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Density functional theory is applied to explore changes upon hydrogen bonding #N\tleand *H nuclear

magnetic resonance (NMR) chemical shielding tensors of the imino group in the Wasiok nucleic acid

base pairs. The dependence of results on the quantum chemical method used, on the basis set superposition
error, and on the effect of the relaxation of the base pair geometry with changing hydrogen bond length is
addressed. The systematic variation with changing separation between bases in calculated shielding data and
resulting auto- and cross-corelation chemical shift anisotropy parameters is documented. Possible implications
for NMR studies of the dynamics &iIN—H bond vectors and for transverse relaxation-optimized spectroscopy
experiments on imino protons are discussed.

Introduction o) NH,
Modern nuclear spin relaxation measurements are capable /N On
of probing a vast time range of molecular motidn&s a result, ( S11 /i N
the study of biopolymer mobility in solution using NMR HN /N H, N3
becomes increasingly important in unraveling correlations — NN /\ NH
between the function and dynamics of macromolectiéen 5
applied to nucleic acids, relaxation studies of internal motions NHz
have primarily focused on thHéN isotope of the imino group. Figure 1. Definition of therN---N separation in the guanireytosine

Structurally, imino groups are important hydrogen-bond donors Pase pair and the orientation of the principal axis system of ke
in nucleic acids. In the WatserCrick base pairs, they form chfemlcal sh]!elrfilng tensor of t_he N1 nugl_euls of gusnlne in the frame of
such bonds with the N3 nitrogen of cytosine (in the guanine reference of the base pabrs is perpendicular to the page).
cytosine base pairs) and with the N1 nitrogen of adenine (in  In this report, particular attention has been paid to the
the thymine-adenine DNA base pairs and in the uragenine technical details of chemical shielding calculations (for a recent
RNA base pairs};the separation between imino nitrogen and review of ab initio calculations of NMR parameters, see ref 10).
the N3/N1 cytosine/adenine acceptor will be denoted here asConsequently, the following topics will be addressed:
rN--N (see Figure 1). For a reliable interpretation 6N (i) Presently, for chemical shielding tensors to be calculated
relaxation data, the knowledge of both imino nitrogen and imino with the inclusion of electron correlation, only density functional
proton chemical shielding tensors becomes crucial. Very theory (DFT}-based methodologies are of practical use when
recently, these tensors, in contrast to what has been sometimesystems comprising more than 20 non-hydrogen atoms are in
assumed, have been shown not to be axially symmetric with question. Of them, the B3LYP-GIA® and the SOS-DFPT-
respect to the imind>N—H bond vectof:¢” Moreover, from IGLO314 approaches seem to be the leader®o shielding
the first systematic investigation of changes in shielding tensorstensors and, as a consequence, relaxation properties of imino
with varyingrN-++N in the guanine-cytosine pair, site-specific nuclei as predicted by these alternative approaches differ
variations in principle elements and directional cosine¥°Nf significantly?
and 'H shielding tensors have been inferred. The resulting (ii) Although large basis sets have been used, they are obviously
systematic errors in parameters of molecular motion based onfinite, and thus, computed shielding tensors are, in principle,
autocorrelation rates have been analyzed for imino nitrogensaffected by the basis set superposition error (BS8BShould
of guanine residues in nucleic acids. As recently proposed calculated shielding parameters be BSSE-corrected?
transverse relaxation-optimized spectroscopy (TRG%¥ihe (iii) In general, modification of therN---N distance is ac-
focus of increasing attention in the NMR of nucleic aclds, companied by changes in remaining geometrical parameters of
simulations of TROSY effects for guanine imino nitrogen have the base pair. How important is this effect for derived relaxation
been carried out in the communicatioas well. Clearly, an parameters?
extension of this study to remaining Watse@rick base pairs, On the basis of solutions to the methodological questions,
together with an assessment of the efficiency of TROSY the systematic variation in ab initio shielding data in response
experiments for imino protons in nucleic acids, are of utmost to the hydrogen bond length will be discussed. Chemically and
interest. spectroscopically relevant conclusions will be drawn mainly
N - . concerning the following:
e S5l F AT (i) Differences N ancH shieding tensors between thymine
8861. Phone:+1-508-793-7112. E-mail: george@nmr.clarku.edu. and uracil, respectively, when hydrogen-bonded to adenine.
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(v) Changes in shielding of tH&N and'H atoms of imino group whereg) andog are the chemical shieldings of the nucleus under
when located on guanine and a pyrimidine base, respectively,study whenBy is parallel and orthogonal, respectively, to the
when rN---N is modified to mimic different sites of nucleic  axis of symmetry of the shielding tensor. For a nonsymmetric
acids. shielding tensor, parameteisr andAy (the asymmetry factor)
(vi) Finally, ab initio predicted shielding tensors will be can be used to describe CSA autocorrelation. Harepf an
employed in simulations of spirspin relaxation rates of imino  imino nitrogen,Ao", is defined as
protons for two approaches of relaxation control, i.e., single-
guantum coherence (SQ) experimént§ and the TROSY AdY = ollN - (022N + 033N)/2 (2a)
scheme. The data obtained by these simulations will be shown
to be useful in guiding experimental work on the structure and and Ao of an imino protonAc*, as
dynamics of nucleic acids.

A" = 033" = (04" + 0512 (2b)
Theory and Computations
on the basis of the observations (cf. Discussion) that (a) the
principal axis ofo1,N is close tagj of imino >N shielding tensors
and (b) the principal axis ofis3™ is close to being collinear
with the iminoH—5N bond vector. Accordingly, the asym-
'metry factors are defined as

