Volume 205, number 1

CHEMICAL PHYSICS LETTERS 2 April 1993

Methods for computing nuclear magnetic resonance
chemical shielding in large systems.
Multiple cluster and charge field approaches *

Angel C. de Dios and Eric Oldfield
Depariment of Chemistry, University of lllinois at Urbana-Champaign, 505 South Mathews Avenue, Urbana, IL 61801, USA

Received 23 November 1992; in final form 26 January 1993

Ab initio calculations show that additivity of the intermolecular shielding exists in a model system consisting of fluorobenzene
interacting with hydrogen fluoride molecules, C;H. F-(HF),, where n=1-5. These results indicate that it should be possible to
perform chemical shielding calculations on a large system by dividing it into a series of smaller clusters. For M atoms divided into
M/ N clusters of N atoms, the time savings for large M is on the order of M3/ 16N ?, a time savings of » 60 for M=100, N=10, We
demonstrate the feasibility of using point charges to model long-range electrostatic field effects on shielding by comparing the
results of full ab initio calculations with those obtained by using point charges to represent the HF molecules in the C;H;F-(HF),
clusters, This comparison shows generally good agreement between the two approaches so long as the point charges are > 2.5 A
from all the atoms in the molecule to which the nucleus belongs, a situation which should pertain for many macromolecules.
Addition of 1000 point charges to the C4H,F system increased computational time by only 50% and appears to offer promise for
investigations of chemical shielding in proteins and nucleic acids, where both short-range (electronic) and longer-range (¢lectro-

static field) effects may be important.

1. Introduction

The nuclear magnetic resonance (NMR) chemi-
cal shielding nonequivalences in proteins and nu-
cleic acids, caused primarily by folding into their na-
tive conformation, -have been widely known for a
number of years [1-3], and without such nonequi-
valences modern multi-dimensional NMR studies of
protein structure [4,5] would not be possible. It is
thus somewhat surprising that relatively little work
aimed at interpreting chemical shifts in such systems
has been reported. For example, '3C chemical shifts
(for a given type of atomic site) often have a 5-10
ppm range [2,6,7], *N shift ranges are up to about
35 ppm [8,9], 'O shifts are about 15 ppm [10] and
19F shifts are up to =~ 15-20 ppm [11-13]. With this
increasing body of data on chemical shifts in pro-
teins (and, to a lesser extent, in nucleic acids), a
sound interpretation of these chemical shift obser-
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vations becomes even more desirable, since it should
be possible to use such information to help refine
protein structures in solution, as well as explore top-
ics such as protein electrostatics [14]. Previous ef-
forts in this area have focused primarily on the 'H
nucleus [15,16], where differences in chemical
shielding have been attributed to factors such as ring
currents, magnetic susceptibility anisotropies, and
electric field effects. Since there are many contri-
butions that need to be accounted for, but only a sin-
gle observable, multi-parameter optimization meth-
ods have generally been used to fit large data sets,
and the optimized parameters then employed to fur-
ther refine solution NMR structures [17]. In other
cases, even more empirical methods [ 18] have found
utility in structural analysis [19].

While these semi-empirical approaches for 'H
NMR are useful for analyzing e.g. helical or sheet
conformations, they have not yet been successful in
interpreting the NMR spectra of the heavier ele-
ments — 13C, 15N, 170 and '°F, which all have much
larger shielding ranges. For these nuclei, the ring cur-
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rent and other susceptibility effects have the same
magnitude as in 'H NMR - about 1-2 ppm - and

thus play only a minor role in shielding. What is left, -

then, are the major *“clectrical” and “electronic” in-
teractions, which we can conveniently categorize as
short-range (o,) or long-range (o,), where the total
shielding (o,) is given by

