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1 INTRODUCTION

The purpose of this articke is to outline briefly recent pro-
gress in understanding chemical shifts in biochemical systems
~proteins, nucleic acids, carbohydrates, and lipids. The chemi-
cal shift is probably the most sensitive spectroscopic probe of
local structure and environment, but until quite recently it has
been guite refractory to detailed analysis, at least in macromol-
ecules. In small molecules, this sensitivity manifests itself in
isotope shifts, temperature dependence, gas-to-liquid shifts, and
solvent shifts. In macromolecules, sensitivity is manifested as
chemical shift nonequivalencies, The NMR chemical shift in
biclogical systems contains a wealth of encoded structural in-
formation, and in order to decode this information it is first
necessary to be able to predict chemical shifts from known
structures, :

From a theoretical standpoint, insights gained in studying
chemical shifts in biological systems should also greatly help
in testing, modifying, and improving present theories of the
chemical shift. For example, proteins provide a unique test
case for investigating the dependencies of the chemical shift on
factors such as torsion angles, hydrogen bonding, and electro-
statics. In sharp contrast, gas phase studies of small molecules
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would not be capable of yielding the torsional dependencies of
the chemical shift. This is because variable-temperature
measurements, in which the torsional effects would be visible.
also include significant contributions from centrifuga) distor-
tion, and, in addition, a change in one torsion angle may
significantly change the overall shape of a small molecule, and
consequently the way it interacts with its environment. Pro-
teins, on the other hand, do not require variable-temperature
studies, since sites which differ only in torsion angles are
already present. Hence, the ability to interpret and reproduce
chemical shift nonequivalencies in biological systems should
not only be useful for structure elucidation, but is also of fun-
damental importance for the evaluation, development, and
design of methods for chemical shift computation in general.

Chemical shift nonequivalencies due 1o folding have been
known in proteins for more than two decades. McDonald and
Philtips? first observed that several residues in hen egg white
lysozyme could be resolved in '"H NMR, and this was then fol-
lowed by Allerhand et al. who observed a ~6 ppm range for
the '3C chemical shift of C-v of the six tryptophan residues in
hen egg white lysozyme.? Although such chemical shift inequi-
valencies have made multidimensional NMR swdies of
proteins possible,** understanding of the origins of such
chemical shift nonequivalencies remained a very major chal-
lenge until recently, when a first-principles reproduction of the
NMR spectra of the heavier nuclei (**C, *N, and "F) in pro-
teins was demonstrated to be feasible.® Here, we trace the
development of NMR chemical shift interpretations in biologi-
cal systems, starting from the discovery of empirical
correlations between shift and structure in proteins, up to the
present ab initio interpretation of protein, nucleic acid, and
carbohydrate chemical shifts, and the derivation of structure
from shielding.

2 EMPIRICAL SHIFT-STRUCTURE CORRELATIONS
IN PROTEINS

The earliest attempts at unraveling the relationship be-
tween secondary structure and chemical shifts were focused
on H-a.* Due w the small chemical shift range and the
sensitivity of "H shielding 1o not only electrostatic effects but
also magnetic factors, such as ring currents and the anisotropy
of the diamagnetic susceptibility of peptide groups. only gen-
eral trends were found between structure and shielding.*"™ In
contrast 1o 'H NMR, the heavier nuclei exhibit a much wider
chemical shift range, rendering such magnetic effects of
minor importance. Hence, '>C and '*N nuclei offer more
promise, and considerable efforts were made in interpreting
these shifts as soon as they became available,

In early work, Kricheldorf et al.!* and Saito et al.!? showed
that 3C chemical shifts in peptides were mainly influenced by
the torsion angles ¢ and . Theoretical attempts involving a
semicmpirical finite perturbation—incomplete neglect of differ-
ential overlap (FPT-INDQ) method aimed at reproducing these
observations were somewhat successful in demonstrating the
nonequivalency between helical and sheet residues.’® but the
calculated differences were much smaller than the range
observed experimentally. With an increasing number of
assigned C-a and C-8 resonances in various proteins—bovine
pancreatic trypsin inhibitor (BPTI), calmodulin, interleukin-1;
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and staphylococcal nuclease—Spera and Bax introduced the
first empirical ¢, ¥ chemical shifi surface for C-a and C-43
using known X-ray data,'* shown in Figures 1(a) and (b).
Figures 1(c) shows histograms of the secondary shift distri-
bution in c-helical and S-sheet residues. From the presently
available database of '>C chemical shifts it is clear that C-cr
resonances of helical sites are deshielded compared with those
residues which occur in sheet regions. The opposite trend is
evident for C-8, where helical sites are more shielded." Such
empirical observations have found use in the chemical shift
index,*® which permits prediction of helical and sheet structure,
based on C-a C-3, C°, and H-a shifts.

