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The results of systematic ab initio calculations of N and H
chemical shielding tensors in the GC base pair as a function of
hydrogen bond length are presented for the first time. The hydro-
gen bond length characterized by the distance rN. . .N between pu-
ine N1 and pyrimidine N3 was varied between 2.57 and 3.50 Å
nd the chemical shift tensors were calculated by the sum-over-
tates density functional perturbation theory. It is shown that the
ydrogen bond length has a strong effect on the chemical shielding
ensor of both imino proton and nitrogen, on their orientation,
nd, as a consequence, on the relaxation properties of both nuclei.
or a nitrogen nucleus not involved in hydrogen bonding, the
hielding tensor is nearly axially symmetric and almost collinear
ith the bond vector. As the length of the hydrogen bond de-

reases, the least shielding component s11 deflects from the N–H
vector and the shielding tensor becomes increasingly asymmetric.
The significance of the presented results for the analysis of relax-
ation data and the efficiency of TROSY effects together with a
summary of the relevant shielding parameters are presented and
discussed. © 2000 Academic Press

Key Words: NMR; chemical shielding tensor; ab initio calcula-
tions; purines; pyrimidines; TROSY; relaxation.

During past few years, the15N isotope has become a pro-
nent messenger of biopolymer dynamics (1) in proteins an
ucleic acids. Successful interpretation of15N NMR relaxation

data requires an accurate knowledge of the chemical
anisotropy (CSA). So far, the15N relaxation data has be
interpreted based on assumptions that the15N shielding tenso
is axially symmetric, its axis of symmetry is collinear with
15N–1H dipolar tensor, and the CSA values are unifo
throughout the molecule. These assumptions, however, a
generally valid. As shown recently for noncollinear tens
highly anisotropic molecular rotation results in difference
site-specific correlation functions and spectral densities (2, 3).
In addition, the noncollinearity significantly affects the e
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ciency of dipolar and CSA compensation in TROSY exp
ments (4, 5).

The hydrogen bonding effects on the1H isotropic chemica
shift have been known, and understood in a qualitative fas
for a long time (6). A detailed examination (7) of 77 A, B, and
Z DNA crystal structures revealed that imino hydrogen b
length (N. . .N) varied between 2.7 and 3.1 Å with a sm
number of very short values (2.2–2.6 Å). The observatio
variations in 15N–15N scalar couplings (2JNN) across th
Watson–Crick base pairs (8, 9), andab initio calculations o
he 2JNN dependence on the N. . .N distance indicates that t
length of a hydrogen bond also changes in solution.
recently published methods (2) determining15N CSA andu
indirectly from the measured relaxation data open up a p
bility to assess the length of the NH. . .H hydrogen bon
providing the distance dependence of the15N chemical shield-
ing parameters can be established independently. Sinc
influence of hydrogen bond length on1H and 15N shielding
anisotropy cannot be studied experimentally in a system
way, the theoretical approach remains the only possibility
proteins, ab initio methodology on the DFT level w
applied to follow the changes in CSA, in a model consis
of two N-methylacetamide molecules, as a function of
CAO. . .H–N distance (10). Here the N anisotropy on
changed by about 5 ppm (except for the distances below
Å), whereas both the H and C anisotropies were very sen
to nearby groups. Recently, the principal values of15N chem-
ical shielding tensors in uracil (11) and adenine, cytosin
guanine, and thymine (12) have been measured using s
state NMR and their assignments assisted byab initio methods
The results indicate that calculations comprising intermol
lar interactions produces ii values in substantially better agr-
ment with the experimental data.

Here we present the first results of systematicab initio
alculations of15N and 1H chemical shielding tensors in n-
leic acid base pairs as a function of hydrogen bond lengt
ill be demonstrated for a GC base pair, the hydrogen

ength has a strong influence on the chemical shielding te
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of both imino proton and nitrogen, on their orientation and
a consequence, on the relaxation properties of both nucl

We used the geometry of a CG pair from the crystal struc
(13) deposited in the NDB resource (ID: BDL001). The
ometry, except for the hydrogen bond length, was not fu
modified to isolate the direct effects on the computed pa
eters from those arising indirectly due to the changes in g
etry in the process of the computational optimization. To s
up the computation, the sugar residue was replaced
hydrogen atom. The hydrogen bond length characterized b
distancer N. . .N between purine N1 and pyrimidine N3 w
aried between 2.57 and 3.50 Å by a translation along
irection of the GN1–CN3 axis. The chemical shift tens
ere calculated using sum-over-states density functiona

urbation theory with the IGLO gauge choice (SOS-DF
GLO) as implemented in deMon-MASTER-CS code (14, 15).
The Perdew–Wang-91 exchange-correlation potential (16, 17),
the approximation Loc. 1 SOS-DFPT (18, 19), and the basis s
of IGLO-III of Kutzelnigg et al. (20) were used. To verify th