Geometries.The proper description of geometries of hydrogen-
bonded nucleic acid bases is a demanding t&sk.the study
of the guanine-cytosine pair, coordinates from a deliberately
selected crystal structure were employed. In the present work
geometry optimizations with the inclusion of electron correlation
were_carned out m;tead. Since calculations on the MBPT(2) A77N — (UzzN _ 033N)/(011N _ UisoN) (3a)
(or higher) level with a reasonably large basis set would be
extremely demanding, DFT was employed. In a thorough gnq
investigatios! of vibrational spectra of hydrogen-bonded bases,
the B3PW91/6-311G approach was adopted. It was pointed out At = (0, — 01,043 — 0. (3)
to the autho® that the B3PW91 functional tended to give
hydrogen bond lengths that were too short relative to the resultsThe chemical shift anisotropy contribution to autocorrelation,
of optimizations with the B3LYP (Becke’s three parameter Csa, is then given by
exchang® and Lee, Yang, Parr correlati#h functional. This
was confirmed (values not shown) for the cytosine dimer, for CSA,=Ac(1+ A,72/3)1/2 (4)
which extensive MBPT(2) data were reported as W®ell.
Consequently, the B3LYP/6-311G approach was used. HF/6- |t is stressed that the definitions 2a,b and 3a,b are invoked only
31G** geometries of the guaninecytosine (GC), adenine for convenience, as CSA autocorrelation properties can be
thymine (AT), and adenineuracil (AU) base pairs as obtained  alternatively defined using the effectiver, Aoer?®
from an author of ref 25 served as an initial guess for full
geometry optimizations using the Gaussiai%uite of pro- AG gy = (01,° + 0y + Ozs’ — 011099 — 011033 — 003
grams with default settings. Located stationary points were (5)
verified to be minima by calculations of harmonic vibrational
frequencies (all real for each structure). From these minima
the structures witliN---N separations between 2.65 and 3.50
A (see Tables 46 and 8-10) were prepared by translation
along the direction of respective imino nitrogeN3/N1 axis.
To study an implicit influence of changes in geometrical
parameters other thaiN---N on shielding tensors, we carried
out partial optimizations at the B3LYP/6-311G level for the
AT pair by freezing theN-:+N distance at its lowest (2.65 A)
and highest (3.50 A) values considered here and by relaxing
remaining internal coordinates. The coordinates of the equilib-

rium anql the relaxeq geometries of the AT pair are available as tensor in its principal axis system and the internucldy-¢
Supporting Information (Table 1S). 1H imino, e.g.) vector ands(X) = (3% — 1)/2.

NMR Chemica}I Shiglding and Relaxation.A thor.ough Shielding Tensors.SOS-DFPT-IGLO shielding tensors were
discussion of this topic was most recently given in ref 7. i 004 with the deMon-MASTER-CS cot#Lwhich imple-
Consequently, only a brief summary follows here. A ments sum-over-states density functional (Raylei§bhra-

The chemical shielding tensar, is a tensor of rank 2111* jnqer) perturbation theory with the IGL®gauge choice. The
< 02" < 034" are the components of the diagonalized shielding Perdew-Wang-91 exchange-correlation potenat4the FINE

A = A i . ; . . . '
tensor of an atom Aoiss™ = (01 : 02t + "33A)/A3 isthe  gngular integration grid with 32 radial shelsand the ap-
isotropic chemical shielding, and® = ot — 0iso™ is the proximation Loc. 1 SOS-DFP¥14were used. The molecular
isotropic chemical shift of an atom A, whesgy s the isotropic orhjitals were localized by the method of B0 obtain more
shielding of a (NMR-active) nucleus A in a reference compound. precise molecular orbital coefficients and one-electron energies

The chemical shift anisotropy (CSA) interaction between the afier reaching convergence during SCF iterations, we performed
applied magnetic field, and the nuclear magnetic moments one exira iteration without fitting the exchange-correlation
is often a significant relaxation mechanism. CSA autocorrelation potential and using an enlarged gHdThe IGLO—III basis set
processeX for an axially symmetric shielding tensor depend ¢ Kutzelnigg et af2 was employed. IGLEII is a relatively
on the parameter termed CSA large basis set, roughly of “quadrupi&quality (the contraction

pattern (6)/[3,3*1] with two sets of polarization functions for
CSA=g,— o (1) hydrogen and (11;7)/[5,6%1;2,5*1] with twd sets for first-

1/2

which is equivalent to CSAIn the sense thdCSAy = Aoest
" (see ref 7 for discussion).
The cross-correlation CSA proces¥edepend, in addition,
on the principal values of the shielding tensor and also on the
orientation of the shielding tensor with respect to the internuclear
axis. In the case of a nonsymmetric tensor, cross-correlated
relaxation rates depend on the paraméter

I' = 0,,P,(c0s8,) + 0,,P,(cosh,) + 0;55P,(cosh) (6)

where#; is the angle between tlieh component of the shielding
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row atoms). Its use resulted in the application of 813, 756, and
803 basis functions for the AT, AU, and GC base pairs,
respectively. To account for the basis set dependence of
shielding tensors, we used a huge JMN2 basi¥* §ahcon-
tracted IGLG-IIl with two additional sets of polarization
functions) together with the same protocol as described above
in selected calculations of the AT pair (Tables 1 and 2). The

number of basis functions increased to 1262. These calculations

will be abbreviated as IGLO/IIl and IGLO/JMN2, respectively.

To check the dependence of shielding tensors in the AT pair
on the method used, we employed the B3LYP-GIAO approach
as implemented in the GaussiaA®duite of programs. In this
scheme, the GIA& 37 method is used to overcome the gauge
problem, and coupled-perturbed Keh8ham equations with
the presence of Hartred=ock exchange terms are solv@d he
basis set used was the TZ2P by Sehat al2 It is a triple<
basis set with two polarization functions (the contraction pattern
(5)/[3] for hydrogen and (10;6)/[6;3] for the rest of atoms; 574
basis functions). The resulting approach will be referred to as
GIAQO/TZ2P.

In agreement with the previous wéPlon biological systems
of similar size to base pairs, anhydrodeoxythymidines, consider-
able time savings can be achieved by the application of the
IGLO/III method as compared to the GIAO/TZ2P method. For
example, typical CPU times on the same SGI Power Challenge
computer with R10000 processors for the AT pair were 8 and
50 h accordingly.

To determine the extent of BSSE in IGLO/III calculations,
we obtained counterpoise (CP) corrections of Boys and Ber-
nardi*® to selectetiso, gii, and 6; values of the AT pair with
rN---N = 2.65 A (see Table 3 and Discussion). In this approach,
tensor parameters were calculated for thymine in the presenc
of the basis functions of adenine (without its electrons or nuclei).