Considerable attention was also given early on 1o PN shifts
in proteins.'!" However, the problem of whether or not BN
chemical shifts can provide information regarding local struc-
ture remained unanswered. Glushka et al. then noticed a
correlation between '*N chemical shifts and the torsion angle
;1 for residues in sheet regions in BPTI and apamin, but no
other structural or ‘interaction’ features were found.'® More
recently, using a much larger database (comsisting of 14 pro-
teins and 1477 *N chemical shifts), Le and Oldfield"” found a
better empirical correlation between the peptide '*N chemical
shift and the torsion angles ¢; and ;_, indicating that there is
indeed a significant relationship between 5N chemical shifts
and secondary structure. The larger number of points permitted
study of individual amino acid shift surfaces. Figures 2(a)~(c)
show the agreement obtained between experimentally obtained
5N chemical shifts and those derived from the empircally
fited individual shift surfaces, for aspartic acid. lysine, and
valine. The presence of an intrinsic relationship between "N
chemical shifts and secondary structure becomes evident from
these studies. However, it can also be inferred that there are
other factors, such as electrostatic interactions, side-chain con-
formation, and hydrogen bonding, which all potentially
influence "*N shielding. The side chain of valine, for example,
introduces an additional angle x', which can modify the "N
chemical shift behavior, since the presence of a substituent at
the B-carbon site introduces a +-gauche effect, as noted earlier
by Tonelli.2® In order o take this into account, a much larger
database would be needed in order to create separate shift sur-
faces for each of the three common x' conformers, Empirical
database approaches are thus useful in indicating trends, but it
would clearly be desirable to be able to predict shifts accu-
rately using first prnciples or ab initio approaches. For
example, the '*N-valine x'-torsional problem is one which can
easily be solved if the torsional dependencies can be derived
from first principles. As demonstrated recently, this is now
possible.’ In addition, sensitivity to side-chain conformation is
not exclusive to N, since '*C shifts for C-a and C-g sites are
also expected to exhibit a x' dependence. This, however,

Figure 1 Secondary chemical shift surfaces A and secondary
chemical shift histograms for C-a and C-§ sites in proteins. (a)

"Empirical secondary chemical shift surface for C-ar nuclei in proteins;

(b) as in part (a} but for C-f3; (c} histogram showing the distribution of
observed secondary shifts for C-a and C-5. (Reproduced by
permission of the American Chemical Society from S. Spera and A.
Bax, J. Am. Chem. Soc., 1991, 113, 5450)
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Figure 2 Correlation between experimental secondary '*N chemical shifts and those computed from empirically fitted individual secondary
chemical shift surfaces. (2) Aspartic acid; (b) lysine, and (c) valine. (Reproduced by permission of ESCOM Science Publishers BV from H. Le and

E. Oldfiedd, J. Riomol. NMR, 1994, 4, 341) -

would be difficult to see with only a small database of assigned
"C shifts. Ab initio methods therefore clearly have an advan-
tage over empinical approaches since chemical shift surfaces
for individual amino acids, as wel! as for various x' confor-
mers, can in principle be evaluated.

With the rapidly growing database of 'H chemical shifts,2*
there has been renewed interest in using 'H NMR in protein
structure studies.”>"*” These studies have taken advantage of
the availability of large numbers of 'H chemical shifts to relate
chemical shifts to structure. In addition to the correlation found
between secondary structure and the chemical shifts of H-a
and H-N, the large amount of spectroscopic information avail-
able has also permitted a breakdown of 'H shielding into
electrostatic and peptide magnetic anisotropy effects. Thus, the
coefficients needed in order to evaluate electrostatic contri-
butions from nearby polar groups, as well as the anisotropy
effects arising from peptide bonds, have been derived empiri-
caily. The complexity and number of factors that affect 'H
chemical shifts, however, make a direct chemical shift to
structure route very difficult, although structure refinement
using H-cr shifts has promise,

