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Abstract: We have investigated the carbon-13 solution nuclear magnetic resonance (NMR) chemical sHifts of C
CP, and @ carbons of 19 valine residues in a vertebrate calmodulin, a nucleaseStaphylococcus aurepyand a
ubiquitin. Using empirical chemical shift surfaces to prediét C shifts from known, X-ray,y values, we find
moderate accord between prediction and experimAbtinitio calculations with coupled Hartre¢-ock (HF) methods

and X-ray structures yield poor agreement with experiment. There is an improvementin ithigo results when

the side chaity; torsion angles are adjusted to their lowest energy conformers, usingaditirétio quantum chemical

or empirical methods, and a further small improvement when the effects of peptide-backbone charge fields are
introduced. However, although the theoretical and experimental results are highly corfédate@l 90), the observed

slopes of~—0.6—0.8 are less than the ideal value oL, even when large uniform basis sets are used. Use of
density functional theory (DFT) methods improves the quality of the predictions for botklGpe= —1.1, R? =

0.91) and @ (slope= —0.93,R2 = 0.89), as well as giving moderately good results fér This effect is thought

to arise from a small, conformationally-sensitive contribution to shielding arising from electron correlation. Additional
shielding calculations on model compounds reveal similar effects. Results for valine residues in inteffeaten-1

less highly correlated, possibly due to larger crystalution structural differences. When taken together, these
results for 19 valine residues in 3 proteins indicate that choosing the lowest enegyformer together with X-ray

¢, values enables the successful prediction of batta@ & shifts, with DFT giving close to ideal slopes aR8

values between theory and experiment. These results strongly suggest that the most highly populated valine side-
chain conformers are those having the lowest (computationally determined) energy, as evidenced by the ability to
predict essentially all § C? chemical shifts in calmodulin, SNase, and ubiquitin, as well as moderate accord for C
These observations suggest a role for chemical shifts and energy minimization/geometry optimization in the refinement
of protein structures in solution, and potentially in the solid state as well.

Introduction spectral assignments, and that elements of structure should be

) o . predictable if shifts are known.

Over the past few years there has been increasing interest in In earlier work, we showed that generally good agreement
pre_di_c_ting chemical shi_fts in proteéj;s, usi?g both empiri(_:al and between experimlental arab initio theoretical shifts could be
zﬁi;?S't'grguggmm;gﬁrgﬁi;?ﬁ;hgy Iéc';cl)re::'eci\tlr'\gthézzefrigllgaLn d obtained _for alanine res_idues i_rsaaphylococcalhuclease and
magnetic anisotropy effectéwhile for 1C NMR, it is the local calmodulin, and for valine residues in calmoduffr® How-
torsion angles which dominate shieldifg®’ This connection SV IN more recent work, we have found that in several cases
between structure and shielding (or chemical shift) is clearly the chem_|cal Shlft.s of vallr_1e residues In proteins are in poor

. . : . . accord with experiment, with the errors increasing fromt€
an important one since it means that chemical shifts should be(ﬁ to O. It appeared to us that, in principle, there could be

calculable if a structure is known, permitting validation of four main causes of these discrepancies. First, the input
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problems associated with motional averaging, either in the
crystals or in solution. And fourth, there might be a deficiency
in the theoretical methods used previously. The accuracy of
protein X-ray structures can be assessed in several ways, one
of the more useful being an analysis of the pooled standard
deviations of helica$,iy andy; angles, which correlate strongly
with crystallographic resolution and refinemem factors)?
These results strongly indicate that only the very best structures
can be expected to produce accurate chemical shift
results-—assuming of course that crystal and solution structures
are in fact comparable. For the X-ray structupasdeviations

(8) Laws, D. D.; de Dios, A. C.; Oldfield, El. Biomol. NMR1993 3,
607-612.
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are considerably larger tham,y deviations> For NMR
structures,¢,yy values are somewhat more scattered than in
X-ray structures?® and pooledy; standard deviations are
similarly largert! In many cases, this may be attributable to
enhanced conformer averaging in solution.