Simulations of Relaxation Rates.The relaxation rate
constants for the slowly relaxing (TROSY) component of the
imino 'H—15N doublet, R,'R, and for the imino'H single
quantum coherenceR,S?, were calculated according to the
following equations

R, = d78[43(0) + Iy — wp) + 3)(,) + 3(wy) +
6J(wy + w,)] + (G76) [4(0) + 3)(w})] +
(cN2/2)3](a)N) + 1/(2J3)ngHN[4J(O) + 3J(wy)] +

> iy 78[I(0) + 3)(wy) + 63(2wy)] (7)

R, = d,,,2/8[4J(0) + J(wy — wy) + 3)(w,,) + 3)(wy) +
6J(wy + )] + (c,76)[4I(0) + 3)(w,,)] +
(cy72)3U@p) + 3 1y 78LI0) + 3)(wyy) + 63(2,,)] (8)

where

Oy = 717NN/ (BT ) 9)
A = 747 huee/ (877 %) (10)
¢, = w,CSA(H)/3 (11)

oy = wCSAN)/3 (12)
oy = 0 /3 (13)

where J is the power spectral density functibhuo is the
permittivity of free spaceh is Planck’s constantyy and yn
are the gyromagnetic ratios of the sptaksand®N, respectively,

e
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Figure 2. Transverse relaxation rate dependence on the spectrometer
strength theoretically predicted for the imino proton in the adenine
thymine base pair. Straight lines: single quantum coherence for a
molecule with short (solid line;N---N = 2.65 A), typical (dashed line;
rN---N = 2.79 A), and long (dotted lingN---N = 3.25 A) hydrogen
bonds. Symbols: the slowly relaxing (TROSY) component of the HN
doublet forrN--+N values of 2.65 A (solid circles), 2.79 A (crosses),
and 3.25 A (open circles). See the text for details of simulations.

run is theH—15N internuclear distanceyy are the interproton
distances considered (vide infrapy; and wy are the Larmor
frequencies otH and®®N, respectively, and the chemical shift
anisotropies CSQAandI" were calculated from egs 4 and 6,
respectively. As the Hprotons in eq 10, only théH nuclei
with distances from the imino proton smaller than 3.0 A (data
not shown) in the B3LYP/6-311G geometry were taken.
Namely, the H2(A) and one of the amino protons were
considered in simulations of the AT pair. In the case of the GC
pair, one amino proton of guanine and one amino proton of
cytosine were investigated. As the values of ithg separation,
1.0550 and 1.0363 A were used for the AT and the GC pair,
respectively (see Discussion). The dynamic model considered
in the simulations is that derived using the Lipafizabo
approacH?43 The analytical spectral density function for this
model is

J(w) = 2/5[S7, /(1 + w’r, ) + (1 — D/(L+ 0*?d)] (13)
with

=1k, + 1k, (14)
wherert, is the rotational correlation time, is the effective
internal correlation time, and® is the generalized order
parameter that describes the balance between contributions to
J(w) due to overall rotation and internal motion. As the values
of correlation times, the estimafefor the ATP-binding RNA
aptamet* at 298 K, i.e.,tm = 8 x 10°s andr = 8 x 10712
s, were taken. The effect of flexibility of a molecule was
examined by repeating calculations for sevéfavalues from
the intervall0.25,1.0Q]i.e., by modeling highly flexible to rigid
residues.

Taking into account the above-mentioned parameters, the
relaxation rate constants as functionRyf (see Figures 2 and
3) and their derivativesRkb/dBy were studied using a routine in
Maple V4

Results and Discussion

Methodological AspectsIGLO/IIl, IGLO/JMN2, and GIAO/
TZ2P results for the AT pair in severdN---N separations are
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TABLE 1: Chemical Shift Anisotropies of the N3 Atom of Thymine as Predicted Using Different Approache&®

2.65A 279 A 3.50A o

approach CSalppm] I' [ppm] CSAfppm]  I'[ppm]  CSAj[ppm] I [ppm] CSAi[ppm] I [ppm]

IGLO/II —-134.3 —85.9 —-123.6 —-89.0 -99.3 -92.6 -93.7 -91.7
(—133.9) (—84.6) (—106.6) (—98.5) (—101.5) (—98.8)

IGLO/JMN2 -136.1 -87.2 -129.3 -92.0 —-100.8 —94.0 —-95.1 -93.2
(—135.7) (—85.9) (—108.3) (—100.0) (—103.1) (—100.4)

GIAO/TZ2P —-141.6 —-95.6 —-131.6 -98.8 —108.9 -102.3 -101.8 —-99.8
(—141.0) (—94.3) (—115.5) (—107.6) (—109.4) (—106.8)

a Distances given in the first row correspondrté---N separations (see the text)Values in parentheses pertain to relaxed geometries.

TABLE 2: Chemical Shift Anisotropies of the H3 Atom of Thymine as Predicted Using Different Approachea®

2.65A 2.79A 3.50A I

approach CS4ppm] T [ppm] CSA[ppm] T [ppm] CSAu[ppm] T [ppm] CSAu[ppm] T [ppm]

IGLO/IIN 30.09 27.34 25.50 23.07 13.03 11.55 5.40 4.72
(30.63) (27.97) (12.29) (10.28) (4.84) (4.08)

IGLO/JMN2 29.77 27.02 25.17 22.72 12.68 11.15 5.52 4.94
(30.31) (27.65) (11.96) (9.89) (4.53) (3.81)

GIAO/TZ2P 29.64 26.47 25.11 22.22 12.95 10.93 5.29 4.20
(30.19) (26.64) (12.21) (9.57) (4.72) (3.54)

aDistances given in the first row correspondrid:--N separations (see the text)Values in parentheses pertain to relaxed geometries.

24 GIAO approaches are virtually identical (see Tables 1 and 2
and also Table 11). For example, although absolute values of
15N CSA, andT are higher by ca. 10 ppm when calculated using

. GIAO/TZ2P compared to using IGLO/IlI, the differences
between structures with various---N’s calculated using these
methods agree to within 2 ppm (Table 1).