3 THE AB INITIO APPROACH TO PROTEIN
SHIELDING

Although empirical and semiempirical approaches for 'H
NMR are useful for analyzing secondary structures, these
approaches are more limited for the heavier nuclei. The reason
for this is that long range magnetic anisotropy effects will be
very small for '>C and "N, due to the large "°C and "N shift
ranges (~8-30ppm). Moreover, C-a and C-3, being both sp>-
bybridized carbons, are not expected to have their chemical
shift greatly influenced by electrostatic factors. Thus, in order
successfully to predict and interpret the chemical shift of heavy
nuclei in proteins, it is desirable 10 apply ab initio methods.
These, in general, successfully predict shielding for such heavy
clements—at least for '3C, '*N, and '°F. The system, however,
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consists of 50 many atoms that a computation which includes
the whole protein would be prohibitive, even with supercompu-
ters. Fortunatety, however, since the chemical shift is
inherently a localized property, it is wrong to suppose that the
effects of all atoms in a protein need to be incorporated into
the computation. One alpproach is to separate the total shield-
ing, o, into three pans®

o =0, +m+ o f1i

where g, refers to the short-range contribution, ¢, corresponds
10 long range electrostatic effects, and o contains the magnetic
effects. Although orthogonality may not be achieved, such a
partitioning of the vatious chemical shift contributions helps
develop computational strategies for solving each contribution.
The short range contribution can be further divided into sev-
eral categories: local structure, repulsive interactions, and
strong hydrogen bonding. Local structure includes the depen-
dencies of the chemical shift on bond lengths, bond angles,
and torsion angles. For the long range electrostatic contri-
butions, several methods can now be used. One can either
incorporate the charge field at the self-consistent field (SCF)
level,? or use the multipole shielding polarizability (MSP)
approach.* Lastly, o can be calculated by a variety of classi-
cal methods, basically as discussed above for 'H NMR. This
contribution is, however, still within the emor limits of present
ab initio methods for calculating o, and o, although it can still
be expected 10 help somewhat with shift predictions. For
further discussions on intra- and intermolecular factors which
influence shielding, several recent reviews are available %
Henee, for a protein, atoms belonging to the residue which
contains the nucleus of interest can be regarded as comntributing
0 gy, while the rest of the protein contributes to o). This parni-
tioning greatly reduces the size of the fragrnent on which full
ab initio calculations need to be performed. When combined
with recent improvements in hardware (such as powerful work-
stations) and a method which avoids gauge emors in
calculating the shielding property [the gauge-including atomic
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Figure 3 - Comparison between caiculated '*C NMR shieldings and
experimental chemical shifts for alanine residues in staphylococcal
nuclease. (a) C-a, (b) C-8. (Reproduced by permission of the
Amenican Association for the Advancement of Science from A. C. de
Dios, J. G. Pearson. and E. Oldfield, Science, 1993, 260, 1491)

orbital (GIAQ) rnethod].“ together with the application of new
algorithms to improve code efficiency,” the ab initio reproduc-
tion of chemical shifts in proteins is now at hand.

In recent work,® it was shown that a small molecular frag-
ment, N-formyl-L-alanine amide, interacting with formamide
molecules {used to represent hydrogen bond partners) and point
charges {representing the rest of the protein) successfully repro-
duced the experimentally observed '*C chemical shifts for the
12 alanine C-a and C-g sites in the protein staphylococcal
nuclease, as shown in Figure 3. The ability to predict the
chemical shift opens up a new avenue for protein structure elu-
cidation, especially if the factors which lead 10 such
nonequivalencies can be identified. The partitioning of the
shiclding as described above greatly facilitated this quest.*~®
As expected, C-a and C-3 chemical shift nonequivalencies
were found to be dominated by the local structure, or short-
range factors, ¢, In addition, based upon an examination of
the dependencies of C.o and C-3 shielding on bond lengths,
bond angles, and torsion angles, it was established that torsion
angles clearly dominate the experimentally observed trends. In
particular, it was also noted that the chemical shifts at thase
sites were extremmely sensitive to bond lengths. In fact, the vari-
ations in bond lengths of the same type of residue seen in a
single-crystal X-ray structure were shown to lead to a chemical
shift range as large as the experimentaily measured range, but
the predicted shifts were wholly uncomelated with exper-
iment.*® Residues of the same type in a protein therefore have
bond lengths that are much more similar to each other than X-
ray structures would suggest. Nevertheiess, from these same
studies, ¢- and urangles were found to be highly comelated
with C-o and C-3 shifts. Shielding surfaces have therefore
been constructed using a model fragment, ¥-formyl-L-alanine
amide, in order to map out the effects of ¢ and ¢ on C-a and
C-3 shieldings.*® With this surface serving as a look-up tabie,
and knowledge of ¢ and 1, '’C shieidings (or chemical shifts)
for any alanine site in a protein can readily be obtained-—at
ieast in the absence of large-amplitude motions.

