
pr 5 E &S ¢, [4]

Tensor Representation relating the principal axis frame of the anisotropic tensors tc

While the atoms, bonds, and peptide planes may be controltee crystal/molecular frame. It should be emphasized that the
exclusively on basis of the atomic coordinates, the most impaotations in Eq. [3] represent rotations of the coordinate systen
tant part of the SIMMOL operation, namely the anisotropic nwef reference, while commands suchma®tate andmzalign
clear spininteraction tensors, requires further definition in terroperate in the opposite manner as they rotate the object (i.e., tl
of the nuclear spin Hamiltonian. In general, simulations are comolecule) relative to the reference frame.



34 BAK ET AL.

TABLE 2

Typical Magnitudes and Orientations of Chemical Shift, Scalar J Coupling, Dipole-Dipole Coupling, and Quadrupolar Coupling
Tensors within the Amino Acid Residue or Peptide Plane of Polypeptides®

Chemical shift Spin 8ES 8, ncs aSE BSE e Ref.
1N 9.3 7.7 0.65 90 -90 90 31
13ceb 50 —20 0.43 90 90 0 32,33
B 170 —-76 0.90 0 0 94 34-36
15N 119 99 0.19 —90 —90 —-17 31, 35-37
J and dipolar coupling Spins JiSe bis/2nd rg BB Yo
1o 13ce 140 —23328 1.090 £ —f
IQN_15N -92 11348 1.024 90 0
13ce L3¢y 55 —2142 1.525 90 120.8
13ce_13cp 35 —2159 1.521 —t —f
13ca_15N —11 988 1.458 90 115.3
13cr 15N -15 1305 1.329 90 57
Quadrupolar coupling Spin Co n° O‘SE ﬂF?E VF(?E Ref.
2HNh 0.210 0.15 -90 90 0 38
2o 0.168 0.10 —t —f —f 39, 40
N 3.21 0.32 0 0 0 35,41
17ghi 8.3 0.28 —90 90 0 42

aThe Euler angles relate the principal axes framek) (o the peptide planeR) havingxg along N-H andzg being the normal to the plane (cf. Fig. 2a).
Chemical shifts {55, 653, defined in Ref17) are in ppm relative to TMS!H, 13C) and lig. NH; (1°N). Scalard and dipolar couplingsX$ andbis/2r) are
given in Hz, the internuclear distancg in A, and the quadrupolar coupling in MHz. Due to axial symmetry the dipolar couplirg(andapc) angle can be
chosen arbitrarily.

b The orientation of thé3C® chemical shielding tensor depends on the secondary structure and may vary significantly from the gived@ngles (

¢ Scalar coupling constants taken from Ré#)(

d Dipole couplings calculated froms.

€ Typical N-H and C—H bond lengths are taken from R22)(while N—C and C—C bond lengths are taken from R&f).(We note that SIMMOL automatically
calculates the bond length; dipolar coupling constants, and dipolar co@@edﬁuler angles directly from the PDB structure without reference to the tabelize
values.

f The Euler angles depend on the secondary structure.

9 A somewhat lower value dfis/27 = 9.9 kHz (corresponding tgs = 1.07 A) is typically used for peptides oriented in uniaxially aligned phospholipid bilayers

(49).
hWe note that the magnitude and in particular the orientation of these tensors may be influenzed by hydrogen bonding.
I We assume that th€O quadrupolar coupling tensor is oriented with its unique eler@gatalong the G-O bond axis an@yy perpendicular to the peptide

plane.

For polypeptides itis possible to establish quite reasonable pa©Overall, the various tensors within the peptide plane (or ¢
rameters for the chemical shift, scalacoupling, and quadrupo- single residue) may be described by the typical parameters give
lar coupling tensors using typical (or average) values reportiedTable 2 with the principal axis frame to peptide plane Euler
for a large number of amino acids and small peptides. In masiglesQpe relating the tensors to a peptide plane coordinate
cases the parameters describing both the magnitude and thesy$temE with the x axis along the N-H bonding and thexis
entation of the anisotropic parts of these tensors relative to ferpendicular to the peptide plane as visualized in Fig. 2a. The:s
peptide plane (i.e.2pg) exhibit only relatively small depen- or user-defined parameters for the magnitude and orientation
dency on the residue type and the local structd82-8Q. While relevant interaction tensors may be loaded into SIMMOL usinc
these minor variations may be very important probes for struc-
ture determination, the variation is sufficiently small that the mloadtensors "tensor.in"
typical values in almost any case will be sufficiently precise for mloadjcouplings "jcouplings.in",
simulation and optimization of pulse sequences for application
on real structures. The dipolar coupling tensors are even simpMich loads user-specific values from the specified files, while
to establish in the sense that their magnitudes are related todheargument-default would cause loading of the default
internuclear distance; ashijj = —yiyjuo h/(rfj’ 47r), the tensor chemical shift, quadrupolar, and coupling parameters in
is axially symmetric, and the unique element is oriented alofigble 2.
the internuclear axis. Thus, for the dipolar coupling SIMMOL Equipped with the atomic coordinates for the molecular struc
establishes th®* — C Euler angles2} without the interme- ture and the parameters for the peptide plane interaction tel
diate P* — E coordinate transformation. sors, SIMMOL allows straightforward association of the NMR
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FIG. 2. Geomview interpreted 3D graphical output from the SIMMOL programk)!3C, and!®N chemical shift and’O quadrupolar coupling tensors
within a peptide plane (theg, ye, ze axes define the peptide plane coordinate sysmb) Visualization of a pair of peptide planes in ubiquitin (PDB ID:
1D3Z) with different chemical shift and dipolar coupling (i.e., internuclear axes) tensors specified. (c) Demonstration of various graptesairfieatding the
mbackbone command, for magainin (PDB ID: 2MAG).

