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There is interest in understanding how much secondary shielding
mechanisms contribute to the chemical shielding anisotrP$A,
Ao). Accurate information about the CSA especially for the
backbone nuclei of proteins, including its site variability, is
necessary for the quantitative analysis of local dynamics and also
essential for the increasingly important TROSY spectrosédpy.
the following we discuss the effects of ring currents upon the
anisotropy of the shielding tensor. The concept of ring currents
was introduced to NMR by PopteP and developed further by
McConnell*2Waugh and Fessend€i§W—F), Johnson and Bovéy
(J—-B), and Haigh and Malliori¢-€Ring-currents provide a relatively
small long-range contribution to the total magnetic induction, and
the shielding tensor of a nucleus,can be expressed®s= ojgca
+ o Whereoy. is the contribution from ring currents amghca is
the contribution from all other shielding mechanisms, including
electric field and solvent effect The (W—F) and (3-B) model
considers that an additional magnetic field is induced at a probe
nucleus from a pair of circular current loops of radaigositioned
+0.64 Aic above and below the plane of an aromatic ring. The
influence of this additional magnetic field at the probe nucleus can
be expressed using the shielding tensgrThe contribution tar,
from eachcurrent loop is calculated in a coordinate frame whose
origin is at the ring center with theaxis defined by the ring normal
and, due to the axial symmetry of the system, xhexis can be
chosen along the azimuthal direction toward the probe nucleus so
that the field induced by the ring current hasyaaxis component.
Following the approach outlined in ref 4c and employing the results
of an electrodynamics treatment described by Sniythe com-
ponentss,; and oy, of the tensow,. can be expressed via eqs land
2. Equation 1 was derived by Johnson and Botfayhile eq 2, to
the best of our knowledge, is reported for the first time. In egs 1
and 2 p, 2) are the cylindrical coordinates of the probe nucleus in
the ring frame, measured in units af relative to the center of a
current loop,K(k) and E(k) are complete elliptic integrals of the
first and second kind for which the modutiik = [4p/{ (1 + p)2 +
2212, 1 is the intensity factd® determined by the type of aromatic
ring, andD = (10°)(uo/47)(3€%/2ramy). The shielding tensow,
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calculated in two different ways: (i) directly from DFT calculations
using the atomic model with the benzene ring and (iiy&s oiocal

+ orc Whereoigea IS Obtained via DFT computations using a model
with CYH replacing the benzene ring and with, calculated via
egs 1 and 2 (bothi.ca andaoy were obtained in theamereference
frame). For computations @f,c We assume that a CYH molecule
provides an olefinic analogue for benzeéha series of models were
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Figure 1. The initial geometry of the models used for calculating the
shielding tensorg. The rings are in they plane with the center of mass of
the carbons on theaxis. For the models in (A) the NMA is positioned so
that the!HN and N atoms are aligned on texis with a distance of 3.65

A between théHN atom and the center of the ring. For the models in (B)
the HN and N atoms and the origin are aligned along an axis inclined at
54.7 to the z-axis with a distancefo4 A between théHN atom and the

in the ring reference frame defined abqve, is expressed_using € 3center of the ring. The geometry of the models was modified by applying
and the zero-rank component appearing on the rhs gives valueshe rotationQ as described in the text and no significant van der Waals

agreeing with those of BoveyThe last term of eq 3 contains the
second-rank shielding components of interest here.

To test that eqs 13 can provide a reasonable estimate for the
contribution ofoy to the shielding tensar = ojocal + 0rc @ Series
of density functional theory (DFT) computations were conducted
with two simple atomic models using Gaussiai®98he models
were composed of aN-methyl acetamide (NMA) probe molecule
with either a benzene or a 1,3 cyclohexadiene (CYH) #ifgrigure
1, A and B. The shielding tensorfor the IlHN atom of NMA was
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violations occur with the molecular separations described above. The DFT
based shielding calculations used the hybrid B3LYP exchange-correlation
functional?2Pthe 6-31H-+G(2d,p) basis s&and gauge-including atomic
orbitals?@PEquations 1 and 2 uséd= 1 anda = 1.39. The eigenvalues of
the traceless symmetric portion of thé' Ishielding tensor were ordered
with 011< 022< 033. Ao was calculated using the convention described by
Grant® so thatAo changes sign as,, crosses the midpoint between;

and o33. Panels (C) and (D) display the variation &tr with change in
model geometry starting from the fragments in (A) and (B), respectively.
The plots showAo from the DFT computations using the NMACYH
model (open squares, dashed line), the NMbenzene model (filled circles,
solid line) andAo from the summation of the NMACYH DFT results
(010ca)) With the ring current contributiorut) from egs 1 and 2 (open circles).