ccuracy of the SOS-DFPT-IGLO data obtained, selected
ulations were also performed using the GAUSSIAN94 s
f programs (21). The DFT-GIAO (22) method (hybrid
3LYP functional (23) with TZ2P basis set (24)) was em
loyed. This approach has been shown (25) to produce virtu
lly same1H and13C chemical shifts as PW91/IGLO-III in th

framework of SOS-DFPT-IGLO, but at a considerably hig
computational cost. An analogous situation also was obs
for 15N and 1H shielding tensors studied here. The differen
between the two methods were less than 2.1 ppm and 2.
dN and uN, respectively. The time requirements on the
Power Challenge computer with R10000 processor for
given calculation were approximately 15 h for SOS-DF
IGLO and 70 h for DFT-GIAO, clearly favoring the SO
DFPT-IGLO methodological approach.

The basis set dependence, the influence of the relaxat
the base pair geometry with changingr N. . .N, and the basis s
superposition error are the most important factors that in
ciple could affect the accuracy of the chemical shielding
sors. All three factors have been studied in detail. As wi
presented elsewhere, none of these problems affect the v
of the results discussed below.

There has been a lot of inconsistency in the literature in
usage of terms and symbols regarding the phenomen
chemical shielding. In this paper, we use the term and sy
definitions as described in the following paragraphs.

Chemical shielding and chemical shift are tensors of ran
s11 # s22 # s33 are the components of the diagonali
shielding tensor. The same symbols are often used fo
components of the chemical shift tensor that we denote he
d nn. The elementd11 represents the largest shift componen
d nn 5 s ref 2 s nn. Since the anisotropy parameters are ca-
lated as differences of the tensor components, they are
pendent of the reference and therefore can be calculated
from the shifts or from the shieldings. For consistency, ind
s
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11 and 33 should be switched when the shifts are subst
for shieldings and vice versa.s iso 5 (s11 1 s22 1 s33)/3 is the
isotropic chemical shielding, andd 5 sref 2 s iso is the isotropic
chemical shift, wheresref is the isotropic shielding of a refe-
ence nucleus. Chemical shift anisotropy is a scalar qua
defined for an axially symmetric shielding tensor as the di
ence between the shielding of the nucleus under study whe
static magnetic field is parallel,si, and when the field
orthogonal,s', to the axis of symmetry of the shielding tens

CSA5 s i 2 s' [1]

SA characterizes the (auto)relaxation processes. If the a
ymmetry of the shielding tensor is not parallel with the in
uclear vector, the cross-correlation rate between CSA an
epends on the parameterDs*

Ds* sym 5 CSA~3 cos2u 2 1!/ 2, [2]

whereu is the angle between the internuclear vector and
axis of the shielding tensor, and the subscript sym indicat
axially symmetric shielding tensor.

In the case of a nonsymmetric shielding tensor, the a
approach is not directly applicable, as there is no prefe
direction of the shielding. By analogy, we can define a pa
eterDs as

Ds 5 s11 2 ~s22 1 s33!/ 2 [3]

and the asymmetry factor

Dh 5 ~s22 2 s33!/~s11 1 s iso!. [4]

n the axially symmetric case,Ds 5 CSA andDh 5 0 as long
as we choses33 to be parallel to the axis of symmetry of t
tensor rather than as the most shielded component.

If the shielding tensor lacks the axial symmetry, the effec
anisotropy contributing to the relaxation is characterized

CSAa 5 Ds~1 1 Dh 2/3! 1/ 2. [5]

Since CSAa has the same physical meaning as CSA define
the axially symmetric case, we denote it as the chemical
anisotropy with an index a indicating that the tensor is as
metric. Alternatively, we can characterize the relaxation p
erties using the effectiveDs (26) defined as

Dseff 5 ~s 11
2 1 s 22

2 1 s 33
2 2 s11s22 2 s11s33 2 s22s33!

1/ 2.

[6]

The last two expressions are equivalent in the sense thatuCSAau
5 Dseff. While Dseff is always positive, CSAa can be eithe
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positive or negative. This difference is rather acade
though, since the terms always appear as squares in the
ation equations.

Unlike the (auto)relaxation, the cross-correlation rate
pends also on the orientation of the shielding tensor
respect to the internuclear axis. In a general case

Ds*eff 5 s11~3 cos2u11 2 1!/ 2 1 s22~3 cos2u22 2 1!/ 2

1 s33~3 cos2u33 2 1!/ 2, [7]

hereunn is the angle between the corresponding compone
the tensor and the internuclear vector.