relevant tensor information to the molecular graphics and epal axis frame initially rotate around the axis corresponding tc
port of the corresponding parameters togbénsys part of the the the unique element in accord with common practiifs. (

SIMPSON input file. This may be accomplished using a set éiternatively, the tensor may be visualized in the more conven
simple commands giving a high degree of flexibility. Considetional shielding representation with the longest axis denoting

for example, the commands the most shieldedss element usinghielding as argument to
the-ellipsoid specifier. In this case the relative axis lengths
mselect $m 1 atom N are obtained a$ = 8§11 — dii + (811 — 833)/3 using the standard
mshift $m 1 -coordsys -ellipsoid unique \ ordering 833 <822 <4811 (corresponding 0 033> 022> 011
—ellipsoidcut {1 0 0} \ on the shielding scale}?). The magnitude and orientation

—color {1 0 1} -nice -noreturnvalues of the tensor relative to the peptide plane and molecule ar
highlighted by a missing octant cut out of the tensor ellipsoid

. . . ing theelli idcut ifier with the v r argumen
which select all amide nitrogens from the molecular structuPes 9 t. el ipsoideut SpeClie th the vector argument
ecifying which octant.

into buffer 1 and 'assoua.te anisotropic chemical Shle|dln5|n the abovenshift example, it is assumed that the param-
tensors to these using thehift command. For the purpose of

illustration we included a few specifiers in the latter commangters for the tensor take default or user-specific values loade
. . P . - Usingmloadtensors. Alternatively, they may be entered or
among which the first three introduce ti-spin principal

. . Lo « . oyerruled locally by attaching themagnitude and-angles
axis coordinate system and a tensor ellipsoid in a “unique ifi h ; dline. In additi idi
element representation (default). This gives a good visusgfeCI lerstot ashlft_comman ine. n & '“OT‘ to providing
discrimination of the three individual rincipal axis com Oputput o the OOGL file for interactive Geomview 3D visual-
P P P JIization, themshift command writes the tensor parameters to a

nent§ With_ weighting according to uniqueness, obtained USIpd containing thespinsys part of the SIMPSON input file. We
relative axis lengths of 1:0.5:0.25 for thg, 8, 3,y elements note that the Tcket command may be employed to retrieve the

(Ordered as|522_ 5iso| = |5xx - 3iso| = |5yy - 5iso| with 5iso: ; ; H
: : . in tem parameters for internal .g., usin
%(8xx+8yy+azz), which emphasizes the unique tensor eIemeﬁP System parameters forinternaf use, €.g., using

3,2 We note that all coodinate transformations from the princi- set spar [mshift $m 1 -returnvalues],
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which for the involved atoms will attribute a list containing theof the molecular structure for optimum description of the results
atom number, the tensor magnitudgy, 853, andn©S), and the  from numerical simulations aimed at structure determination o
tensor orientationS¢pc) to the local variablepar. The individ- optimization of experimental procedures. This is demonstrate
ual values may be extracted using the Ttindex $spar <] in Figs. 2 and 3 illustrating typical graphical output (visualized
construct which returns théh element from the lisipar (start-  using Geomview) and parameter input/output files, respectively
ing withi = 0). from the SIMMOL program.