0,=0,+0,+0,, (1)

in which ¢, represents the other, smaller or classical
interactions mentioned above. We use the break-
down shown in eq. (1) since we believe it helps clar-
ify what needs to be calculated. For example, for I°N
in a helical or sheet segment, it can be anticipated
that there will be a highly localized helix-sheet-side-
chain contribution to shielding, g,, due to the dif-
ferent torsion angles v, ¢, g, etc., as well as a much
longer-range contribution, g,, due to the charge field
of the protein. For say a '°F atom in a 5-fluorotryp-
tophan, we expect that the much longer-range weak
electrical interactions, o,, will dominate, as shown
elsewhere [ 14,201, since o, will not change from res-
idue to residue. For C'’0 bound to Fe in a number
of similar heme proteins, again, g, can be expected
to dominate [21]. For some of the heavier nuclei, it
is thus possible to concentrate on the long-range elec-
tric field effects which appear to be dominant in these
systems and, hopefully, to develop more rigorous ap-
proaches to studying the dependence of the shielding
properties on electrostatic fields, while in other cases,
e.g. C% 'SNH, it seems likely that methods must be
developed to calculate both o, and o,.

There has been much progress during the past few
years with regard to ab initio methods of calculating
chemical shielding. In fact, computed values for
shielding of the first and second row elements have
approached experiment so closely that rovibrational
corrections are now necessary [22]. Much of the
progress in this area can be attributed to the intro-
duction of gauge-including (GIAO, ref, [23]), in-
dividual gauge (IGLO, ref. [24]) and local origin
(LORG, ref. [25]) methods for calculation of
shielding [23-25]. These methods have greatly re-
duced basis set requirements, and have made study
of larger systems possible with use of considerably
less computer resources.

However, even with these recent developments, the
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calculation of chemical shifts in proteins — which
typically contain at least a thousand atoms, has re-
mained insurmountable. Thus, it is necessary to make
a number of simplifications in the calculations when
dealing with these kinds of systems. In the molecular
clusters we consider in this Letter, which we main-
tain are useful models for macromolecular shielding,
we divide the chemical shift at a particular site into
the same contributions outlined in eq. (1): g,, the
short-range contribution, which arises from the elec-
trons belonging to the atom which contains the nu-
cleus of interest, and its interaction with the other
atoms in the molecule, and a,, the long-range or in-
termolecular contribution, which comes from the
electrical perturbations caused by the presence of
other molecules in the vicinity of the nucleus of in-
terest. In a protein, of course, most interactions are
“intramolecular”, but it is logical to break down this
total interaction into intra-residue (=intramolecu-
lar) and inter-residue (=intermolecular) interac-
tions, as we will show elsewhere [26].

So, in a protein, to a first approximation, the at-
oms belonging to the residue that contains the nu-
cleus of interest can be regarded as contributing to
the shielding intramolecularly, while all the other
amino-acid residues contribute “intermolecularly”.
In this fashion, the intramolecular shielding can be
computed using conventional ab initio methods,
since only a relatively small number of atoms need
to be considered. The next question is — how to ob-
tain the intermolecular shift? Recently, ab initio cal-
culations of the intermolecular contributions to
shielding of the rare gases, either in the gas phase, or
as adsorbed species, have been shown to be success-
ful [27]. This work indicated that the intermolec-
ular contributions to shielding were additive, and it
satisfactorily reproduced the experimental shield-
ings. In particular, it was found that the change in
the shielding of an Ar atom caused by the presence
of two neighboring Ar atoms was equivalent to twice
the change in shielding brought about by a single
neighboring Ar atom. While these rare-gas results
may naturally be unique, they nevertheless stimu-
lated us to investigate the possibility that a similar
behavior might be exhibited in more complex mo-
lecular clusters, and by inference, in macromole-
cules. We are thus interested in developing tractable
ways of handling these weak or long-range electro-
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static contributions to shielding, and thus first give
a brief review of the topic, as follows.

