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NMR STUDIES OF BIOPOLYMERS: ANALYZING CHEMICAL

SHIFTS, Eric Oldfield, Angel C. de Dios, John G. Pearson
and Hongbiao Le, Department of Chemistry, University of
Ilinois at Urbana—Cham%aiEn, 505 South Mathews
Avenue, Urbana, IL 61801, US,

Introduction, It has been known for more than 20
years {1,2) that the folding of a protein into its native
conformation causes large ranges of nuclear magnetic
resonance {NMR) chemical shift non-equivalencies to Pe
introduced - about 5-10 ppm for 13C (-igﬂlg 30 ppm for 15N
{4}, and 15 ’Ppm for 170 (5) and {6). However,
surprisingly little pro%ress in computing such chemic
shifts from known solid or liquid state structures has
been made, for without these non-equivalencies, modern
multdimensional NMR studies of protein structure would
not be possible. An understanding of the origins of
chemical shifts is exgected to lead tc mew ways of
predicting, g and validating protein structure,

In principle, chemical shifts can be computed by
using ab Initio techniques, but full ab initio utations
on 1%00 atom-plus structures are not currently feasible.
However, {t seemed unreasonable to us to suppose that
the effects of all atoms would need to be incorporated
Into a chemical shielding calculation, because nuclear

i isﬁmdamenta]l{alocalphenomemn. Westﬂg

and eglsewhere {7-13) that good values for 1H,
N, and 19F folding-induced s elcllozzf can now be
obtained using quantum chemical methods.

The idea of using chermical shift information from

roteins 10 deduce stucture can, in a sense be traced
to very early observations - in the 1960s and 70s,
of characteristically different ch shifts for a-helical,
sheet and "random coil" shifts in proteins in peptides
14). Much later, a number of groups began to
parameterize shifts, especially H%, using peptide magnetic
anisotropﬁﬂng current, and electrostatic field effects
15,16). ese semi-empirical ideas have now begun to
some utﬂiarai_n refining protein structures obtalned
by using standard NOE methods (17). In addition,
V%shar& Sykes and Richards have presented a sgucture
f)redlc on protocol, the so-called chemical shift index
CSI). The idea here is simple and Is that for Ce, Ha, C',
, there are clear positive or
negative secon al shifts the random coil
cheémical shift tHon which are structure (helix, sheet)
de ent, e CSI method uses a tri-state model in
e.g. forCe, a"1" is assigned to a helical
to a ran coil shift, or a *-1" 10 a p-sheet shift, en a
certain number of consecutive residues exhibit e.g. helical
behavior, then the presence of belical second
structure is inferred. The method is useful when Ce, Ho
and C' indices are combined into a consensus CSI pattern,
but is limited to helix, sheet separations.

The success of the empirical chemical shift index
method immediately leads one to ask - why it is
successful, and how ¢an it be improved? The method is
successful because chemical shifts are conformation
dependent, Since mannr such chemical shifts can now be
E_rechqtgd using ab initio methods, it is thus logical to see

additional, more detailed structural information can be
obtained, since as shown by S and Bax (18}, there are
considerable chemical shift differences within a
particular structure type gﬁgion, even in a global amino-
acld data base. That is, helical and sheet residues do not
have just two chemical shifts, rather, a more or less
continuous distribution., How then can more detailed
guntrucumral?infonnadon be derived from these distribution

ctions

The answer lies in being able to predict exactly how
eg. Ce, CP vary with ¢,y, since this knowledge of precise
Cd, C8 chemical shifcs for a lﬁi\fen amino-acid, would
together with the availability of each amino-acid
shielding surface, permit a prediction of an gllow%

erimen
shifts. For alanine, we havé already shown that this
approach permits prediction of "¢,y values for
taphylococcal nuclease (8) to a ~10° rmsd with the x-ra
structure, and the bulk of our current research fs
concerned with evaluating similar shielding surfaces for
each of the other amino-acids. Our approach is thus a

and to a lesser extent CB

high-resolution “analog" version of the low-resolution
digital tri-state chemical shift index approach, and
instead of simply predicting "helix" or "sheet" solutions,
we predict accurate ¢,y values.

Carbon-13 NMR. We first consider 13C NMR shielding
ﬁ&;oteins because the ability to comPute backbone
shieldings should be a uséful compiement to other
distance - based or more theoretic apP{oaches to
protein folding. Clear-cut correlations of 13C chemical
shifts with structure in polymers and proteins have onl
been rel)orted fajréi/ recently, but as and Bax (1
state: "13C chemical shifts rémain poorly understood
significant deviations from expected secondary shifts can
occur”. We have thus investigated Co, CB shieldings of
some model fragments containing Ala residues as well as
the Ala residues in {rfgh ylococcal nuclease to see if our
umfldersga..nding of shielding in proteins can be
rov

“ By way of introduction, we show in Figure 1A
histograms of Gt and CP shieldings for a-heli anatgig;
sheet residues from the global data of all amino
of Spera and Bax (18).