- Parenthesized in Tables 1 and 2 are also given the IGLO/III,

20

= IGLO/IMN2, and GIAO/TZ2P values of CSandT for the
w o AT pair obtained for structures with internal coordinates other
- thanrN---N relaxed. The B3LYP/6-311G approach, which was
| — eesnnneen employed for partial optimizations, is expected to overestimate
4 e S aaSpsoorssans Sos0ee 50 the deformation of hydrogen-bonded bases upon complexation
with respect to more demanding (MBPT(2) BSSE-corrected)
04— T technique$®22In this context, changes in CSAndT due to
300 400 500 600 700 800 900 1000

(/2 [MHz] relaxation of geometry can safely be neglected.

h/2n “ The CP technique, which was adopted here to study the basis
Figure 3. Transverse relaxation rate dependence on the spectrometerset extension effects, has been successfully employed for NMR
strength theoretically predicted for the imino proton in the guanine parameters of smaller systefsn Table 3,0iso, 0ii, and the
cytosine base pair. Straight lines: single quantum coherence for agmallest of angles are presented for thymine with dummy

molecule with short (solid line;N---N = 2.65 A), typical (dashed line; - .. . .
rN--:N = 2.89 &), and long (dotted lingN-+-N = 3.25 A) hydrogen atoms in positions corresponding to adenine wik--N = 2.65

bonds. Symbols: the slowly relaxing (TROSY) component of the HN A and for isolated thymine. Imino group nuclei are practically
doublet forrN-+-N values of 2.65 A (solid circles), 2.89 A (crosses), unaffected by BSSE at this rather close distance. Consequently,
and 3.25 A (open circles). See the text for details of simulations.  the CP procedure was not further applied, and BSSE-uncorrected
values are given in Tables40. However, if1’O shielding
tensor elements were of interest, the basis set extension effects
might complicate their analysis. This can be seen from results

seen that an extension of the basis set from the IS0 for the O4 of thymine, which lies only 2.75 A from the amino

JMN2 causes negligible changes in relaxation parameters. Al Nitrogen of adenine (Table 3).
IGLO/IIl @ ang|es are Converged up td’]yvh”e principa] Imino Nitrogens. In Tables 4-6, chemical Shleldmg data
elements within 1 and 2 ppm fdH and 5N shielding tensors, ~ for N3(T), N3(U), and N1(G) hydrogen-bonded nuclei are
respectively, with respect to values obtained with JMN2 basis Presented together with values for these atoms in isolated bases.
set (see Supporting Information, Tables-Z8). Hence, the First, the trends, which are common to all imino nitrogens of
IGLO—III basis set can be considered saturated for calculations the Watsor-Crick base pairs, in changes of parameters describ-
of relaxation parameters in the SOS-DFPT-IGLO framework. ing **N shielding tensor upon modification oN-+*N will be

The differences between GIAO and IGLO results are also analyzed.

shown in Table 1 (N3 atom of thymine) and Table 2 (H3 atom
of thymine). Only data directly involved in analyzing NMR
relaxation, i.e., CSAandT, are given for brevity. It is readily

marginal. From a detailed analysis (Tables-3S) of predicted Chemical shifts of imino nitrogens increase with increasing
tensors, only one systematic difference emerges, i.e., thehydrogen bonding (i.e., with shorteningl---N separations).
overestimation of) angles (up to 1.9and 2.6 for 'H and®®N, Theoretical predictions of this tendency together with quoting

respectively) by IGLO/III relative to GIAO/TZ2P. From a relevant experimental evidence were most recently given in refs
practical viewpoint, however, only the trends in changes of 47 (for the AT and AU base pairing) and 7 (for the GC pair).
relaxation rates with changing hydrogen bonding are important. Also, the values of principal elements of all imit&N shielding

In this respect, the results of SOS-DFPT-IGLO and B3LYP- tensors change in the systematic way; ivg;,andoy, decrease,
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TABLE 3: Assessment of Basis Set Extension Effects on the Chemical Shielding Tensors of Selected Nuclei in the
Adenine—Thymine Base Pair-°

atom 0iso[ppm] o1 [ppm] 022[ppm] o33[ppm] 01[°]

N3 75.099 12.797 105.357 107.142 6.69
(75.023) (12.536) (105.172) (107.362) (6.76)

H3 22.466 19.394 22.385 25.620 3.21
(22.500) (19.431) (22.428) (25.640) (3.23)
o4 —112.484 —435.121 —196.808 294.478 10.45
(—108.249) (—426.934) (—193.559) (295.746) (10.55)

aResults for thymine nuclei obtained with and without (in parentheses) the presence of basis functions in positions of adenihe; stames.
the principal values of the shielding tensets, is their average, an@é is the smallest of the angles between th@ shielding component of
respective shielding tensor in its principal axis system and the corresponding bond vector.

TABLE 4: Chemical Shielding Data of the N3 Atom of Thymine?

IN-“N[A] 6 [ppm]  oulppm]  ozzlppm]  osslppm]  6:[°]  62[1 05[]  Ac[ppm] Ay CSAJfppm] T [ppm]
2.65 185.2 -38 37.1 146.2 234 1134 899 -955 1.71 —134.3 —85.8
2.75 182.4 -1.1 46.9 142.1 186 1085 90.0 —95.6 1.50 —-126.3 —-88.3
2.79 181.5 -0.2 50.2 140.7 17.3  107.3 90.0 —95.7 1.42 —123.6 —89.0
2.85 180.2 1.0 55.5 138.2 156 1056 90.0 —95.8 1.29 —~119.6 —89.9
2.95 178.4 2.7 63.0 134.4 136 1036 90.0 —96.0 1.11 —114.2 —91.0
3.05 177.0 4.0 69.5 130.9 122 1022 90.0 —96.2 0.96 —109.9 -91.8
3.25 175.0 6.0 79.4 124.8 104 100.4 90.0 —96.0 0.71 —103.8 -92.5
3.50 173.5 7.9 88.0 119.0 9.1 99.1 90.0 —95.6 0.49 —99.3 —92.6
o0 169.9 12.7 105.2 107.5 6.8 96.8 90.0 —93.7 0.04 -93.7 -91.7

aTherN--+N separation is defined in the texts the isotropic'®N chemical shifts obtained by subtracting the isotropic shieldings fsgsr
245.07 ppm of®N in liquid NHs, which is an experimental value from the literatfe;’s are the principal values of the shielding tensor, ansl
are the angles between théh shielding component and the N3(AW3(T) internuclear vector; parametets, Ay, CSA, andl” were calculated
using egs 2a, 3a, 4, and 6, respectivélifalicized are the values for the equilibrium geometry at the B3LYP/6-311G level.

TABLE 5: Chemical Shielding Data of the N3 Atom of Uracil2?