2. Theoretical background

The effect of a uniform electric field on a molec-
ular electronic property, P, such as chemical shield-
ing, was first suggested by Stephen [28] and
Buckingham {29,30] as being expressible as a power
series in the uniform field F,

Pop=PQ +PY),F,+P3), sF,Fs+.... 2)

The intermolecular shielding observed at a particu-
lar site can thus be regarded as a result of the electric
fields arising from its neighbors. In proteins, these
fields would be far from uniform, hence eq. (2)
should include additional terms that take into
account this non-uniformity, as suggested by
Buckingham and Lawley (for the H atom, ref. [31])
and Batchelor [32],

Pap=PY +PLg,F,+PigsFys
+ Py sF Fs+ PiRhs i FrsFert o s (3)

where F,, is the yd element of the field gradient ten-
sor. If this expansion converges, then with a knowl-
edge of the coefficients listed in eq. (3) and the field
and the field gradient tensor at the nucleus in ques-
tion, the shielding can be calculated. The coefficients
ineq. (3) can be obtained by calculating corrections
to the energy of the system arising from several per-
turbations: the external magnetic field, the external
electric field, and the nuclear magnetic moment; and
over the past 30 years, there has been considerable
work aimed at determining these coefficients [20,29-
33]. Most recently, Dykstra and co-workers have de-
veloped an open-ended way of differentiating elec-
tronic wavefunctions and energies, derivative
Hartree-Fock theory [34,35], and have reported a
series of so-called (multipole) shielding polarizabil-
ity tensors,

_ 9g4p
afy — aF,. ’

for the uniform fields, field gradients, and so forth.
This is clearly a very elegant way of obtaining the
weak or long-range electrical contributions to shield-

A etc. , (4)
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ing, a;, and based on other work [14,20,21] there
are good reasons to believe that eq. (3) can give a
good description of some protein chemical shifts —
e.g. for 1°F or C'70, while in other cases, such as C?,
SNH, it seems likely that the 4 and B tensors them-
selves will be functions of y, ¢ and y, the backbone
and sidechain torsion angles. We are thus exploring
other routes, in which 6, + g, are computed together
by using ab initio methods. A full ab initio calcula-
tion does not, of course, rely on the convergence im-
plicit in eq. (3), but as mentioned before, the large
number of atoms in a protein impedes such calcu-
lations. However, if the intermolecular contribu-
tions to shielding are additive, then there should be
a significant decrease in computational time by di-
viding the molecule up into much smaller clusters,
taking advantage of the ~N* basis set size depen-
dence. Alternatively, there may be even simpler ways
of incorporating electrical polarization effects, e.g.
by introducing the charge field at the SCF level.

In this theoretical study we focus our attention on
the molecule fluorobenzene, CsHiF. Fluorobenzene
is small enough that a basis set of triple-zeta quality
can be employed without taking too much computer
time. Hydrogen fluoride is chosen to act as the per-
turbing molecule. The additivity of the chemical
shielding is examined by introducing successive HF
(or FH) molecules into the system. Simple additiv-
ity of shielding is unlikely to hold over the whole
range of possible separations between C¢HsF and HF,
s0 we investigate where additivity is actually de-
monstrable.

The second method we describe models gy by in-
cluding the purely classical electrostatic influence of
the intermolecular partners in the ab initio calcula-
tion of the chemical shielding in the representative
molecular fragment. Such an approach has been pre-
viously applied to understanding the influence on
quadrupole coupling constants (qcc) by partner
molecules in van der Waals molecules. In a study of
the N gces of HCN in dimer complexes (HCN-X,
X=HF, HCN, HCCH), Jaman et al. [36] repre-
sented the electrical potential of the partner mole-
cule by that of their low-order electrical multipoles,
and this electrical potential was incorporated into the
Hamiltonian of the ab initio calculation of the qcc.
This model approach, termed charge field pertur-
bation (CFP), reproduced the experimentally ob-
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served trends. This approach has also been used for
the H,O-HCN system [37], and Cummins et al.
[38] have applied a similar procedure to ¢xamine
the 70 qcc of water in ice, representing the other
water molecules by point charges.

This method can therefore be regarded as an ex-
treme case of the locally-dense basis set scheme pro-
posed by Chesnut and Moore [39]. If the intermo-
lecular shift is dominated by weak electrical
interactions, then it seems reasonable to believe that
it should be possible to describe the HF molecule by
point charges (or else the interaction is not weak).
The partial charges used for HF can be obtained
either by a Mulliken population analysis after an SCF
calculation, or can be extracted from the experimen-
tally measured dipole moment and bond length. The
atoms of perturbing molecules are thus replaced with
partial charges, which do not add to the number of
electrons and basis functions of the system, and as
described below we compare results of full ab initio
calculations on C;HsF-(HF),, with those obtained
by using the point-charge model. Related work aimed
at modeling a crystallographic charge field for sac-
charide chemical shielding calculations is also being
pursued by Grant [40].