A

Figure 1: 13C shielding in proteins. . (A) Histograms
showing sepa.ratégn of a-helical and p-sheet chemical
shifts for Ca'and CP sites in proteins [basedonilobaldata
base of all amino-acids, Spera and Bax 8)]].1 (g]
Histogram showing C2 and CP shifts for el a-helic
and p-sheet (alanine onlg) fragments, based on ab initio
shielding surface calculafions.

There is a clear separation between the shieldings
of the two structure types, suggesting an important effect
of ¢, ¥ torsion angles on shielding, but of course the

ental resuits could in principle be dominated by

other interactions, such as hydrogen bonding and long-

range electrostatic field effecfs. To investigate the effects

of ¢ and y alone, we thus computed the !3C NMR

shxeldmgt: for Co and CB in a series of alanine molecular
ments:

o]

Y

Qavan

L] ]

T

/]

(g1 =T, N

Al

We first used a 6-311G** basis set for all atoms (without
the formamide hydrogen-bond partners). As shown in
Fig. 1, there is & good general similarity between the
experl'mental and theoredcal shielding results, with the
overall widths and ~5 ppm separations between helical
and sheet residues being reproduced in the czlculations,
Of course, there cannot be exact agreement, since Spera
and Bax used a data base of essentially all amino-acids,
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and we have found that, C, CB shielding surfaces are very
different for each amino-acid - even when expressed as
secondary shifts (8}. ¢ and y torsion angles nevertheless
ﬁtél} dialtlppear intimately correlated with Ce and CB
gs.

We then computed the theoretical shleidin§s for the

12 Ala Ce groups in SNase, (Fig. 2A) with the ragment
shown above, and an attenuated basis set following the
locall{ dense scheme pro?osed b&Chesnut 1519)' We used
a 6-311+4G (2d,2p) basis for Cs, CB, Co, N, HN and He (set 1)
and-a 6-31G basis for other atoms in the fragment {set
1), together with the known x-ray structure (71 and find
a slope of -0,85 and a correlation coefficient RZ = 0.94 (a
measure of the 'goodness of fit') - a respectable
agreement between theory and experiment (L'/). e then
investigated the effects of hgldrogen bonding and the
roteing' chg_rje field on Ce= shielding with the CFP-GIAO
ﬂelectroneu ) ment approach used below for 19F,
ut with the additional incorporaton of formamide
molecules (to represent hydrogen-bond partners) as
gictured above. Results for a smalier basis set (6-
11G**/I/6-316/1? avem = -1,2 R = 0,97, whereas a
largﬁrbasis set (6-311++G(2d,2p)/¥/6-31G/M) - including
explicit hydrogen bonding and e fleld perturbation,
ave m=-1,18, R = 0,97, indicating 5 set msensitivitzv.
&n similar re B

erall‘)f sults were obtained for C8, Figure
(m «-0.78, R = 0.89).
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Figure 2: 13C NMR shieldings for Ala residues in
Staphylococcal nuclease (1). ([A) Experimental Ce
chemical shifts for the 12 Ala sites ua SNase, versus
computed shieldings. ér’? Experimental CP chemical shifts
for the 12 Ala sites in SNase, versus computed shieldings,

Thus, ¢,y effects are overw, s].m]ngl dominant for
1306ewhic eqxaables us to use II C Shl.fl‘I’S as structure
probes, :

Here, we introduce the actual global data base
results of Spera and Bax, since this allows us to introduce
in a gralphlc way the concept of the Z-surface approach,
which T will describe in detail in the accompan ing
lecture, Spera and Bax showed that the secondaz shifts
for Ce, CB for a global data base of most amino-acids could

represented on a shielding or secondary chemical shift
surface, §(¢,y);
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Figure 3: General approach to ¢,y &ri'ediction by use of
isotropic chemical shifts, using the shielding surfaces of

gﬁera and Bax (Ref. 18), togethexf with examples of
scﬂoméed al?a' CB shift regions. A: allowed &¢; B: aliowed
; C:allo

wed 8Ce+5CH ¢ solution region,

where A and B represent the shift contours for Ca, C8,
The idea of the Z-surface approach is that if Ce, CB are
known from experiment, then the regions of ¢,y slpace
permitted are limited by (:G, CP - as shown for example by
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the shaded regions in Féﬁure 3A,B. Since both restraingg -
must be obeyed, then only the reglon of ¢,y space shown

in C is an allowed ¢,y. Using sFe‘gf-‘nc, quantum cher
computed shielding surfaces for alanine, we obtain ~1g*
rmsd values versus x-ray results - a powerful new

approach to structure determination (8).