IN-“N[A] 6 [ppm]  oulppm]  ozzlppm]  osslppm]  6:[°]  62[1 05[]  Ac[ppm] Ay CSAJfppm] T [ppm]
2.65 187.7 -7.4 34.9 144.6 254 1154 900 —97.1 1.70 —135.9 —85.4
2.75 184.7 —4.0 44.6 140.7 204 1104 900 —96.7 1.49 —127.6 —-87.8
2.78 183.8 -3.1 47.6 139.4 19.1  109.1 90.0 —96.6 1.43 —125.1 —88.4
2.85 182.3 -1.7 53.2 136.8 17.1  107.1  90.0 —96.7 1.30 —~120.8 —89.6
2.95 180.6 0.0 60.7 133.0 14.8 1048 89.9 —96.9 1.12 —115.4 —90.9
3.05 179.1 15 66.9 129.6 13.3 103.3 89.6 —96.7 0.97 —110.9 —91.5
3.25 177.0 3.9 77.0 123.5 114 1014 90.0 —96.4 0.72 —104.5 -92.1
3.50 175.3 5.8 85.6 117.8 100 100.0 90.0 —95.9 0.50 —99.9 -92.3
o 171.7 10.7 103.0 106.4 7.5 975 89.9 —94.0 0.06 -94.1 -91.7

aTherN---N separation is defined in the text's are the isotropié®N chemical shifts obtained by subtracting the isotropic shieldings fsgm
= 245.07 ppm fo*N in liquid NHs, which is an experimental value from the literat@fe;’'s are the principal values of the shielding tensor, and
0;’'s are the angles between thth shielding component and the N3(thi3(U) internuclear vector; parameteks, Az, CSA,, andl’ were calculated
using egs 2a, 3a, 4, and 6, respectivélifalicized are the values for the equilibrium geometry at the B3LYP/6-311G level.

TABLE 6: Chemical Shielding Data of the N1 Atom of Guanine*b

IN-sN[A] 6 [ppm]  oulppm]  ozzlppm]  osslppm]  6:[°]  62[1 05[]  Ac[ppm] Ay CSAJfppm] T [ppm]
2.65 163.5 1.4 73.4 170.1 245 1145 90.0 —120.4 1.20 —146.6 —101.7
2.75 161.5 3.4 81.7 165.7 214 1114  90.0 —120.3 1.05 —140.6 —104.7
2.80 160.7 4.2 85.5 163.5 20.2 1102  90.0 —120.3 0.97 —138.0 —105.8
2.85 160.0 4.9 89.0 161.4 19.1  109.1  90.0 —120.2 0.90 —~135.6 —106.7
2.89 159.5 55 91.7 159.7 184  108.4  90.0 —120.2 0.85 —-133.8 —107.4
2.95 158.9 6.1 95.3 157.3 17.4 107.4  90.0 —120.1 0.77 —131.6 —108.1
3.05 158.0 7.2 100.7 153.4 16.1 106.1  90.0 —119.8 0.66 —-128.2 —109.0
3.25 157.0 9.0 109.2 146.1 143 1043  90.0 —118.7 0.47 —122.9 —109.5
3.50 156.3 10.3 116.6 139.4 12.9 1029 90.0 —117.7 0.29 —-119.3 —109.7
P 154.0 16.1 125.1 132.1 9.4 90.0 99.4 -1125 0.09 —112.6 —-107.8

aTherN---N separation is defined in the text's are the isotropié®N chemical shifts obtained by subtracting the isotropic shieldings frgsn
= 245.07 ppm of>N in liquid NHs, which is an experimental value from the literat8fe;’s are the principal values of the shielding tensor, and
0;’s are the angles between thth shielding component and the N1(&)1(G) internuclear vector; parameteks, Ay, CSA, andl” were calculated
using egs 2a, 3a, 4, and 6, respectivéljalicized are the values for the equilibrium geometry at the B3LYP/6-311G level.

andosz increases with shortening lengths of the hydrogen bonds. differences between corresponding parameter in the equilibrium
The most sensitive is the, principal value. These results are  rN-:N distance and in the isolated base.

in agreement with an extensive study of Hu etSalhere ParameterAo is predicted to be negligibly affected by
intermolecular effects on nitrogen shift tensors in nucleic acid hydrogen bonding. Qualitatively, this can be understood con-
bases were determined. To facilitate a comparison, the summarysidering the above-mentioned trendwiinos; tends to decrease

of tendencies irj andd is given in Table 7 in terms of the  the value ofAc with decreasingN--*N. On the other hand,
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TABLE 7: Changes in Shielding Parameters Due to the
Formation of a Hydrogen-Bonded Base Pa#®

base imino 1N imino *H

pair A(Oll) A(Ozz) A(033) A(é) A(Oll) A(Ozz) A(033) A(é)
AT —-129 -550 33.2 116 —-193 -9.8 3.9 8.3
AU -138 —-554 330 121 -195 -99 338 8.5
GC —-10.6 —334 276 55 -156 —-75 32 6.6

@ The differencesA, between the value of given shielding parameter
at the equilibriumrN---N (see the text) and in the isolated base are
shown.” All values are in ppm.

022 andosz tend to cancel each other out. However, changes in
022 are more pronounced than iz, and they go in the same
direction as that for1 but have the opposite sign in formula
3a. The asymmetry factor of the imifieN nuclei was recently

Czernek

shielding tensors can thus be considered to be the source of the
site-specific variations in the CSAvalues (see eq 4). The
implications for motional models of biological macromolecules
resulting from a neglect of these variations were detailed
elsewhere?8’

Not only Azn’s but alsof4’s were found to increase substan-
tially with decreasing'N--+N values in the GC paif.Again,
this trend remains valid for the AT and AU pairs as well.
Consequently, when hydrogen bonds are shoRegcos 6;)
terms diminish, which dampens the accompanying decrease in
o011 (see above). Values &f,(cos6,) become less negative for
smallerrN---N values (Tables 46), thus rendering smaller
decrease in th& values. On the other handz also has a
constant value of 90for short hydrogen bonds, which leads to
more negative-{o33/2) contributions td" becausess increases

described to increase with shortening the hydrogen bond lengthwith hydrogen bonding. As a result, the value Iofchanges

in the GC pair’. The same tendency comes out from the present
work for all three WatsorCrick base pairs. With practically
constantAo, deviations from axial symmetry of iminéN

TABLE 8: Chemical Shielding Data of the H3 Atom of Thymine2P

moderately wittrN---N. The consequences of this observation

for NMR investigation of molecular dynamics were discussed

in the communication.