Spin system parameters and graphical representation oFigure 2a gives a SIMMOL representation of the varibids

dipole—dipole coupling tensors involving, e.g.* @Gnd C 13C, and'>N chemical shift and’O quadrupolar coupling ten-

carbons separated by 2.5,&,4may be established using sors relative to the peptide plane corresponding to the pare
meters in Table 2. To give a first demonstration of the flexibility
mselect $m 1 atom CA |C of SIMMOL as a tool to visualize relevant parts of a molecular

mdipole $m 1 1 2.5AA 4.0AA, structure, Figs. 2b and 2c show the §/ays; residues of the

ubiquitin 1D3Z liquid-state NMR structuret9, 50 and a full

which select all € and C carbons in buffer 1 and add anrepresentation of the magainin 2MAG micelle liquid-state NMR
internuclear vector between those satisfying the indicatsttucture §1), respectively, with different peptide planes, ten-
distance selections in the molecular structure. Furthermosers, and bondings highlighted using various of the command
mdipole provides all relevantinformation about the dipolar coudescribed above. It should be noted that the commands for col
pling constants an@pc orientational angles required for numer{abeling of the structure and tensor elements may not be full
ical simulations. Likewise, quadrupolar coupling and scdlar appreciated in the grayscale representation in Fig. 2.
coupling interactions may be accessed usingntheadrupole The straightforward and highly flexible control of the molecu-
andmjcoupling commands, respectively. lar graphics and the parameter output for numerical simulation
is demonstrated in Fig. 3 showing the Tcl input file and the re-
sulting SIMPSONspinsys file corresponding to the graphics

The SIMMOL program may be executed on a standard Unii Fig. 2c. The SIMMOL Tcl input file in Fig. 3a uses a large

Execution

(or Linux) environment using the command number of the commands described above to load the atom
_ coordinates, specify output files, orient the molecule, and selet
>simmol struct.mol, the relevant residues, backbone, atoms, peptide planes, bon

where> is the Unix prompt andstruct.mol is the user- and interaction tensors with specific attention to'thé chem-

specific input file. The output vfide infra) will typ- ical shift tensors for the histidine residu&s]. Using this file as
ically be the files struct.oogl and struct.spinsys INPUtto SIMMOL leads tothe 3D graphicsin Fig. 2c and the Tcl
containing commands for Geomview 3D interactive graphicMPSONSspinsys file in Fig. 3b. The latter file, which speci-
and a spin system file which may be inserted as part of a tyjfs the relevant RF channels, nuclei, and nuclear spin interactic
ical SIMPSON input file (or used in combination with otheParameters, can be used directly as part of a standard SIMPSC
simulation software), respectively. input file which additionally defines the actual solid-state NMR
Cooperation between SIMMOL and SIMPSON can be peexperiment._ _ o _ _
formed using the Tatxec command executing an external pro- The details of the anisotropic interactions may be very im-

gram from within the Tcl code. This may be accomplished byortant for the setup of reliable numerical simulations of pulse
the commands sequences operating on specific structures associated with ch

acteristic nuclear spin interaction tensors. While the magnitud
msetspinsysfile $m "struct.spinsys" -numbered Of the various interaction tensors may readily be inserted ints
L the SIMPSON input file, it is often much more tedious and er-
mclosespinsysfile $m rorprone to manually establish the orientation of the relevan
exec simpson psg.in, anisotropic tensors. These difficulties, which in practice may
severely hamper appropriate evaluation of pulse sequences

Wherepsg. in is a normal SIMPSON input filel) which in- ~ relevant structures, may be solved using SIMMOL as describe

a “sample changer” to the SIMPSON “computer spectrometer
source "struct.spinsys". and may as so be useful for pulse sequence evaluations and 1

setup of initial parameters for iterative fitting of experimental
spectra. In this regard, we should emphasize the importanc

By appropriate combination of the molecular structure araf having SIMMOL combining molecular graphics and spe-
NMR interaction tensor commands described above, SIMMGAIific information about the anisotropic tensors for numerical
offers the flexibility to establish reliable values for essentiallgimulations. This enables direct verification of the tensor ori-
all relevant tensor parameters and visualization of relevant paetetations in the frame of the molecular structure otherwise

Graphical and Parameter Output
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at best being limited to the individual peptide plane. Further-

a set m [mload "2MAG.pdb"] more, the visual representation proves very useful for selectio
msetooglfile $m "2MAG.oogl" H H H H
¢ meetepinsyscile Sm M2MAG spinsys' -numbered o_f the appropriate spin systems fron_1 peptide structures usin
mloadtensors $m -default different isotope labeling schemes. Finally, the graphics may b
mselect $m 1 atom * very useful for precise documentation (e.g., in publications) of
wbackbone $m 1 -linewidth 15 -nice -color {0 0 0}  gnisptropic tensor information in relation to molecular structure.
;\;elgcg $g\ 2 rfsidu?déﬁli This applies obviously to solid-state NMR, but may also be use
OT m -lilnewl . . . . . . . .
(2) ful in relation to liquid-state NMR using residual anisotropies
mselect $m 2 residue HIS .
mbond $m 1 2 -linewidth 6 -color {0 0 0} for structure refinemensg, 53.