Nitrogen-15 shieldings are expected to be more difficult
to predict, since well-defined ¢ and i comelations have not
been observed, and hydrogen bonding and electrostatic
effects could also be important. Recent work.s however, has
shown that "’N chemical shifts in proteins can now be pre-
dicted using the GIAO method, with explicit hydrogen bond
partners, and point charges representing the rest of the
protein, Figure 4 shows results for valine residues in staphy-
lococeal nuclease.® The results in Figure 4(a) were obtained
by using a molecular fragment; formyl-L-alanyl-L-valine
amide, In Figure 4(b), hydrogen bond partners were expli-
citly included (as formamide molecules), while Figure 4(c)
includes the rest of the protein, represented as point charges.
Although the dominance of torsion angles found in “C
chemical shifts is less dramatic with '*N, the generally good
accord between calculated and observed values when long
range factors are included indicaes that '*N NMR is a po-
tentially powerful technique for structure validation. Its
sensitivity to long range interactions extends the structural
information that can be obtained beyond the local torsion
angles, thus complementing '3C NMR.

Although not naturally occurring in most proteins, '*F is a
particularly sensitive probe of electrostatic field effects in pro-
teins. Its incorporation, for example, into tryptophan residues
of Escherichia coli Ealaclosc-binding protein {GBP)* and hen
egg white lysozyme*! has generated information on how long
range factors, such as van der Waals and electrostatic inter-

For References see p. 1336
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Figué: 4 Calculated "*N chemical shieldings versus experimental shifts for the valine sites in staphylococcal nuclease. {a) Using isolated valine
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actions, infiuence the chemical shift. Using point charges,
GIAO has been shown® to reproduce satisfactorily the observed
"F NMR spectrum of 5-F-Trp-labeled GBP, except for sol-
vent-exposed sites. With prior knowledge of how shielding is

2001

‘Theoreticat shiclding (ppm)

-100 , T T : ' !
-50 50 150 250
Experimental shift from TMS (ppm)

Figure 5 Experimental and theoretical **C shielding tensor elements
for L-threonine in the icosahedral representation. Reprinted with
permission from A. C. De Dios et al., . Am. Chem. Soc., 116, 5307.
Copyright 1994 American Chemical Society
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affected by a uniform elecuric field, field gradient. and field
hypergradient (the MSP approach), dynamic averaging
becomes tractable,” and even shielding at sites that are highly
mobile and solvent exposed can be satisfactorily reproduced.™

Overall, '’C chemica! shifts show greal promise in struc-
ture elucidation, as noted above for alanine, Successful
prediction of '*C chemical shifts has also been shown for
glycine and valine residues.®® Here, the dominance of ¢ and
¥ is similarly evident. The correlation between calculated
and experimental shieldings for glycine sites is less satisfac-
tory than with alanine and valine, possibly due to glycine
mobility, On the other hand, the presence of the side chain
in valine introduces an additional angle that can influence
both C-a and C-8 shieldings. Taking advantage of this
additional dependency, crystal-to-solution structural differ-
ences became apparent upon close examination of the C-o
and C-3 shifts of valine residues in calmodulin® Corrobo-
rated by coupling constant information. this work
demonstrated that five out of the seven valine residues
assume a side-chain conformation different from that seen by
X-ray crystallography.

Finally, we briefly consider shielding as a tensor quantity.
Here, all elements and their directions need 1o be evaluated—
six parameters versus one isotropic shift, representing a serious
challenge for theory. For amino acid crystals. the charge field
perturbation gauge including atomic orbital (CFP-GIAQ)
method gives excellent agreement with experiment.*? Figure 5
shows a comparison between calculated and experimental
shielding components for the '’C nuclei in L-threonine® in the
icosahedral representation® of the shielding tensor. The results
shown here clearly illustrate the adequacy of present theoretical
methods of predicting chemical shieldings, even in complex
(zwitterionic, polar amino acid) systems.
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4 NUCLEIC ACIDS