N--N[A]  O[ppm] oulppm] oz[ppm]  oss[ppm]  6:[71  62[1 05[] Ao[ppm] Ay CSAJppm] T [ppm]
2.65 19.6 —4.6 9.9 30.0 89.9 914 13 27.4 0.79 30.1 27.4
2.75 17.8 -1.0 12.0 29.6 899 915 15 24.1 0.81 26.6 24.1
2.79 17.2 0.1 12.6 29.5 900 916 15 23.1 0.81 255 231
2.85 16.4 2.0 13.7 29.3 89.9 916 17 214 0.82 23.7 214
2.95 15.2 4.5 15.2 28.9 89.9 918 17 19.1 0.84 213 19.1
3.05 14.1 6.6 16.4 28.7 89.9 919 19 17.2 0.85 19.2 17.2
3.25 12.6 9.9 18.2 28.2 900 920 20 14.1 0.88 15.9 14.1
3.50 11.3 12.7 19.6 27.7 89.9 921 20 11.6 0.90 13.0 11.6

o 8.9 19.4 224 25.6 89.9 932 32 4.7 0.95 5.4 47

aTherN---N separation is defined in the texts are the isotropi¢H chemical shifts obtained by subtracting the isotropic shieldings frgm
= 31.339 ppm for protons in TMS calculated using the same approach as for K3€Tare the principal values of the shielding tensor, &rsl

are the angles between théh shielding component and the H3EAMN3(T) i
using egs 2b, 3b, 4, and 6, respectivéljtalicized are the values for the

TABLE 9: Chemical Shielding Data of the H3 Atom of Uracilab

nternuclear vector; parameteks, An, CSA, andI” were calculated
equilibrium geometry at the B3LYP/6-311G level.

N--N[A]  0[ppm] oulppm] oz[ppm]  oss[ppm]  6:[71  62[1 05[]  Aolppm] Ay CSAJppm] T [ppm]
2.65 19.5 —4.2 9.8 29.9 900 921 21 27.1 0.77 29.7 27.0
2.75 17.8 -0.7 11.8 29.5 900 922 22 23.9 0.79 26.2 23.8
2.78 17.3 0.4 12.4 29.3 89.9 923 23 22.9 0.79 25.2 22.9
2.85 16.3 2.3 13.6 29.1 900 924 24 21.1 0.80 23.3 211
2.95 15.1 4.9 15.0 28.8 900 926 25 18.8 0.81 20.8 18.8
3.05 14.1 7.0 16.2 285 89.9 928 28 16.9 0.82 18.7 16.8
3.25 125 10.3 18.1 28.0 89.8 931 3.1 13.8 0.84 15.4 13.8
3.50 11.3 13.1 19.5 27.6 89.9 933 3.2 11.3 0.85 125 11.2

o 8.8 19.9 223 255 89.6 905 0.6 4.4 0.83 4.9 4.4

aTherN---N separation is defined in the texts are the isotropiéH chemical shifts obtained by subtracting the isotropic shieldings frgm

= 31.339 ppm for protons in TMS calculated using the same approach
are the angles between th¢h shielding component and the H3(IN3(U) i
using egs 2b, 3b, 4, and 6, respectivéljtalicized are the values for the

TABLE 10: Chemical Shielding Data of the H1 Atom of Guanine-b

as for H3(Yare the principal values of the shielding tensor, arsl
nternuclear vector; parameteis, Ay, CSA, andI’ were calculated
equilibrium geometry at the B3LYP/6-311G level.

IN-*N[A]  6[ppm]  oulppm]  oxz[ppm]  osslppm]  6:[°]  62[1 05[]  Aclppm] Ay CSAJfppm] T [ppm]
2.65 18.2 -3.7 12.8 30.5 90.0 91.7 1.6 26.0 0.95 29.6 26.0
2.75 16.4 -0.2 14.9 30.0 89.9 91.8 1.8 22.7 1.00 26.2 22.7
2.80 15.7 1.3 15.8 29.8 90.0 91.8 1.8 21.3 1.02 24.7 21.3
2.85 15.0 2.7 16.6 29.6 90.0 91.9 1.8 20.0 1.05 23.4 20.0
2.89 14.5 3.7 17.2 29.5 90.0 91.9 1.9 19.0 1.06 22.3 19.0
2.95 13.9 51 18.0 29.3 90.0 92.0 2.0 17.7 1.09 21.0 17.7
3.05 12.9 7.1 19.2 29.0 89.9 92.2 2.2 15.9 1.14 19.0 15.8
3.25 11.4 10.3 20.9 28.6 89.9 92.8 2.8 13.0 1.22 15.9 13.0
3.50 10.3 12.9 22.1 28.2 89.9 93.7 3.8 10.7 1.30 13.3 10.6
0 7.9 19.3 24.7 26.3 89.9 104.7 14.7 4.3 1.86 6.3 4.2

a2TherN--+N separation is defined in the text’s are the isotropiéH chemical shifts obtained by subtracting the isotropic shieldings fsgm
= 31.339 ppm for protons in TMS calculated using the same approach as for H3{&&re the principal values of the shielding tensors, sl
are the angles between thé¢h shielding component and the H1(@Y1(G) internuclear vector; parameteks, Ay, CSA, andI” were calculated
using egs 2b, 3b, 4, and 6, respectivélitalicized are the values for the equilibrium geometry at the B3LYP/6-311G level.
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Calculations withrN++*N = 2.65, 2.75, 2.85, 2.95, 3.05, 3.25, spliced leader RNA sequenggthe chemical shifts of H1(G)
and 3.50 A and for the corresponding equilibrium separation protons in the residues G22 and G23 located at the helix-loop
were carried out for each base pair, which enables an immediatgunction and forming the WatserCrick base pairs are 12.52
comparison of magnitudes of shielding parameters betweenand 13.13 ppm, respectively, while for the G16 site in the loop
respective hydrogen-bonded bases. The structure differenceregion, which has a limited opportunity to create hydrogen
between uracil and thymine, i.e., the presence of the methyl bonds, the value of the iminB1 chemical shift is 10.68 ppm.
group in position 5 of the latter, causes rather small differences Consequently, the systematic variation found for the remaining

in the 1N shielding data of corresponding N3 nuclei (cf. Tables
4 and 5 and also Table 7). This is not surprising in light of a

very small difference of only 2 and 1 ppm between the chemical

shifts of N3(T) and N3(U) atoms in the liquitland the solid
states, respectively. In both experiments, the chemical shift of
N3(U) was reported to be higher than that for N3(T). Interest-
ingly, this tendency holds for atN-:-N distances studied here.
Thus, the N3(U) and N3(T) shielding data will be collectively
referred to as N3(pyrimidine) in the following.