mplane $m 2 -solid -size 1.1
mselect $m 2 atom &N
mshift $m 2 -size 2 -nice

NUMERICAL SIMULATIONS USING SIMMOL
proc setcoordsys {m ¢l n c2} { IN COMBINATION WITH SIMPSON

mselect $m 8 atom $cl residue &HIS
mselect $m 2 atom $n residue &HIS

ieits %Qp?,?it‘;’g‘fgfn Te%es, e With the SIMMOL software established, it is relevant to
(3) set E;g:s [lliigceizxsgggsl?l demonstrate its use in combination with SIMPSON for numeri-
set c2pos [lindex $pos 2] cal simulation of biological solid-state NMR experiments. Con-
h h 1 2 - . . . . . .
B e P08 pag PO = #9P%3] gidering that biological solid-state NMR during the past decade
} to a large extent has been based on two different experimer
mset smd—usegoordsys -size 2 -nice tal strategies with one relying on rotating powder sampbe} (
t CG ND1 CEl1 . . . . . .
i mehitt $m o fgngles {14{2 0 0} \ } and the other relying on peptides incorporated into uniaxially
-magnitude {247p -213p 0.37 : H H H _
setcoordsys $m oDz NE2 CE1 prlented_phqsphollpld b|Iayer§!Q, we WI|| demons_trqte typ
mshift $m 2 -angles {13.6 0.7 0} \ ical applications for numerical simulation and optimization of

-magnitude {168p -99p 0.74 . L. .
J (1680 ~o%p 0.74} solid-state NMR spectra within these two directions.

mselect $m 1 atom N* residue &HIS

mselect $m 2 atom H*

set NH [mdipole $m 1 2 OAA 1000Hz -linewidth 0] 2D MAS N(CO)CA, N(CA)CB, and N(CA)CX

(5) mselect $m 1 atom !+ Experiments for Spectral Assignment
foreach H $NH {

\ mselect $m 1 atom |[lindex [lindex $H 0] 1] In order to extract structural information from solid-state
mdipole $m 1 1 0AA OHz -linewidth 0 NMR spectra of uniformly3C,'*N-labeled peptides, it is neces-
munload $m sary to establish connectivity information which allows assign-
ment of all*3C and'°N resonances to their amino acids. This
. may be accomplished using a variety of different experiments a
spinsys {
b # o Loam 1oemEs 107k 1osom 111Ko1 113med recently described by Tyckd®6), Strauset al. (57), Hong and
# Colleaguesi8, 59, McDermottet al.(60), Baket al.(19), Pauli
channels 15N 1H H H 7
e: ” 1oN 1SN 15N 1H 1H 1H 1H et al.(61), and Rienstrat a_I.(62). The method ofch0|ce obvi-
shift 1 119.3p 97.7p 0.13 -139.44 107.93 178.53 ously depends on the desired resonance correlations but also
shift 2 247p -213p 0.37 -38.458 54.222 -175.41 . o . .
shift 3 168p -99p 0.74 -152.6 125.07 4.3626 the actual experimental conditions (e.g., sample spinning spee
dipole 1 4 12176 0 85.23 -12.473 H
dipole 1 5 1399 0 144.45 170.9 and available RF p0\_/ver). Fu_rthermorfa, it may depend on th
dipole 2 6 12946 0 60.326 -61.223 secondary structure influencing the dipolar couplings througt
dipole 2 7 1232.7 0 137.15 -136.35 . .
dipole 3 7 1231 0 91.849 -86.753 which through-space correlations must be established. In a
dipole 4 5 -5422.7 0 126.74 169.37 cases, it is fundamental to use the method which in the mos
dipole 4 6 -894.27 0 124.35 -109.71 ST ! _ ) -
dipole 4 7 -331.42 0 133.95 -124.29 efficient and selective manner establishes the correlations. Th
dipole 5 6 -1245.2 0 104.29 -80.589 . ce . .
dipole 5 7 -654.21 0 124.15 -99.04 ensures the maximum sensitivity, the best spectral resolutior
dipole 6 7 -7328.6 0 144.12 -169.9

and reduces the risk for ambiguities in the resonance assigr
ments. With these aspects in mind, we recently compared th
FIG. 3. Tcl (a) input file corresponding to the SIMMOL graphics ofperformance of various pulse sequence building blocks to es

magainin in Fig. 2c. Labels: (1) Initialization, load PDB file, set output files, anfhblish efficient pulse sequences for interresidueCl& and
load tensors. (2) Draw backbone and bonds emphasizing the His residue. Draw . -1

peptide plane antfN amide shift tensor. (3) Tcl routine to set coordinate systerftraresidue N—Qﬂ correlations 19). Th_is led to the CoanSion.
on histidine side chain nitrogens (using msetcoordsys) witk-iisis along the  that N(CO)CA and N(CA)CB correlations can be obtained with
C-N-C interception and perpendicular to the ring. (4) Insert the shift tensorg/ery high sensitivity and selectivity using the pulse sequenc
according to Weet al.(48). (5) Find all hydrogens coupled to the three nitrogen1°>n Fig 4a based on DCRSE) for 15N to 13C transfer and C7