From the standpoint of refining or predicting aspects of
protein structure, it is clearly of interest to know how best to
predict a spectrum, since there are in principle both static

structural questions and dynamical averaging questions, as well
as in some cases questions as to what level of theory needs tQ

Pearson et al.

with quantum chemical methods, and Facelli and Grant have
reported a similar conclusion for naphthaléheFor proteins,
however, the situation is even more complex, since not only
are the initial structures less well resolved than with small
molecules, but it is also necessary to consider the effects of
crystal-solution structural nonequivalencies.

Experimental Section

Empirical Surfaces. For our empirical predictions of CCF shifts
we used a global data base of,@* shieldings, which contains the
hifts of 975 amino acids.

be used to evaluate a particular property. Here, we focus on  ap |nitio Calculations. We used three different approaches to

the basic question of how to calculat& P, and C carbon-

13 chemical shifts of valine residues in proteins having
moderately good resolution~1.5 A) crystal structures. In
previous work, we found relatively good accord for valing C
sites in calmodulin, but specific assignments to a giyewere
difficult, relying on absolute shielding arguments and compari-
sons with shifts for alanine. Moreover, agreement fém@s
rather poor, as was the case fof.C

In this paper, we resolve some of the problems encountered

previously. Specifically, we test the following hypothesis: that

the backbone structures of proteins in solution are generally

well defined by X-rayg,y values from high-resolution struc-
tures, but thay torsions (in valine) are poorly described. The
basis for constructing this hypothesis is as noted aboi«eay
structures have quite “tight, v, y1 distributions, and these
distributions get tighter as the crystallographic resolution and
R factors improve. We believe this implies that it should be

possible, and in fact essential, to try to extrapolate these

evaluateC shieldings of valine residues in proteins: Coupled Hattree

Fock (CHF) in the Texas suite of programs of Pulay et%&l’;SOS-

DFPT, using the individual gauge for localized orbitals (IGLO)

approacH? and uncoupled DFT in Gaussian $4jsing gauge including

atomic orbitals (GIAOs). In each case, we investigated the
N-formylvaline amide molecule shown below:

CH3~_ ., -CHs

(IZH
o CH

SC—NA  “CONH,
H

In the CHF calculations we used a locally dense basis appf8ach,
basically as described previously: 6-311G** on the atoms shown in
bold above, with a 6-31G** basis on the other atoms. In the deMon
SOS-DFPT-IGLO shielding calculations we used an IGLO-III bsis
on all atoms, together with the PW91 exchange-correlation functfonal
and a fine grid? In the Gaussian 94 DFT-GIAO shielding calculations,
we used a uniform (6-3H+G(2d,2p)) basis on all atoms, together

structural parameters to their error free values, that is to say i the BPW91 energy functional. Selected locally dense basis set

their equilibrium values, a process which one can, in principle,
begin to address by using geometry optimization. Since/the
pooled deviations are larger than thhgy deviations, and the
NMR structure families encompass even larger regions of
conformational space, we simply fixy to the protein X-ray
values and optimizey;. If there is extensive dynamical
averaging or crystalsolution structural differences, this ap-
proach will fail. However, we do in fact find that good
correlations IR values) between experimental solution and X-ray
predicted chemical shifts (or shieldings) can be made by
selecting the lowest energy structures, obtained frogtb initio
geometry optimization or force fields. The overall best theory-

calculations were also performed, as discussed below.

The actual valine geometries used varied considerably, and are
discussed in more detail in the text. For our initial shielding calculations
with CHF we used torsion angles for calmodulin, SNase, and ubiquitin
taken directly from the Brookhaven Protein Data Bank (ref 21 ; Files
1cll, Isnc, and lubqg), while standard bond lengths and three-atom angles
were from an AMBER? force field in the Discover program (Biosym
Technologies, San Diego, CA). As we have shown previously, bond
lengths adjusted to fixed values permit more precise shielding predic-
tions than do some X-ray structure bond angles, so for our initial
calculations the same procedure as used previously was adopted.