Figure 1 shows the orientation of the chemical shiel
tensor principal axes in a GC base pair for a typical hydro

FIG. 1. Orientation of the chemical shielding tensor of the guanine im
nitrogen in a G–C base pair.

TAB
Chemical Shielding Data of Gua

r N. . .N

(Å)
d

(ppm)
s11

(ppm)
s22

(ppm)
s33

(ppm)

N

2.57 140.2 37.2 90.6 186.7
2.72 137.9 40.1 101.3 180.1
2.87 136.3 42.0 110.4 173.9
3.02 135.1 43.4 118.1 168.4
3.17 134.6 44.2 124.1 163.2
3.5 133.5 46.2 133.7 154.8
` 131.0 50.8 140.9 150.4

2.57 20.1 27.0 9.8 31.6
2.72 17.3 21.3 13.0 30.8
2.87 15.3 3.1 15.5 30.2
3.02 13.7 6.4 17.2 29.8
3.17 12.6 8.9 18.6 29.4
3.5 7.2 18.0 24.2 31.0
` 8.5 19.4 22.8 26.9

Note. rN. . .N is the hydrogen bond length (GN1–CN3 distance) in the G
u3 are the angles between the corresponding shielding component and t

rotond(1H) were obtained by subtracting the isotropic shieldings from th
pm for 15N in liquid NH3 is an experimental value from the literature (31) an
ame approach as for the guanine imino proton.Dh, CSAa, andDs* were ca
c,
lax-

-
h

of

g
n

bond length (27) r N. . .N 5 2.87 Å. The SOS-DFPT-IGLO r-
sults are summarized in Table 1.

The calculated isotropic chemical shifts of both the im
nitrogen and the proton decrease with the increasing dis
between G and C. This is in agreement with experime
values. For example, in the ATP-binding aptamer (28), the
chemical shifts of the imino proton and nitrogen for the b
paired G6 in the stem aredH 5 11.74 anddN 5 147.0 ppm
while for the bulged-out G34, which has a limited opportu
to create hydrogen bonds, the corresponding values are
and 143.2 ppm, respectively. The tendency is easily under
in terms of the weakening of the hydrogen bond with dista
The longer the hydrogen bond, the higher the shielding o
imino group (as a result of decreasing charge transfer bet
G and C) which manifests itself in the lowering of the chem
shifts.

Significantly more pronounced is the effect of the hydro
bond length on the CSA values of the hydrogen and nitr
nuclei. As the length changes from 2.57 Å tò, uCSAau

ecreases by about 35 and 27 ppm for15N and1H, respectively
he dependence of both CSAa(N) and CSAa(H) values on th

hydrogen bond length can be approximated by an expone
However, the1H shielding depends strongly on stacking in-
actions (data not shown). Therefore, the values for1H in Table
1 should be interpreted qualitatively as general trends r
than as absolute values.

o

1
e N1 and H1 in G–C Base Pair

u2

(°)
u3

(°)
CSAa

(ppm) Dh
Ds*

(ppm)

8.1 118.0 87.9 2131.2 1.42 283.5
2.5 112.3 87.7 2121.6 1.17 287.0
8.9 108.7 87.6 2114.3 0.95 289.2
6.6 106.4 87.5 2108.9 0.76 290.6
4.9 104.7 87.4 2105.1 0.59 291.4
2.9 102.6 87.1 299.7 0.32 291.4
.0 88.4 98.9 295.2 0.15 291.2

.3 92.5 5.3 33.5 0.83 2

.8 92.3 4.9 27.8 0.86 2
.1 92.2 4.5 23.5 0.89
.3 92.1 4.3 20.3 0.91
.6 92.1 4.0 17.8 0.92
.3 92.3 3.6 11.2 0.94
.2 95.0 5.1 6.5 0.87

base pair;s11, s22, ands33 are the components of the shielding tensor;u1, u2, and
N1–Himino vector. The isotropic chemical shifts of imino nitrogend(15N) and imino

lues of isotropic shieldingss iso (15N) ands iso (1H) for standards.s iso (15N) 5 245.07

iso (1H) 5 31.534 ppm for protons in TMS was calculatedab initio using the
lated according to Eqs. [4], [5], and [7], respectively.
LE
nin

u1

(°)
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Not only the absolute value of CSA, but also the orientatio
the 15N chemical shift tensor depends on the length of the hy-
gen bond. For a nitrogen nucleus not involved in hydrogen b
ing, the shielding tensor is nearly axially symmetric with as
metry factorDh 5 0.15, si [ s11 is almost collinear with th
bond vector (u1 5 9.0°), and thes11 ands22 component lie in th
lane of the G base. As the length of the hydrogen bond dec