The principal elements of>N shielding tensors of the
N1(G) atoms for respectiveN---N separations are markedly

shielding parameters of all Watserick base pairs will briefly
be discussed as well (Tables-80).

Notably, the values aof1; andoz, imino H shielding tensor
components change dramatically in response to hydrogen
bonding. They both decrease with shorteniNg:-N separation.

On the other handsss principal elements are much less affected,
their values being elevated about 2 ppm for shorter hydrogen
bonds. Interestingly, in the analysis of-®i---O bonded'H
shielding tensors measured in the solid stategtheomponent

has been found to be independent of the degree of hydrogen
bonding within experimental errors; anisotropies of up to 37.0

higher than their N3(pyrimidine) counterparts. This causes that PPm have been consider@dOn the basis of present ab initio

CSA, values for N1(G) are~10 ppm higher than the corre-
sponding N3(pyrimidine) values. Moreover, for giveM:--N,

the deflections of botla11 and oz, principal components from
the imino1>N—1H bond vector are slightly smaller for N1(G),

data, one is tempted to speculate that an experimental study of

the iminoH CSA would lead to a similar conclusion.
Parameteo is changing substantially with varyirgN---N

distance. As was the case with the (practically constantpf

which leads to even higher (ca. 15 ppm) differences in the valuesimino >N shielding tensors, the trend can be explained in terms

of I' between N1(G) and N3(pyrimidine). For the accurate

extraction of motional parameters from NMR relaxation studies,

however, the base-to-base variation in GS#and/or I' is

of variations inoji described above. For shaitl---N, the near-
cancellation ofo1; (which becomes negative) amd, occurs.
Consequently, thess component dominates thes value. For

essential. Namely, the smaller the variation in the chemical shift long (or absent) hydrogen bonds, the magnitudesigfand
anisotropy contribution to relaxation, the smaller errors are o2 are comparable to that os. This brings about small values

introduced into molecular dynamics by taking uniform GSA
and/orT values for all residues in the molecule of nucleic &cid.
In this respect, the results for N1(G) and N3(pyrimidine) are
quite similar. For example, the differences in the GBAtween
the shortest (2.65 A) and equilibriur++*N are 10.8 and 12.8
ppm for the AU and the GC pair, respectively, while the
differences in thd" values are considerably lower (3.0 and 5.7
ppm, respectively). The variation in the CSAetween the
equilibriumrN---N separation and a very long hydrogen bond
of 3.25 A'is predicted to be 20.6 and 10.9 ppm for the AU and

of Ao (eq 2b). As has been described for the GC pair recéntly,
the imino!H shielding tensor is nonsymmetric for any length
of the hydrogen bond, with the asymmetry factor only moder-
ately affected by variation inN---N. Nonetheless, CSfvalues
are predicted to vary dramatically with---N due to the above-
mentioned changes iAo.

The principal axes of imino'H shielding tensors have
practically fixed orientation for the whole range of hydrogen
bond lengths. Moreover, the direction of tlgs principal
component departs negligibly from collinearity with the imino

the GC pair, respectively. The corresponding changes in theH—15N internuclear vector. As a result, the values of the cross-

values of I' are substantially smaller (3.7 and 2.1 ppm,

correlation parametei’ approach self-relaxation data, and

respectively). As a consequence, the conclusion derived for theconsequently, they undergo significant changes with varying

GC residuebthat the parameters of molecular motion based

rN---N as well.

on cross-correlation rates would provide more accurate values Calculations for identicaiN-+*N separations do not reveal
than those based on auto-correlation rates is valid for imino any significant differences between shielding parameters of the

15N nuclei in all Watsor-Crick base pairs.

Imino Protons. The chemical shielding data for H3(T),
H3(U), and H1(G) nuclei are collected in Tables-B). In

H3(T) and H3(U) protons (Tables—710). A rather interesting
trend emerges from a comparison of H3(pyrimidine) (i.e.,
H3(T) or H3(U)) versus H1(G) shielding tensors. The principal

nucleic acids, imino protons are exchangeable, with exchangevalues of the latter are higher, which immediately leads to a
times ranging from days to less than 1 PAddence, a large  prediction of lower chemical shifts of guanine imino protons
number of factors govern the positions of their resonances; compared to their pyrimidine counterparts. In nucleic acids, this
special methods have been developed for their assignthent. trend in chemical shifts can be experimentally observed in the
Obviously, a quantitative agreement of the results for base pairsmajority of cases. For example, in the above-mentioned RNA
in vacuo with experimental values obtained for residues in sequencé? the chemical shifts of H3(U) protons in the loop
biomolecules can hardly be expected. The discrepancies argesidues U8 and U9 are 14.34 and 13.15 ppm, respectively, as

clearly visible from a comparison of the computed chemical
shifts with typical values found in nucleic acids. The latter
normally lie in the interval between 10 and 15 pprand thus

are a few parts per million lower than the calculated data.

Nevertheless, the trend in changes of the imikochemical
shifts with hydrogen bonding is qualitatively reproduced: the
calculated chemical shifts of imino protons in all Watsd&rick
base pairs decrease with increasiig--N separations, which

compared to 10.68 ppm of H1(G) in the G16 (see above). Both
CSA, and ' have rather similar magnitudes for the H3-
(pyrimidine) and H1(G) imino'H nuclei. The inspection of
respective contributions t&,'? and R;SQ (data not shown)
indicates that small differences in relaxation behavior (vide infra)
between the H1(G) and H3(T) atoms stem mainly from the
dipolar terms.