with couplings larger than 1200 Hz and find their mutual dipole coupling 13 13 . .
(b) Output file (for thespinsys part of a SIMPSON input file) generated by?64) for =°C to *C transfer with appropriate parameters for the

the above input file and corresponding to the SIMMOL graphics of magain#inning speed, RF field strength, and carrier offsets. It wa:
in Fig. 2c. demonstrated that more than 50% efficiency can be obtained fc
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FIG. 4. Numerical simulations of DCP- and C7-based N(CO)CA, N(CA)CB, and N(CA)CX experiments on unifé?MJ{?C-labeled peptides ob-
tained using SIMMOL in combination with SIMPSON. The pulse sequence in (a) emplg{&r = 5 kHz, wggpc/zn 35 kHz, wDCPN/Zn 30 kHz,
andng/Zn =35 kHz. (b) SIMMOL representation of the GiGIng; fragment of ubiquitin (PDB ID: 1D3Z) with indication of peptide planes and tensors
used for the numerical simulations. (c) Same fragment as in (b) but with each atom labeled by a symbol used in the following graphs. (d—h) Cokerenc
fer efficiencies for (d, €) heteronuclear DCP for optimum transfer ‘t¢df and ¢ (e) based on th¢t3CL,—15N3,~13C4,} three-spin system and for (f-h)
homonuclear C7 transfer from (f$Cs; in the {13C5,-13C%,~13C5,} spin system (i.e., N(CO)CA), (d*CY, in the (13C},~13Cg,~13C},~13C),) spin system
(i.e., N(CA)CB), and (hy3Cg, in the {13Cy,-13C%,-13C5,—13C},} spin system (i.e., N(CA)CX). For each graph the optimum condition is indicated by a vertic:
arrow. (i—k) Transfer efficiencies for seven of the eight spins of the type in (b) obtained using the pulse sequence in (a) with (i) N{6&p)EAC7 = 1.2 ms,

wBP/2r = 6.0 kHz andw${/27 = 1.5 kHz, (j) N(CA)CB, and (k) N(CA)CX:tpcp = 1.8 ms, tc7=1.2 ms,w>¢"/27 = —7.5 kHz andw${/27 =