3. Computational

SCF and shielding calculations were carried out
using the TX90 program of Pulay and co-workers
[41,42], which features an efficient implementation
of the GIAO (gauge-including atomic orbital) chem-
ical shielding method proposed by Ditchfield [23].
The basis set used in all calculations presented is the
6-311G basis set of Pople and co-workers [43], aug-
mented with a set of d-type polarization functions on
the heavy atoms, and a set of p-type functions on the
hydrogens (6-311G**). All computations were per-
formed on an IBM RISC/6000, model 350 com-
puter (IBM Corporation, Austin, TX, USA). The
partial charges used in representing the HF molecule
were obtained by a Mulliken population analysis with
the basis set 6-311G** (3d, 3p) obtained by using
the GAUSSIAN 88 program [ 44 ]. The geometries of
CsHsF and HF used in the calculations were both
obtained from experiment [45,46].
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4. Results and discussion

The isotropic shielding obtained for *°F in C¢H F
at its experimental equilibrium geometry is 343.80
ppm, with the following traceless principal compo-
nents: g, = —66.0 ppm, g,,=18.6 ppm, and g3;=
47.3 ppm. These calculated traceless components
agree favorably with the experimental values
0,1=~58.0 ppm, 0,,= 7.0 ppm, and 653=51.0 ppm
obtained using solid state NMR [20,47]. o,, is along
¥, 05, along x and g, is oriented along z, using the
axis system given in fig. [. Absolute experimental
shieldings in the limit of zero density for C¢HF have
not been reported, and it would be inappropriate to
compare the calculated values with condensed phase
data.

For the intermolecular shift studies, there are three
sites on which an HF molecule can be placed, as
shown in fig. 1, which we designate HF,, HF, and
HF,. For our investigation of the additivity of chem-
ical shielding, we have taken a fluorobenzene mol-
ecule perturbed by either an axial (HF,), equatorial
(HF,) or apical (HF,;) HF molecule, as shown in
fig. 1, and computed the change in shielding on in-
teraction with HF. Table | gives results for the three
dimers, obtained using a 3.0 A separation between
the fluorobenzene F and HF hydrogen. We then car-
ried out full ab initio calculations of the shieldings
for the five C;H F-(HF), trimers, the five tetra-
mers, the three pentamers, and the hexamer, and then
deduced the corresponding shielding changes due to
simple additivity of the dimer results, as shown in
table 1.

Table 2 presents the calculated shieldings when the
hydrogen of HF is placed 5.0 A from the aromatic
fluorine. The calculated shieldings reported in tables
1 and 2 both have counterpoise corrections, which
were obtained by placing ghost orbitals at the hy-
drogen fluoride positions. The results of tables 1 and
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Fig. 1. Fluorobenzene-hydrogen fluoride cluster axis system.
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Table 1

1SF NMR chemical shielding of flucrobenzene in 3 A CsHF-(HF), clusters
System g-6(CgHsF) ¥ Cluster sum Difference

(ppm) (ppm) (%)

CeHF-(HF,) 5.984 (4.026) {4}
CgH;F-(HF,) 2.807 (2.190) {B}
CH.F-(HF,) 4941 (1.429) {C}
CH;F-(HF,) (HF,) 8.527 (5.891) 8.791 {4+ B} 3.1
CgHF-(HF, ) (HF,) 10.625 (5.218) 10925 {4+ C} 2.8
C.H,F-(HF,)(HF,) 1.553 (3.580) 7.748 {B+C} 2.6
CsHsF-(HF,), 5.526 (4.209) 5.614 {2B} 1.6
Ce¢HF-(HF,), 9.750 (2.829) 9.882 {2C} 1.4
CgHsF-(HF,) (HF,)(HF;) 12.986 (7.057) 13732 {4+ B+C) 5.7
CsH;F-(HF, ) (HF,), 10.981 (7.611) 11.598 {A+2B} 5.6
C¢HF~-(HF,)(HF,), 15.154 (6.386) 15.866 {4+2C} 47
CgH;F-(HF,)(HF,), 12.179 (4.925) 12,689 {B+2C) 42
Ce¢HsF-(HF,)(HF,), 10.095 (5.555) 10.555 {2B+C} 4.6
CsHsF-(HF,) (HF,),(HF,) 15.276 (8.748) 16.539 {4+2B+C} 83
CsHsF-(HF,)(HF,) (HF,), 17.347 (8.185) 18.673 {4+ B+2C} 7.6
CsHsF-(HF,).(HF,), 14.563 (6.838) 15.496 {2B+2C} 6.4
CHsF-(HF,) (HF,),(HF,), 19.488 (9.829) 21.480 {A+2B+2C)} 10.2