he least shielding components11 deflects from the N–H vect
nd the shielding tensor becomes increasingly asymmetric.
ydrogen bond typical length of 2.87 Å, the angleu1 and the
symmetry factor reach the values of 18.9° and 0.95, respec
ith the most shielded component almost perpendicular t
ase plane. At shorter hydrogen bond lengths, the larger va

u1 more than compensates for the greater absolute value ofa.
onsequently, the termDs*, responsible for the cross-correlatio

changes very little with the hydrogen bond length.
The orientation of the1H shielding tensor is rather differe

rom that of 15N. Here, the tensor is not even approxima
axially symmetric for any length of the hydrogen bond and
shielding component closest to the N–H bond iss33. The angle
u3, betweens33 and the N–H bond is very small and neither
orientation of the shielding tensor nor its asymmetry fa
depend significantly on the hydrogen bond length.

As pointed out recently (4), the noncollinearity of the15N
hemical shift and1H–15N dipolar tensors in combination wi

the anisotropy of the overall molecular motion has an effec
the TROSY linewidth, especially at very high magnetic fie
The three main parameters affecting the15N linewidth in a
TROSY experiment are the CSAa of the 15N, the correspondin
Ds*, and the distribution of distant protons around the15N–1H
spin pair. The absolute value of the CSAa declines as th
hydrogen bond length increases and therefore the contrib
to the relaxation due to the CSA mechanism is smaller.
absolute value of the cross-correlation term,Ds*, increase
somewhat for largerr N. . .N making the TROSY mechanis
more efficient. Finally, a longer hydrogen bond means a gr
distance between the G imino proton and the amino proto
the cytosine in the base pair, which limits the effect of
proton–proton dipolar coupling. All three factors thus wor
concert to produce narrower lines for longer hydrogen bo
The effect is not dramatic, however, and will probably
noticeable only at very high (800 MHz) fields. The sign
cantly lower value ofDs* for G imino (;90 ppm) compare
to that for the amide proton in proteins (;140 ppm) sugges
hat the efficiency of TROSY for15N in G is lower and require
higher fields. As noted before (4), the noncollinearity of th
dipolar and shielding tensors means that the minimal linew
is achieved at a lower field but the line narrowing is not
pronounced. Our calculations show that forr N. . .N 3 ` the
optimum requires as high a field as 1.7 GHz. Only for v
short hydrogen bond lengths (2.57 Å) does the optimal
quency approach 800 MHz.

Besides the stem regions with hydrogen bonded base
molecules of nucleic acids often contain loops and bu
f
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where the imino protons are involved in weak or no hydro
bonding. Table 1 shows a difference of about 20 ppm in Ca
between a nitrogen atom involved in a typical hydrogen b
and a nonbonded nitrogen atom. For shorter hydrogen b
the difference can be as large as 35 ppm. According to nu
ical simulations (29), the effect of the variation of15N CSA on
the calculated order parametersDS2 can be described by t
equationDS2 5 [0.0015 (Ds 1 100)] S2 over the range
S2 [ ^0.6, 0.9& and uDsu [ ^80 ppm, 120 ppm& at 500 MHz
Using the uniform values ofDs for all imino nitrogens irre
spective of the effect of the hydrogen bonding may introd
systematic errors of 3 to 5% in determiningS2 from the data
measured at 500 MHz. Since the relaxation effects due to
depend on the square of the magnetic field, the effect bec
more pronounced with higher fields. With base-to-base v
tions of S2 typically about 10%, the introduced errors m
reach the same magnitude as the differences inS2 due to
molecular motions if the relaxation parameters are measu
fields of 600 MHz or higher. Therefore, it is essential to t
into account the differences in15N CSA due to hydroge
bonding effects when interpreting high-field relaxation dat
terms of molecular dynamics. On the other hand, the vari
in the term responsible for15N cross-correlation,Ds*, only
amounts to approximately 5% of the difference between
extreme values in Table 1. We can therefore expect th
uniform values of CSA and/orDs* are used for all residues
the molecule, the parameters of molecular motion base
cross-correlation rates (30) would provide more accurate v

es than those based on auto-relaxation rates.
In conclusion, we have presented the results of systemaab

nitio calculations of1H and15N shielding tensors in a GC ba
pair as a function of the hydrogen bond lengths. The15N
shielding tensor of N1, which in free guanine is almost axia
symmetric (Dh 5 0.15) and nearly collinear (u1 5 9°) with the
N–H bond vector, becomes asymmetric when the ba
involved in the hydrogen bonding. The parameters chara
izing the shielding anisotropyDh andu1 exponentially increas
as the length of the hydrogen bond decreases. As discuss
shielding asymmetry must be considered in the analys
relaxation behavior, the extraction of motional parameters
the evaluation of TROSY effects.
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