—8.5 kHz (see text).
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each of the relevant transfers and less than 10% efficiency #8€*—3C# transfers simultaneously implying that the major
undesired transfer to the third spin in typié3C'—1>N-13C* and source to'3C? coherence would be through the weak (long-
13C/13Cc*13CP three-spin systems. The high transfer efficierrange)*C'—13C* dipole—dipole interaction. In contrast, a similar
cies, which comparel@) very favorably with those provided kind of chemical shift truncation is more difficult to achieve for
by many commonly used pulse sequence elements, are ascribhed*C-3C transfer in the N(CA)CX-type of experiments (X
to the fact that both sequence elementsyaencoded§5) and aliphatic). In this case the homonuclear transfer will involve only
relatively selective in their coherence transfers. aliphatic carbons, implying that all one-bond and long-range
Using different physical conditions and interactions tensoc®uplings will contribute to transfers between the carbons up t
for various three-, four-, and seven-spin systems involvirany terminating carbonyl (or similar) end group. This feature be-
13cf |, B8c |, 13¢5\, 3y, 13¢f, 13¢7, and™3C| fromthe  comes clearly evident from Figs. 4g and 4h showing coherenc
Glnzy, Aspsa, Lysss, and Gl residues of ubiquitin as exem-transfers originating from th€C® spin in Asp, and Glu, and
plified graphically by the Glp-Glng; (a B-sheet area in ubig- usingthe same C7 pulse sequence (optimaffly 2r = 35kHz,
uitin that is better visualized) residues in Fig. 4b, we demonc; = 1.2 ms, andv$/ /27 = —8.5 kHz) element for coherence
strate here typical elements of a pulse sequence optimizattcamsfer. In the former case the transfer is truncated by the C
using SIMPSON in combination with SIMMOL. We take thecarboxyl of Asp, leading to transfer of67% of the coherence
DCP-C7 N(CO)CA, N(CA)CB, and N(CA)CX 2D pulse se-to the desired®C? spin in a N(CA)CB-type experiment, while
quence in Fig. 4a as a specific example and refer to previd2E% remains on thEC* spin (Fig. 4g). We note that the residual
work for comparison with pulse sequences using different builéfC* coherence typically will not cause problems in the assign-
ing blocks (L9). The present physical conditions involve MASments due to the opposite sign and the significantly differen
with a spinning frequency,/2r =5 kHz and a maximum of isotropic chemical shift regimes fdfC* and*3C?. The same
35-kHz RF field strength on tHéC and*>N RF channels. This type of chemical shift truncation behavior is expected for Ala,
should ensure sufficient room for efficiet decoupling (not Ser, Cys, and Asn and, depending on the selectivity of the puls
shown) with an RF field strength exceeding that on the jow-sequence, for Phe, Tyr, His, and Trp residues. In contrast, th
channels by the recommended factor of at leasb@ (1Ising same C7 building block will lead to N(CA)CX type of correla-
commonly available solid-state NMR equipment. tions for Val, Pro, Met, lle, Leu, Glu, Lys, Arg, and GIn residues
On basis of the centraPC;;—1°N3,—3Cg, three-spin system as demonstrated for tHeC’ OO~ -terminated Gly, residue in
(see symbol labeling in Fig. 4c), we optimize the heteronucleBig. 4h. In this case, the origin&lC* coherence is distributed
DCP transfers to 58 and 72% efficiency for the 8 C_, with efficiencies of 2533, and 27% on thé*C?, 13C#, and
and N to C* transfers, respectively, by variation of théC 13C” spins leading to an N(CA)CX type of correlation spectrum
RF carrier frequency«F/2) and the mixing timerpcp to  which throught3C? versust3C?, 13C” sign discrimination may
achieve optimum efficiency and selectivity as illustrated grapprove very useful for residue identification. It is noted that the
ically in Figs. 4d and 4e. These curves reveal that a DCP putsgherence will be distributed further out in the side chain for lle,
sequence Wwithoge ¢ = wpe' " + /27 = 35 kHz with on-  Leu, Lys, Arg, and Pro residues having aliphdfi€’ carbons.
resonance irradiation at the desired carbon and appropriate mix€onsidering that the two pulse sequence elements will forn
ing time (N-C_,: ®2¢F/2r = 6 kHz andrpcp = 67;; Ni—C*:  consecutive elements in a 2D pulse sequence (Fig. 4a) ope
w5EP/2r = —7.5 kHz andtpcp = 9 with 7, = 27/wy) pro-  ating on uniformly labeled peptides, it appears relevant to re
vides transfer efficiencies close to the theoretical maximum fifie the optimization using a larger spin system and focusing
y-encoded recoupling sequencéSs)(and that the transfer canon the overall efficiency of transfer to the desired destinatior
be made highly selective using DCP (less than 1% loss to thgin(s). In this manner it will be possible to detect potential
undesired carbon for the two transfers). Both features are funterplay between the pulse-sequence elements and multipl
damental for the overall performance of the 2D dimensiongpin effects. Thus, we conducted a 4D grid search over th
experiment additionally relying on a subsequent homonuclédC carrier frequencies for the DCP and C7 pulse sequenc
transfer step. elements and their durations (restricted to integrals of the ro
For the homonuclear transfers we addressed thgL§65,— tor period) using thé3Ch,~13C%,—13C,—15N33-13CY,, 5N3—
13Ce.13C, three-spin system and tH8Cr—13C/ 3¢y 13¢;  13¢g,~13Ch,-13C%,-13C,,, and!®Na,~t4Ce,~13Ch -3¢, -3¢,
four-spin systems of Asp and Gly, to optimize the C7 trans- five-spin systems for the N(CO)CA, N(CA)CB, and N(CA)CX
fers for the N(CO)CA (Fig. 4f), N(CA)CB (Fig. 4g), andexperiments, respectively, and the same RF field strength cond
N(CA)CX (Fig. 4h) correlations. ThEC' to13C* transfer forthe tions as above. This optimization led to the same pulse sequenc
N(CO)CA experiment is readily optimized for selective transas obtained for the smaller spin systems above in terms of ca
fer into the desired3C* spin (49% efficiencyrc; =67, and rier offset frequencies and mixing times but slightly reduced