8 Counterpoise corrections used are enclosed in parentheses. The shielding values given are those computed, but are probably only

accurate to a few percent in absolute terms.

Table 2

1YF NMR chemical shielding on fluorobenzene in 5 A CgHF-(HF), clusters

System o~a(C¢HF) » Cluster sum Difference
(ppm) {ppm) (%)

C.HsF-(HF,) 1.704 {4}

CeHsF-(HF,) 0.036 {B}

Ce¢HF-(HF,) 0.984 [C}

CéH F-(HF,)(HF,) 1730 1.740 {4+ B} 0.6

CHsF-(HF,) (HF,) (HF,) 2,690 2.724 {A+B+C} 1.3

CHF-(HF,) (HF,).(HF,) 2.710 2.760 {A+2B+C} 1.8

CeH F-(HF,)(HF,),(HF,), 3.658 3.744 {4 +2B+2C) 2.4

*) Counterpoise corrections are negligible at this distance.

2 show that the intermolecular shift, to a good first
approximation, can be regarded as additive. Calcu-
lations were also performed in which the hydrogen
of HF is 2.5 A from the aromatic fluorine. The dif-
ferences are larger, up to 20%, indicating the loss of
additivity at very short distances. Table 3 shows the
results of calculations, also at 3.0 A, but with the HF
molecule having a reversed orientation (i.e.
C.H,F..FH). Here, as in tables 1 and 2, a relatively
good additivity relationship is exhibited, and at 5 A
separation, table 4, there is even better agreement.

112

All of the results of tables 1-4 are presented in graph-
ical form in fig. 2, where the excellent overall agree-
ment using the cluster approach is apparent.

A calculation involving a CHsF molecule inter-
acting with an HF molecule takes about two hours
of CPU time (at 20 Mflops). On the other hand, a
CsHSsF molecule with five HF molecules takes about
twelve hours. Using additivity, one reduces this time
to six hours. The savings in time will be even more
pronounced with larger numbers of atoms. For ex-
ample, if we consider a large species having M atoms
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Table 3
195 NMR chemical shielding of fluorobenzene in 3 A C¢H;F-(FH), clusters
System o-a(CsHsF) Cluster sum Difference
(ppm) (ppm) (%)
C¢HsF-(FH,) —4.853 (0.910) {4}
CH,F-(FH,) 2.832 (-0.577) {B}
C¢H F-(FH,) ~4.509 (0.434) {C}
CsH,F-(FH,)(FH,) —1.892 (0.340) —2.021 {4+B} 6.8
C¢H,F-(FH,)(FH,) —B.067 (1.346) -9.362 {A+C} 16.1
CeH,F-(FH,)(FH,) —1.730 (-0.133) ~1.677{B+C} 3.1
C¢H,F-(FH,), 5733(-1.114) 5.664 {2B} 1.2
C¢H;F-(FH;), ~9.073 (0.846) -9.018{2C} 0.6
C¢H,F-(FH,)(FH,)(FH,) —6.372 (0.787) —6.530 {4+B+C} 2.5
.CsHF-(FH,)(FH,), 1.175 (-0.189) 0.811 {4+28} 31.0
C¢HsF-(FH,)(FH.), —14.026 (1.760) —13.871 {4+2C} 1.1
CsHsF-(FH,) (FH,), —6.082 (0.289) —6.186 {B+2C} 1.7
CsH,F-(FH,)(FH,), 1.419 (—-0.661) 1.155{2B+C) 18.6
CsHsF-(FH,) (FH, ), (FH,) —3.228 (0.267) —3.698 {4+2B+C} 14.5
CsH;F-(FH,) (FH,)(FH,), —10.906 (1.211}) —11.039 {4+ B+2C} 1.2
C¢HF-(FH,),(FH,), -4.130 (0.910) -3.354 {2B+42C} 18.8
CsH;F-(FH,;) (FH,),(FH.) -7.689 (0.699) —8.207 {4 +2B+2C} 6.7
=) Counterpoise corrections used are enclosed in parentheses.
Table 4
19F NMR chemical shielding of fluorobenzene in 5 A C¢HsF-(FH),, clusters
System o-0(CHF) Cluster sum Difference
(ppm) {ppm) (%)
CeHsF-(FH,) —1.473 {4}
CsHsF-(FH,) —0.166 {B}
CsHsF-(FH,) —0.806 {C}
CsH;F-(FH, ) (FH,) -1,638 —1.639 {4+ B} 0.06
C¢HsF-(FH,}(FH,){(FH.) —-2.446 —-2.445{A+B+C) 0.04
CgHsF-(FH,) (FH,),(FH,) -2.605 —-2.611{4+2B+C} 0.23
CgHsF-(FH,) (FH,),(FH,), —~3415 ~3.417 {A+2B+2C} 0.06