We used three different approaches to investigate the effects of
geometry optimization/structure refinement’8@ shielding. First, we

versus-experimental results are obtained by using densityadjusted they; torsions to their closest staggered conformer values:

functional theory (DFT), where close to ideal slopesd R?
values are achieved withoth coupled sum-over-states density
functional perturbation theory (SOS-DFT, as implemented in
deMoni? ) and uncoupled (in Gaussian 4 approaches. In
recent work by Liu et al*# it has also been clearly shown
that—even in very high resolution single crystal X-ray and
neutron diffraction structures of small molecules (methyl
glycosides), thatb initio geometry optimization permits a major
improvement in chemical shieldingnsorelement predictions
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—60°, 60°, or 180. Second, we used an AMBER force field in
Discover, combined with a conjugate gradient minimization, to produce
an empiricaly; optimization, centered around each of the three likely
x1Vvalues. Third, we carried out a fudb initio geometry optimization

at the X-ray fixedg,y angles, using Hartred=ock theory (Gaussian
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3 determined) and in the crystalline solid state (where ¢hge

values are determined). An immediate prediction of this
hypothesis is thadb initio calculations of €, C?, and C shifts

will likewise also be noisy-having poorR? values, as well as
small slopes, associated with these low “goodness of fit”
coefficients. This is exactly the result found, as shown in Table
1 (2), where we show the slope ai values for the same 19
valine residues, this time predicted from theadd & shielding
hypersurfaces reported previoustyThe results for € are poor

and those for €are even worse. To investigate whether this
could also be due to a basis set deficiency, we then carried out
individual shielding calculations using coupled Hartré®ck
(CHF) theory in the Texas program, using the large, locally
dense basis described above. Again, the results were unimpres-
sive Figure 2, Table 13)).

We then reasoned that perhaps many of the unugual
torsions detected in the X-ray structures were in fact of too high
an energy and were unphysical, being associated with the use
of relatively low resolution crystal structures. Howevegi,
torsion errors of say T5only have a minor effect on shielding,
since we know the shapes of the shielding derivatives close to
their staggered minimaand these derivatives are small around
1= £60°, 180°.6 To obtain much better slope afd values
(ideally —1.0, 1.0), it appeared that much larggrrotations
must be necessary, or that some other factor was being omitted
in the calculatior-or maybe both. To test the former idea, we
set they; torsions to the staggered conformatiops € +60°,
180C) closest to the values found in the X-ray structures for
SNase and ubiquitin, and closest to the values found with
J-couplings for calmodulin. Calmodulin V55 was treated as a
1:1 mixture of fragments havingy = 180° andy; = —60° as
a crude way to include conformer averaging, since V55 is in a

experimental shift (ppm) mobile loop. Shieldings W(_are2 then recomputed, producing a
Figure 1. Graph showing correlation between experimental valine major overall improvement ik Valt{es (0.86, 0,'79) , Table 1
chemical shifts (in ppm from tetramethylsilane, TMS, corrected as (4). but the—0.44 slope for € remained troubling.
discussed in the text) in calmodulin, SNase, and ubiquitin and secondary  The next step was to try to directly use computational methods
chemical shifts, obtained from a global data base of 975 amino acid to refine the structures of the valine fragments, using energy as
residues: (A) C (slope= 0.64,R?* = 0.85); (B) ¢’ (slope= 0.63,R? a discriminator. Of course, in systems as complex as proteins,
= 0.87). where dynamical and solvent interactions might both be

important in controlling the type of conformational ensemble

94) with a uniform 6'316 basis. .Computati(')ns were Carri'ed out Wlth present’ this approach is perhaps Overs|mp||f|ed However, we
IBM RS/6000 (International Business Machines Corporation, Austin, 5ra testing a hypothesis, and since in unpublished arike