Sl /27 = 1.5 kHz) without noticeable leak further out in theoverall efficiencies. For the N(CO)CA and N(CA)CB correla-
side-chain because of the need for C7 to be close to the méans the transfer efficiencies for the desired spin are 25.8 an
isotropic chemical shift of the two involved spirg4(, 67). This 38.6%, respectively, to be compared with the values of 29.1 an
condition cannot be fulfilled for the one-boRdC'—*3C* and 47.9% obtained by multiplication of the DCP and C7 transfer
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efficiencies obtained above. For the gysN(CA)CX be obtained by static-sample solid-state NMR experiments o
correlation we obtained{*3C*,'3C#13C"} efficiencies of isotope-labeled peptides incorporated into laminar phospholipi
{—14.8, 23.3, —11.4}% compared with the multiplicated val-bilayers oriented with the membrane normal parallel to the
ues of{—18.8, 24.5, —18.2}%. In all cases we observe that theexternal magnetic field56). In particular, it has proven use-
pulse sequences optimized on three- and four-spin systemsfuéto determine orientation-dependeéfl chemical shifts and
main optimum while larger, and more realistic, spin system&l—°N dipolar couplings for'®N-labeled peptides using the
cause reduced transfer efficiencies as may be attributed to #H#fSEMA experiment45). For uniformly labeled samples, this
fusion of coherences to undesired spins or nondetectable lexperiment gives rise to so-called PISA wheels from which it,
gitudinal or multiple-quantum coherences. To further demonnder ideal conditions, is possible to assign ¢ resonance
strate this aspect we calculated the effect of the optimutirectly to the structure and independently of this determine th
pulse sequences on various heteronuclear seven-spin systerientation ofx-helical structures relative to the bilayer normal
(cf., Fig. 4c) originating from the Lys-Gluz, (N(CO)CA, (69, 70. Furthermore, it has recently been shown that trans
N(CA)CX) and Glm-Asps, (N(CA)CB) residues of ubiqui- membrangs-strands cause similar types of systematic pattern
tin and leading to the overall transfer efficiencies illustrateid the PISEMA spectra7(l). These attractive features render
in Figs. 4i-4k. These results clearly reveal that it is poshe PISEMA type of experiments very interesting for structure
sible to (i) obtain a very high degree of selectivity in the&etermination simply for the reason that time-consuming estak
coherence transfer processes forming the basis for heterolishment of accurate assignments potentially may be avoide
clear correlation experiments and (ii) about double the seBefore this conclusion can be taken, however, it is very impor
sitivity of the experiment relative to commonly used pulstant to investigate how ideal the helical structure and the puls
sequences based on broadband andynemcoded transfer el- sequence must be to prevent wrong interpretations. The comk
ements which in an optimistic view give an overall transfamation of SIMMOL and SIMPSON forms an ideal vehicle for
efficiency of 10-12% assuming a transfer efficiency of 30nvestigating such effects by exploiting SIMMOL to establish
35% for each element under consideration of multiple-sptensor information for all relevadti—'°N containing spin clus-
effects 19). ters and SIMPSON for numerically exact calculations of the
Obviously, the SIMMOL and SIMPSON combination mayesponse from the PISEMA experiments under consideration c
also be used for simulation of spectra obtained for specificultiple-spin and finite RF pulse effects.
polypeptide structures using advanced solid-state NMR ex-To illustrate the influence of the secondary structure and finit
periments. To demonstrate this aspect and visualize the HRF pulses on the appearance of the PISA wheels, Fig. 6 shov
eronuclear correlations that may be obtained using the 2D exseries of molecular structures and associate PISA wheels o
periments described above, Fig. 5 shows simulated DCP-@ed using SIMMOL in combination with SIMPSON for nu-
based N(CO)CA and N(CA)CX 2D spectra obtained for fiveerically exact calculations and SIMMOL alone for analytical
residues of ubiquitin as highlighted by the peptide planes @alculation of PISEMA experiments assuming ideal RF pulse
the associated SIMMOL molecular graphics representatiom®nditions {0). Figures 6b and 6¢ show SIMPSON simulations
Using the isotropic chemical shift values of Waatlal. (50) for an ideala-helix (¢, v = —65°, —40) tilted 20 relative
and under appropriate consideration of the transfer efficieta-the magnetic field direction as shown in Fig. 6a. A “worst
cies in Figs. 4i—-4k, the 2D spectra were obtained by coaddingse” numerical exact simulation represented by the contoul
2D spectra from five five-spin simulations invoIviﬁéCiﬁ_l— in Fig. 6b employs relatively low RF field strengths of 40 kHz
13ce 3¢/ 15N, —13C* and 15N;-3Ce23CP13CY 13C for  (32.7 kHz) for'>N (*H) during thew; /27 evolution period and a
the N(CO)CA and N(CA)CX experiment, respectively. Thélecoupling RF field strength of 80 kHz in the direct dimension.
pulse sequences used 256ncrementsAt =1, At, = /6 1he (N, Hi, HfY, Hi_1) spin systems in this simulation have
(512 points), and the States—Haberkorn—Rulig) 4pproach been chosen as to allow evaluation of the effect of inefficien
to achieve phase sensitive spectra. The resulting 2D spec@monuclear dipole coupling of the protons. Comparison witt
each requiring 90 h of CPU time on a cluster of five 450-MH@n ideal SIMMOL-calculated PISA wheeT@) as represented
Pentium PCs using SIMPSON's distributed clustering featurgy @ solid line in this figure reveals differences of up to 0.5 kHz
clearly demonstrate the predicted selectively and relative intdA-the w1/27 and 2.5 ppm in thex,/27 dimension. However,
sity of the various resonances and reinforce the attractive sighe overall wheel shape is preserved and the spectral artifac
encoding of the various resonances in the N(CA)CX experimegfipecially around the center of tag/2r dimension arising