%) Counterpoise corrections are negligible at this distance.

(or basis functions), division into M/N clusters of
N atoms and assuming that the overall length of the
calculation goes approximately as the fourth power
of the number of basis functions, then an overall time
savings of ¥ M>/16N? is obtained using the cluster
approach. For say 100 atoms, a 20000 hour calcu-
lation is thus reduced to ~ 125 hours (at 20 Mflops),
or overnight using a relatively small cluster of RISC
machines. While the actual time savings will vary
from program to program, considerable time savings
can be anticipated in most cases, as we find exper-
imentally, due to additivity.

We now consider briefly the question: where does

this additivity come from? First, the additivity of the
intermolecular shielding suggests that eq. (3) is in-
deed a good representation of the underlying phys-
ics. The field and field gradient terms can be re-
garded as sums of contributions coming from each
molecule in the cluster. For example, in the case of
the C;HsF-(HF); tetramer (an axial HF,, an equa-
torial HF, and an apical HF,), the following rela-
tionships hold:

total F, = F,(axial HF) + F, (equatorial HF)
+F,(apical HF) , (5)
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Fig. 2. Graph showing refationship between *F NMR chemical
shielding of F in fluorobenzene in a series of C(HsF-(HF), clus-
ters calculated using a full ab initio method versus shielding com-
puted by using a multiple cluster additivity approach. Positive
values indicate increased shiclding over that observed in free
CH,F.

and
total F,; = F,s(axial HF) + Fs(equatorial HF )
+F,s(apical HF) . (6)

The additivity of the intermolecular shift is a con-
sequence of the additivity of these purely electro-
static terms. At closer distances, additivity breaks
down, which is to be expected because at close range
one needs to take into account dispersion, and mu-
tual polarization amongst the molecules. It is thus
fortunate that in the systems of greatest interest (1o

Table 5
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us) the relevant range of distances is typically > 3.0
A, below that where additivity breaks down.

The reduction in computational time (and disk
space) achieved for proteins and nucleic acids, using
additivity, although significant, may still not be ad-
equate to enable calculations for very large systems,
on a small machine. The applicability of eq. (3),
however, points out that an alternative and even
faster approach may be possible, if indeed the change
in chemical shielding is taken to be a result of the
electric field and field gradients the nucleus in ques-
tion is experiencing. In particular, it may be possible
to describe this highly non-uniform electrostatic field
by representing the perturbing molecules with par-
tial atomic charges. The partial charges we have used
for representing the HF molecule are 0.5644 and
—0.5644 au for H and F, respectively. The shielding
resuits using partial charges are shown in table 5. The
agreement between the full ab initio and point-charge
calculations is very satisfactory, except for the one
case where the HF molecule is lying in the plane con-
taining the aromatic ring, but perpendicular to the
C-F bond. The discrepancy here may be due to the
fact that although this hydrogen position is 3.0 A
away from the aromatic fluorine, it is only 1.7 A from
one of the ortho-hydrogens of the phenyl ring. At this
very close approach, the partial charges may no longer
be good representations of the entire perturbation.