Nitrogen-15 NMR. Next, we will consider 5N shiel
in the peptide group. Nitrogen shielding might be
ex?ected to be more difficult to predict, since well
defined ¢,y correlations have not been observed, and
hydrogen bonding/electrostatics could also be'v .
important. Fortunatelts however, Glushka et ea?' :
Previously (20} noted an interesting correlation between
SN secondary shifts and ¥i-1, and we have reproduced
these trends using empirical data bases, and more
hnpog'tantly, using GIAD. We discuss our detalled results
for I5N-alanine residues in the lecture, but here we show
some results on valine iSNa.se) and gne %olar residue,
threonine (in T4-phage ysogrme). 15N chemical shifts
can now be quite accurately predicted ?smg GIAO
methods, and Figure 4 shows results on 1>N-valine in
SNase, as well as results on a polar amino-acid, threonine,

in T4~phage‘ ‘I‘ysozyme:
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Figure 4: Experimental chemical shifts yersus computed

eldings for 15N NMR of proteins. A, 13N-valine sites in

SNase. B, 15N-threonine sites in T4-phage lysozyme,

Crystal structures used in both cases,

There is good accord in both cases, indicating that
I5N NMR is a tentially powerful new techunigue for
structure validation. In addition, in more recen| work,
we have used standard ments for alanine, and gve
find excellent correlations between imental 13N
chemical shifts of all sheet residues and theoretical
shielding, without use of -any electrostatic/H-bonding

128 126 10

conuibut{oriss. -
Thus, >N NMR will have utility in validation, but it
is more difficult to use in the Z-surface method since ¢j,1,

vi also have on effect on 15N; shielding,

For 15N, the key observations or preliminary results
are: 1), in B-sheet regéons, $,v,x torsions dominate
shielding, and can thus be used in structure rediction, -
refinement and validation. 2) for «-helic rasidyes,
strong hydrogen bonding and helix-dipole charge fields,
cause deshielding. Thus, 15N chemical shifts are much
more useful restraints for sheet residues - as shown for
example in the excellent correlaton (rmsd ~1 ppm) for
the sheet residues in dihydrofolate reductase and
C ochro;negfm {21). These results put on a firm footing

¢ empirical ¢;, yj-1_shift correlations seen previously
(20), and promise to be of considerable help in validation.

Finally, we consider the case of 19F NMR in proteins.
Fluorine chemical shifts have been studied in proteins for
oyer 25 years, but only with our recent work have they
been analyzed. They thus provide a final rigorous test
case for our ability fo predict essendally all observable
heavy atom chemical shifts in proteins.

Fluorine NMR and Electrostatics. Fluorine is a
particularly sensitive probe of electrostatic field effects in
proteins and fluorine chemical ts can now be reliably
evaluated. The way this is best done is to first evaluate
the derivatives of the shielding tensor elements with
respect to the uniform field, the field gradient and the
field hYpel_rLFradient, obtaining what are called the
multipole shielding polarizabilities (22):



Calcutated .;v ie shiciding p : 'ililrtlﬂll dements for
the F ancleus in wilh respect to & wniform fickd,
field gradicnc, and fiekd hyp dw

Tensor clemenis and values (ppm/fau) **

P 14g3 ! —-52907
Prs asn P 3165
Pus 593.6 Piis —6019
F - 2 Paee -~ 16356
Paxyy —-166 Puyy 6483
f ~488.4 Puis =234
Pree 6178 P 7158
Py =277 Py ~14L9
Pyt —652.9 P 4223
Foer 119 L - 17087
P =196.6 Promy —1428
F - -2138 Pryem . L4
Pucea =223 F - 1325
P {1 P —594.5
Pacaa -3 P =2t

then these coefficients are multiplied by the actual values
of the field, the field gradient and the field
h; erglradicelnt, obtained from a lotgial}ing reactionlglelcll-
molecular ¥namlcs rogram, con a mu e
description of the chmﬁ;e%eld (L.e. Enzymix, Ref. (2:3} e
fo two Figures show, first, how the chemical shifts
for five S-F}TIE sites in the galactose binding protein
iGBP) from erichia coli vary with trajectory time

Figure 5):
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Figure 5: Individual Zo-fs shielding trajectories for
each of the five [5-F]Trp residues in GBP.

and second, Figure 6 shows the excellent agreement
between theory and experiment for the five [5-F]Trp
sites in GBP, using the shielding polarizability-molecular
dynamics approagh (7,11}
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3 44 46 48 50 52 54
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Figure 6: Plot of experimental versus theoretical

shielding for each [S-F]Trp site in GBP. The experimental

shieldings are those cited in ref 11. The computed values

are referenced to a field-free value of O ppm. The o
circle represents the shielding calculatedl%gr a 180 (%

flip of Trp 133.
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In addition, we llwe1 g.lso been able to use the CFP-GIAO
method to compute 19F shifts in GBP, the results being in
accord with the shielding polarizability ap, roach E‘%
Thus, even the previously intractable problem of

shifts in_proteins has now been solved, using local
realc{:i)on eld, shielding polarizability and'MD methods
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