TX) RISC workstations, Models 340, 350, 365, and 3CT, with external : . . .
National Peripherals (MTI, Chicago. IL) disc drives, and on a Silicon 2v€ found no instances in which molecular dynamics methods

Graphics (Mountain View, CA) Origin-2000 4-processor system, in prOVId_e any mproygment n ‘7_Csh|eld|ng, it seemed worth
this case with parallel processing. Texas software was kindly provided exploring the pQSSIbIIIty that finding the lowest energyllocal
by Professors P. Pulay, J. F. Hinton, and Dr. K. Wolinski; and the Structure might improve the agreement between experimental
deMon code was from Professor D. Salahub and Drs. V. G. Malkin, and theoretical chemical shifts.

O. L. Malkina, and E. Proynov. We therefore calculated the total eigenenergies for the X-ray
Results and Discussion as well as the three “standargi conformations of each of the

19 valine sites, with the results obtained being shown in Table
S1 (Supporting Information). As can be seen in Table S1, in
essentially all cases lowest or equal lowest energies are obtained
‘ A for one of the standard geometries, as opposed to the reported
from Figure 1 and Table 111’, the glppe and_? v_alues are X-ray geometries. Also, these standard geometries give im-
moderately good, with the main deficiency being in the slopes, ;64 correlations between theory and experiment, Table 1
of 0.63 to 0.64, versus the ideal value of 1. However, it is (4). These observations strongly suggest that by using energy

dgf'cu“ to sﬁ? how 1o mla"? major :mplr_oven;?nts, ?mce 8S as a discriminator, structures which more accurately reflect
shown by Williamson et al., individual valing shift surfaces solution structures can be deduced.

a[jete%szﬁir:et;:ilg IgﬂlrsfggggI?:rattgiet\rﬁgeﬂs/gﬁgz)zflgm?eﬁgn;e The largest differences between the X-ray and lowest energy
P g " x1 conformations occur in calmodulin, with in particular the

> " . . :
C'e?”y very dlfferem?. . Moreover, there is no_mformatlon 180 conformer being selected in all seven cases, similar to the
available on the shielding tensor elements, which as we note

briefly below are highlyp, 1, y1 sensitive. The reason for the (23) Williamson, M.; Asakura, TXVIIth International Conference on
similarity of the three empiricg, valine C* shielding surfaces Magnetic Resonance in Biological Systeisystone, CO, 1996; Abstracts,
. : P : [P ; page 62.

is almogt certalnlyj{% noise”. Thatis, a S|gn|f|.cant fraction of (24) Laws, D. D.: Le, H.: de Dios, A. C.: Havlin R. H.: Oldfield, .
the valine side chains in the crystallographic data base haveam cChem. Sod995 117, 9542-9546.

different y1 values in solution (where the shifts are actually (25) McMahon, M.; Oldfield, E. Unpublished results.

theoretical shift (ppm)

56

theoretical shift (ppm)

30 3 32 33 34 35 36 37 38

We first investigated the use of empirical chemical shift
surfaces to predict valine®Cand @ shifts in proteins, using
the X-ray determineg,y torsion angle values. As can be seen
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Pearson et al.

Table 1. Slope andR? Values of Experimental®C Chemical Shifts versus Theoretical Shieldings féra@d & Carbons in Valing