The usefulness of chemical shifis in studying biclogical
systems is naturally not restricted to proteins. Chemical shifts
of nucleic acids should similarly encode a wealth of infor-
mation regarding structure, protonation sites, hydrogen
bonding, and electrostatic field effects. The shielding caused
by magnetic anisotropy effects on 'H NMR spectra has
already been studied using semiempirical methods,** and
more recently ab initio methods have been used to study the
pyrimidine base cytosine.*® However, these early results were
obtained using only a split valence set, insufficiently saturated
with basis functions. A more recent study using a larger basis
was performed by Schindler'” using the individual gauge for
localized molecular orbitals (IGLO) method.*® The shielding
tensors, as well as the magnetic susceptibilities, were calcu-
lated for cytosine, thymine, and uracil, as well as adenine
and guanine. The calculated values compared favorably with
experiment, but in general the computation of shielding ten-
sors in nucleic acid bases is difficult because definite
molecular structures that correspond to the systems on which
the NMR measurements were taken are usually not available.
In panicular, the relative amounts of tautomers depend
strongly on the solvent and pH, and the '’N chemical shifts
were found to be very sensitive to such environmental effects.
Nevertheless, using ab initio optimized stucrures, it was
shown that the calculated '*N shielding trends caused by pro-
tonation could indicate which species dominate in solution.
However, the lack of a supportive trend from B¢ shieldings
did not permit a more precise determination of the dominant
tautomer.

5 CARBOHYDRATES

With the importance of carbohydrates in lipid and (gly-
co)protein structure, as well as in, for example, substrate/
inhibitor binding (e.g. in lysozyme), and the occurence of
carbohydrates in metabolism, cell surface antigens, eic., it is
surprising that so little work has been repoted on BC and
70 NMR shielding, at the ab initio level. An exception to
this is the pioneering work of Grant et al.*® on ’C shield-
ings in methyl a-D-glycopyranoside and sucrose. Grant et al.
showed that a root mean square deviation (rmsd) of ~3ppm
between theory and experiment (the rmsd from the straight
line connecting shift and shielding) with R* ~0.97 and a
slope of —0.99 (methyl glucoside), could be obtained at the
6-31G level, permitting a convincing reassignment of some
earlier chemical shift assignments.

6 STRUCTURE FROM SHIELDING: PREDICTION,
REFINEMENT, AND VALIDATION

The ability to predict the NMR spectra of biologically im-
portant molecules via ab initio methods heralds a new era in
the use of the easiest NMR parameter to measure, the isotropic
chemical shift. For proteins, the intimate relationship found
between the torsion angles ¢ and % and the '>C chemical shifts
of C-ar and C-3 sites strongly suggests that it should be poss-

ible to derive structural information from chemical shifts in
ways not founded on empirical relationships, size of database,
or on X-ray structures. One such method of extracting torsion
angles from spectroscopic parameters has recently been pro-
posed.®® Referred to simply as the ‘Z-surface method’, it
begins with the assumnption that a - given spectroscopic
parameter, P, can be represented as a function of a torsion
angle o

P =f(a) {2)

and the probability that a given value P; comesponds to a value
of o can be cast as in

Zi = exp|~(P; - f(a))* /W] (3)

W is a search width of typically about 1 ppm, and takes into
account uncertainties in theoretical and experimental results,
e.g. basis deficiencies, referencing errors, etc. Equation (3), of
course, assumes a knowledge of Aa), which can be obtained
via ab initioc methods or from experiment. A plot of Z; over
possible values of a constitutes a probability surface for the
angle o. Since the chemical shifts of C-a and C-3 are both
functions of torsion angles ¢ and 2, a map of the whole Rama-
chandran space that shows which pair of ¢- and i-angles
closely agree with the observed chemical shifts can be easily
constructed. For alanine residues in a variety of proteins, using
this approach and the theoretical shielding surfaces for C-o and
C-3, plus an experimental surface for H-c, yields values for ¢
and 4 that have only ~10° rmsd values from the X-ray
values. 5

Although '’N chemical shifts are more susceptible to en-
vironmental effects, and '°F shift inequivalencies are largely
due to electrostatic interactions, this sensitivity of the '°F and
15N shieldings to electrostatic interactions can be utilized in
testing present force fields, molecular dynamics programs, and
electrostatic field calculations.®® Moreover, '*N being sensitive
to factors other than local structure, it can complement '*C
NME in validating the overall structure of a protein.

7 CONCLUSIONS

Chemical shifts have been reported in biochemical systems
for about 30 years. However, only very recently has it been
possible to solve the chemical shift problem, and successfully
predict chemical shifts in macromolecules, such as pmtcins.’
Since chemical shifts can now be intimately related to struc-
ture, and vice versa, it seems likely that many new applications
to structure prediction, refinement, and validation will stem
from these developments. Until recently, it was thought by
many to be impossible to predict protein chemical shifts. How-
ever, the continuing revolution in computer/disk price/
perforrnance ratios now enables study of much larger fragments
than heretofore possible. In the future, we believe that many
such applications of ‘biochemical shifts’ and quantum chem-

For References see p. 1336
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istry will contribute greatly to our studies of lipid, protein,
nucleic acid, and carbohydrate structure.
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