Fig. 3 shows in graphical form the results of an-
other set of calculations which exhibit excellent
agreement between the full ab initio and point-charge
results. Here, only an axial HF molecule is consid-
ered (as point charges), and the different shieldings
are obtained by using different separations between
the C¢H,F and the point charges. The range of chem-

9F NMR chemical shielding of fluorobenzene in 3 A CgHsF~ (HF), clusters using full ab initio and point-charge models

System Full ab initio Point charges Difference

(ppm) (ppm) (%)
CeHsF-(HF,) 5.984 6.272 4.8
CsHsF-(HF,) 2,807 1.646 41.3
CsHsF-(HF;) 494] 5.470 10.7
CsHsF-(HF,) (HF,) 8.527 7.798 8.5
CgHsF-(HF,) (HF,) (HF,) 12.986 12.921 0.5
CsHsF-(HF, ) (HF, ), (HF;) 15.276 14.371 5.9
CsHsF- (HF,) (HF,),(HF;), 19.488

19.265 1.1

114



Volume 205, number 1

-11

log (shielding, ppm), point charge
[=]
1

2 Fr——
-2 -1 0 1 2
log (shielding, ppm), full ab inirio

Fig. 3. Graph showing relationship between '°F NMR chemical
shielding of F in fluorobenzene in a series of C¢HsF-HF axial
dimers calculated using a full ab initio method versus shielding
computed by using partial atomic charges to represent the HF
molecules, as a function of separation distance (r=2.5-20A).

ical shifts in fig, 3 covers two orders of magnitude,
and a range of separations which probably encom-
passes the relevant range of separations for inter-
molecular interactions in proteins and nucleic acids,
3-20 A. When taken together with the results of ta-
ble 5, these results strongly indicate that the point-
charge model appears to be quite accurate. In ad-
dition, the increase in computational time due to the
introduction of point charges is very small. In fact,
a calculation involving C¢HsF and one thousand
point charges takes only about an hour more than a
similar computation on C¢H;sF alone.

5. Conclusions

The results we have shown above indicate that the
intermolecular contributions to NMR chemical
shielding, as modeled by CcH sF interacting with HF
molecules, are mostly additive. This additivity re-
lation supports the notion that an electrostatic pic-
ture is a viable representation of intermolecular
chemical shielding, at least in this particular system.
The apparent adequacy of the ¢lectrostatic treatment
suggests that the atoms of perturbing residues in ma-
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cromolecules can be represented by simple point
charges, at least in regions of relatively uniform di-
electric, such as many buried peptide backbone sites.
In this manner, chemical shifts involving a large
number of atoms can be calculated. For residues
which have very little change in short-range (or elec-
tronic) shielding from site to site, e.g. 5-'°F Trp res-
idues, the shielding polarizability approach dis-
cussed elsewhere [20,21,33] appears to be the
method of choice. However, when both long-range
(0y) and short-range (o,) contributions to shielding
need to be included, then either the cluster method
or the point charge (or a more sophisticated but
nevertheless SCF level) model may offer certain
computational advantages.

Based on this work, and that reported elsewhere,
we thus conclude: (1) intermolecular (inter-resi-
due) contributions to shielding may often be addi-
tive; (2) additivity supports the idea that shielding
can be expressed as a convergent power series ex-
pansion in the potential; (3) point-charge models
work because of (2); (4) shielding polarizability
models work for the same reasons, and as noted else-
where, mutual polarization corrections [48] appear
relatively small. Thus, a number of new methods are

now available for calculating intermolecular (inter-

residue) contributions to shielding, and these can be
used to investigate both static structure, dynamic
structure, and electrostatics, in complex systems.
“Brute force™ hardware improvements will still be
essential, nevertheless, for acceptable progress with
macromolecules.
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