10.1021/ja016476f CCC: $22.00 © 2002 American Chemical Society
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A’S B molecular frame. The data foAo| in Figure 2A were extracted
e from the shielding tensow(,ca + 0rc). These data exhibit a max-
c14 f imum CSA of 16.6 ppm for théHN of G42. The large perturbation
2 : : o ,z? to o by the ring current terna for this residue is caused, almost
5 T ‘w??‘\ exclusively, by the side chain of F19. The structlia# this protein
=10 3 M‘B \?'i strongly suggests there is a-¥i---z hydrogen bon# involving
i ij H the THN of G42 as the donor with F19 acting as theacceptor.
65 55 % 50 ﬁ' The presence of an aromatic hydrogen Béhttis supported by
Residue Number the experimental chemical shift for thislN resonance abexyt =
Figure 2. The variation in the absolute value of the anisotrofwy| of the 3.59 ppmt! The large CSA extracted from the tensokda + orc)
IHN shielding tensordiocal + 01c) @s a function of residue number for the  is supported by a DFT shielding calculation using the molecular
second type-2 module of the protein fibronedinfo form (Giocal + 0rc) fragment in Figure 2B. The DFT derived eigenvalues wer®.8,

both oiocal @nd orc have been transformed into the molecular frame. The

principal components of the uniform centrosymmetric shielding temsgr —2.3, 12.}3ppm giving A = 18.2 ppm in reasonable agreement

were assumed to bg-5.8, 0, 5.8,12 with o33 collinear with the N-H with the CSA from §iocal + 0rc). The isotropic shielding from this
bond andoy; orthogonal to the peptide plane. The dashed line corresponds DFT calculation ofocac = 29.81 ppm, when converted to the shift

to |Adiocal = 8.7 ppm.oyc computations used values fbanda from ref scale, giveSicac = 3.63 ppm?® in good agreement withexp

49. The standard deviation pho] is 1.2 ppm. (B) The fragment modeling Using the approach described here the effect of ring currents
the environment of residue G42 used in DFT computations ofHtf$ . L i
shielding tensor employing parameters identical to those used for Figure 1. upon the CSA can b? assessed.. A series of S|m|.lar calculations
The molecular geometry was generated from the coordinaté! filg suggests the method is also applicable to a fused ring system such
terminating the chain at thecCpositions of W40 and T43 and the3C as indole. For protons there is predicted to be a significant
position of C41 with methyl groups. The donor in the CBIN (C41 to contribution from the ring currents of aromatic amino acids to the

G54) hydrogen bond was modeled using a NMA molecule. The side chain . e G
of F19 is modeled using a benzene ring shown in black. The distance from proposed CSA site variatioff. The contribution into the CSA of

the ring center to théHN atom, shown as a sphere, is 2.48 A. 13C" and®N nuclei of the peptide backbone typically causes a rmsd
variation of <1 ppm. For a N-H---z hydrogen bond the contribu-

: ) N . ;
generated from those in Figure 1 by applying a rotation to the NMA tion of ring currents to théHN CSA is predicted to be pronounced.

molecule while holding the benzene or CYH ring fixed. The rotation ~ Acknowledgment. J.B. thanks the OCMS which is supported
is defined as: the rotation axis is parallel to trexis, and the by BBSRC, EPSRC, and MRC. N.R.S. acknowledges a Centennial
pivot coincides with the M atom. The amplitude of the rotation,  Fellowship from CIHR, Canada.

Q, is varied from 0 to 9¢° with a step size of 15 For example a
rotation of Q = 90° applied to the model in Figure 1A results in
the NMA peptide plane being oriented parallel to the plane of the (1) Sitkoff, D.; Case, D. AProg. Nucl. Magn. Reson. Spectrod®98 32
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