asameanstodiscriminate potentia"yoveﬂapﬁﬁ@f and13CV from imperfeCt Spin IOCking and off-resonance Eﬁects, dimin-
resonances. ish as the RF field strengths are increased. This is illustrate

in Fig. 6¢c where the RF field strengths are doubled to 80 kH:
(65.3 kHz) for>N (*H). The full-structure SIMMOL simula-
tions in Figs. 6e, 6f, and 6h required approximately 2-12 s o
For membrane proteins detailed information about the stru¢PU time on a 450-MHz Pentium PC while the SIMPSON four-
ture and membrane associated conformation may alternativefin simulations (Figs. 6b, 6¢, and 6i) of the two-dimensional

Simulation of 2D PISA Wheel Spectra
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FIG. 5. Simulated DCP-C7 (a) N(CO)CA and (b) N(CA)CX 2D correlation spectra for selected residues in ubiquitin obtained using SIMPSON with te
parameters for the involved spin systems established from the PDB file using SIMMOL along with the default chemical shitiglthg parameters in Table 2.
The simulations usedy/27 = 5 kHz, wSZ/27 = wpc™C /2 = 35 kHz,wBe™N /27 = 30 kHz, along with (a)pcp = 7c7 = 1.2 ms and (bjocp = 1.8 ms,
1c7 = 1.2 ms. The'®N carrier was on-resonance with respect to the amide nitrogens (120 ppm) wHif€tharrier was set to the optimum values from Figs. 4i
and 4k for N(CO)CA and N(CA)CX, respectively. The chemical shift, scalaoupling, and dipolar coupling parameters used for the simulations can be foun
in the SIMPSON input files available at http://nmr.imsb.au.dk.

PISEMA spectra with 25& 128 data points required 3—4 minThe apparent difference in the shape of this wheel relative to th
per residue. wheel employing torsion angles ¢f v = —65°, —40° (solid

An impression of the known influence of secondary strudine in Fig. 6¢) indicates that PISA wheels are indeed very sensi
ture on the shape of the PISA whe&lJ is provided by the tive to changes in the secondary structure. To further investigat
ideal wheel employing differen&-helical torsion angles of this aspect Figs. 6d—6i address attention to local variations in th
¢, = —57°, —57° as depicted in Fig. 6¢ by a dashed linetorsion angles in the recent XRD bacteriorhodopsin (PDB ID:
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FIG. 6. Numerical simulations of PISEMA experiment$N shift horizontal;*H-'N dipolar coupling vertical) on uniformly®N-labeled proteins using
SIMMOL in combination with SIMPSON. (a) SIMMOL representation of an ideal 18-residue peptideswith= —65°, —40°. (b, c) PISEMA spectra for the
peptide in (a) employing numerically exact simulations to account for finite RF pulse, off-resonance, and multiple-spin effeitsS#MA RF field amplitudes
(a)gF/Zn) of (b) 40 and (c) 80 kHz (see text). The solid lines correspond to ideal PISA wheels. The dashed line in (c) corresponds to an ideal PISA wheel
a helix with backbone torsion angles ¢f v = —57°, —57°. (e, f) PISEMA spectra of helix 1 (e) and all seven transmembrane helices (f) of bacteriorhodop:
as visualized in (d) with helix 1 highlighted in black and marked by arrow. (h, i) Simulated PISEMA spectra of helix 4 (h) and all seven transmeridasine h
(i) of rhodopsin as visualized in (g) with helix 4 highlighted in black and marked by an arrow. The latter spectrum (i) corresponds to a numericathuéatam
taking finite RF pulses, off-resonance, and multiple-spin effects into account (see text). The SIMMOL output and SIMPSON input files for thensatrelati
available at http://nmr.imsb.au.dk.

1C3W) (72) and rhodopsin (PDB ID: 1F88Y8) structures. The resented by the solid line). However, an ideal PISEMA spectrun
most ideal of the seven transmembrane (TM) helices of bactdrr all seven TM helices of bacteriorhodopsin (shown in Fig. 6f)
orhodopsin is helix 1 as judged from the standard deviation bérdly reflects any wheel shapes at all.

the torsion angles. In Fig. 6d this helix is highlighted in black The difficulty for the topology-based interpretation be-
in the SIMMOL representation of all seven TM helices. Theomes even more apparent by inspecting the PISEMA spect
ideal PISEMA spectrum for helix 1 is shown in Fig. 6e and stitalculated for the most perfect helix (Fig. 6h) and all sever
reveals a wheel shape that fits fairly well with the wheel for aiM helices (Fig. 6i) of rhodopsin visualized by SIMMOL in
ideal helix tilted 20 relative to the magnetic field direction (rep-Fig. 6g. The PISEMA spectrum in Fig. 6i is calculated under
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