Relaxation Rates.Straightforward simulations of the depen-

agrees with experimental observations. For example, in the shortdence on the static magnetic field of spispin relaxation rates
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TABLE 11: Spin—Spin Relaxation Rates for the Slowly
Relaxing Component of the Doublet,R,™?, and for Single
Quantum Coherence,R,SQ, of the Imino Proton in the
Adenirge—Thymine Pair at External Fields of 500 and 900
MHz2

500 MHz 900 MHz
rN--N[A] R™R[s7Y RSQ[s™Y R [sY RSQ[s™Y
2.65 3.00(3.17) 11.75(11.60) 6.19 (6.25) 22.12(21.63)
2.79 2.85(3.07) 10.23(10.13) 4.14 (4.36) 17.58 (17.24)

a Calculated employing IGLO/IIl and GIAO/TZ2P (in parentheses)
chemical shift anisotropies and using a simplified model of relaxation
described in the text The rN--N separation is defined in the text.

Czernek

problem when the difference in relaxation rates is of interest,
since dipolar contributions t&"™ and R,SQ are identical (cf.
egs 7 and 8).

Parenthesized in Table 11 aRe data computed for GIAO/
TZ2P shielding tensors. As could be anticipated from Tables 1
and 2, predicted relaxation rates aRglR — RSQ differences
are fairly similar to values obtained using IGLO/IIl chemical
shift anisotropies.

Conclusions

A systematic ab initio investigation with the inclusion of
electron correlation of chemical shielding parameters of the
imino 1N andH nuclei in hydrogen-bonded Watsefrick

for single quantum coherence and for the slowly relaxing base pairs has been presented. The results strongly suggest that
component of the doublet of imino protons were carried out the significant variation in parameters governing the CSA
(see Theory and Computations for details). The resulting curvesmechanism of NMR relaxation can be expected along the
for the AT and the GC pairs with short (2.65 A), equilibrium backbone of a DNA or RNA molecule. This should be taken
(2.787 and 2.891 A, respectively), and very long (3.25 A) into consideration in residue-specific analyses of internal

rN---N separations are shown in Figures 2 and 3, respectively.

The Ry(Bo) dependence was found to be insensitive to the

mobility in nucleic acids. The findings of the present study will
be summarized in the order of the questions posed in the

variation in the generalized order parameter. Consequently, Introduction.

calculations withs? set to 0.75, i.e., for model of a moderately
flexible molecule, are presented. IGLO/Ill chemical shift
anisotropies were used throughout.

SQ relaxation rates grow rather quickly with the increasing
magnetic field for residues with shorter hydrogen bonds.
Obviously, this is caused by large C$Aalues for short

(1) The SOS-DFPT-IGLO and the B3LYP-GIAO methods,
when applied with large basis sets, predict very similar values
of shielding parameters. The SOS-DFPT-IGLO computations
require much smaller investment of the CPU time and thus are
to be preferred for (fragments of) nucleic acids.

(ii) Basis set extension effects on the SOS-DFPT-IGLO shield-

rN---N distances and the dependence of the CSA autocorrelationing data obtained with the IGLEIII basis set of Kutzelnigg et

on the square oBp (cf. eqs 11 and 12). For long hydrogen

al. of imino nuclei can safely be neglected.

bonds, the increase is not as dramatic (dotted curves in Figureg(ii) The relaxation of the base pair geometry does not

2 and 3). Due to the cross-correlated cross-relaxation dtHhke

15N spin pair (eq 13), the relaxation rate reduction occurs in
the alternative TROS%experiment. Unlike in the case of imino
15N nuclei/ the effect of cross-correlation on the imino proton
is predicted to be significant at currently available field strengths
also for residues with longer hydrogen bonds. According to the
simulations described above, TROSY optima (i.e., points with
vanishing @®R,™?/dBy) for the AT pair are at 12.0, 13.9, and 21.2
T for rN---N’'s of 2.65, 2.787, and 3.25 A, respectively. For
the GC pair, they lie at 12.5, 15.7, and 20.8 T fbl--N’s of
2.65, 2.891, and 3.25 A, respectively.

significantly affect the changes of chemical shift anisotropies
with varying hydrogen bond length. However, a noticeable effect
on the values of dipolar terms (through effective bond lengths)
may be expectetf

(iv) The structure difference between uracil and thymine does
not translate into any substantial differences in shielding data
of their hydrogen-bonded imino atoms.

(v) The direction of the least shielded component of the imino
15N chemical shielding tensor is tilted from the imino bond
vector at roughly the same value for all Watse@rick base
pairs. However, in the investigated range of separations between

The sensitivity increase of the TROSY measurement over bases, principal values of this tensor in pyrimidines are
SQ can be anticipated from Table 11, where relaxation rates atconsistenly higher than those in their guanine counterparts.

500 and 900 MHz are shown. The AT pairs with short (2.65
A) and equilibrium rN---N distances are investigated. A
significant decrease iR;'R relative toR,S?is predicted already
at 500 MHz, which can be employed mainly in minimizing the

Nevertheless, the predicted changes with hydrogen bonding of
auto- and cross-correlation CSA parameters are quite similar
for guanine and pyrimidine sites. This holds for imino protons
as well.

signal loss due to relaxation in through-bond experiments on (vi) According to simulations based on ab initio data, the use

nucleic acid$® Clearly, the differenceR,"R—R,5Qare elevated
for shorter hydrogen bonds and for higliger However, theR,
values in Table 11 should be interpreted in qualitative terms

of the TROSY principle in NMR studies of imino protons both
in RNA and DNA promises an efficient suppression of their
transverse relaxation at currently available spectrometers. Thus,

only. They were computed for an assessment of possibleanimproved sensitivity of heteronuclear experiments involving

sensitivity gain of TROSY over SQ experiment, not as absolute
values. Their calculations are based on several simplified
assumptions concerning mainly
(i) the neglect of chemical exchange contributions to NMR
relaxation,
(i) the application of uniform one-bond direct dipolar couplings
(eq 9) for all residues (as a result of using the constapt
distance for the given base pair), and
(iii) the neglect of dipolar effects of distant protons separated
more than 3.0 A from the imino proton.

However, chemical exchange effects (assumption i) are likely

to influence both transverse relaxation rates by approximately  Supporting Information Available:

imino protons may be achieved.
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B3LYP/6-311G ge-

the same amount; assumptions ii and iii do not constitute a ometries of the minimum of the AT pair and of the AT structures
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with rN-+-N = 2.65 and 3.50 A (Table 1S). Principal elements
of the imino nitrogen and imino proton shielding tensors and
corresponding angles predicted using IGLO/III, IGLO/IJMN2,
and GIAO/TZ2P approaches for different geometries of the AT
pair (Tables 255S). This material is available free of charge
at http://pubs.acs.org.
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