slope R2 intercept (ppm)
1 expt. vs. global empirical (X-ray) < 0.64 0.85
expt vs global empirical (X-ray) € 0.6 0.87
2 expt vs hypersurface (X-ray) °C —0.56 0.45 176.6
expt vs hypersurface (X-ray) ic —0.32 0.08 181.1
3 expt vs Texas (X-ray) c —0.66 0.45 181.2
expt vs Texas (X-ray) € —0.45 0.15 179.5
4 expt vs Texas (lowest energy, standarfl c« —0.82 0.86 188.5
expt vs Texas (lowest energy, standgiyl cf —0.44 0.79 1775
5 expt vs Texas (Discover, lowest enengy ce —0.70 0.87 180.6
expt vs Texas (Discover, lowest enengy cf —-0.59 0.78 182.3
6 expt vs Texas (G94, 631-G optimized) «C —0.86 0.90 194.1
expt vs Texas (G94, 631-G optimized) BcC —-0.58 0.78 183.2
7 expt vs Texas (G94, optimized; charge field) «C —0.89 0.92 196.3
expt vs Texas (G94, optimized; charge field) B C —0.64 0.90 185.3
8 expt vs G94 DFT (G94, optimized) °C —-1.05 0.88 186.9
expt vs G94 DFT (G94, optimized) fic —0.80 0.74 170.7
9 expt vs deMon DFT (G94, optimized) «C -1.10 0.89 188.5
expt vs deMon DFT (G94, optimized) fC —0.84 0.76 170.9
10 expt vs. deMon DFT (G94, optimized; charge field) *C —1.09 0.91 188.1
expt vs deMon DFT (G94, optimized; charge field) B C —-0.93 0.89 173.9

2 Nineteen valine residue in a vertebrate calmodulin, a nucleaseStaphylococuus aurepand a ubiquitin. The experimental chemical shifts
are from refs 32, 33, and 34. The following shift corrections were applied to the experimental shifts: calme@ulippm; Snase, 0.0 ppm; and
ubiquitin, —0.5 ppm. A—0.1 ppm correction means that 0.1 ppm was added to the reported experimental shift.
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Figure 2. Graph showing correlation between experimental valine
chemical shifts and theoretical shieldings computed with CHF theory
(Texas program) with raw PDB X-ray structures: (A} Glope=
—0.66,R? = 0.45) and (B) € (slope= —0.45, R = 0.15).

J-coupling result2% and our previous analysis oPGhieldings’
For Val 55, the energies fgr; = 180°, —60° are within 0.1

kcal of each other, consistent with our use of a 1:1 conforma-
tional average for its computed shieldings (see above). We then

The energy results are shown in Table 2, and the chemical
shielding results are shown in Figure 3 and Tabl&)l (We
then carried out a further stage of geometry optimization, by
taking the lowest energy conformers from the Amber/Discover
optimization and carrying out a full geometry optimization using
the CHF method in Gaussian 94. The energies obtained are
given in Table 2, and a comparison between experimental shifts
and theoretical shieldings is given in Figure 4 and Tabl6)1 (

As can be seen in Figure 3 and Table 8), (use of the
Discover optimized structures results in a small improvement
in slope and=? over the fixedy; results, but the slopes ef0.7
for C* and —0.59 for & are far less than the ideal value of
—1.0. However, a full geometry optimization results in slopes
of —0.86 (&) and—0.58 (&), as well as goodR? values (0.9,
0.78), an improvement in €slope with respect to the force
field optimizations, due presumably to the larger shielding
derivatives for @. The energies are also uniformly lower, Table
2, due to relaxation of the bond length constraints. We
summarize in Table 3 thg; results obtained. There are only
four major 12C°) y1 changes, all in calmodulin. Moreover,
use of either empirical or fulib initio geometry optimization
permits not only selection of the most probable conformer but
also improved predictions for both®@nd & chemical shifts.
However, bond length effects are small (unless strong hydrogen
bonding is involved, ref 27 ) so there remains a problem with
the slope of €.

We next investigated at the CHF level the effects of
incorporating a local charge field. We incorporated partial
atomic charges (AMBER force field) on peptide groups, since
these are expected to have the largest effects on shielding. When
this charge-field perturbation is used there are small improve-
ments in slope an&?, Figure 5 and Table 17§, although for
CF the slope of—0.64 is still considerably less than the ideal
value of—1.0, suggesting the possibility of a missing ingredient
in the calculations. One possibility is that the basis is still not
saturated. We therefore carried out shielding calculations for
C> and @ on nine randomly selected residues using a dense

further investigated the use of geometry optimization, using both 6-311+G(2d,2p) basis on all atoms. The effects were very

an empirical and a quantum chemical method. We first
optimized fragment structures using the Amber force field, fixing
the peptide backbone at the X-rayy values. In this way, we
obtained structures which are only optimized for gheotation.
Each of the three standayg conformations were used as starting
points for the minimization. The resulting structures were then
used as input for CHF calculations of energy and shielding.

small—a 6% decrease in shielding range fdt, @nd no effect
for C2. The missing ingredient seemed, therefore, not be a basis

(26) lkura, M. Private communication. Ikura, M.; Spera, S.; Barbato,
G.; Kay, L. E.; Krinks, M.; Bax, A.Biochemistry1991 30, 9216-9228.

Vuister, G. W.; Wang, A. C.; Bax, Al. Am. Chem. S04993 115 5334-

(27) de Dios, A. C.; Oldfield, EJ. Am. Chem. Sod994 116 11485~
11488.
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Table 2. Calculated energies of N-Formylvaline Amide Fragments in Calmodulin, Staphylococcal Nuclease, and Calmodulin, Calculated at
the SCF Level (Texas Program, Locally Dense Basis Sets) for different Geometry Optimized Structures

energy (kcal/mob

empirical ab initio
residué X-ray 180 (min) —60 (min) 60 (min) 180 (gopt) —60 (gopt) 60 (gopt)
calmodulin 35 —3154 —315.6 —313.7 —314.1 —319.3
55 —312.7 —314.9 —315.9 —315.1 —319.2 —321.1
91 -312.2 -316.5 —315.7 —315.8 -320.0
108 —310.2 —316.6 —316.1 —316.3 —319.7
121 —316.0 —316.3 —315.2 —315.4 —320.3
136 —310.5 —320.4 —319.3 —319.3 —323.9
142 —309.2 —316.4 —315.5 —-315.7 —319.9
SNase 23 -317.9 —-319.1 —320.6 —320.6 —324.2
39 —318.8 —315.7 —320.4 —318.6 —324.1
66 —314.9 —316.5 —316.5 —316.2 —320.9
74 —318.6 —319.9 —320.0 —-319.5 —323.6
99 —316.1 —316.3 —315.2 —315.5 —319.8
104 —3155 —315.6 —313.8 —314.2 -319.3
111 —318.4 —319.4 —318.0 —318.2 —323.2
114 —319.9 —320.2 —318.4 —318.6 —323.9
ubiquitin 5 —320.3 —320.3 —-318.9 —323.9
17 —319.6 —316.0 -320.5 -318.9 —324.2
26 —315.4 —315.7 —314.2 —314.6 —319.4
70 —319.5 —319.8 —319.7 —319.3 —323.3

aThe structures used were the following: calmodulin, PDB File 1cll; SNase, PDB File 1snc; ubiquitin, PDB File Thlecenergies given are
the total SCF molecular eigenenergies, plus 309 000 kcal/mol. The empirical geometry optimizations were performed with the AMBER forcefield
(Insight program in Discover). Thab initio geometry optimizations were as described in the text; HF 6-311G uniform basis. Large locally dense
basis sets were used for the energy (and shift) calculations; see the Experimental Section for more details.
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Figure 3. Graph showing correlation between experimental valine Figure 4. Graph showing correlation between experimental valine
chemical shifts and theoretical shieldings computed with CHF theory chemical shifts and theoretical shieldings computed with CHF theory
(Texas program) using valine fragments havia@ngles set using the  (Texas program) with Gaussian 94 HF geometry optimized structures:
Discover program: (A) € (slope= —0.70,R?* = 0.87) and (B) € (A) C* (slope= —0.89,R?2 = 0.90) and (B) € (slope= —0.58,Rz =
(slope= —0.59,R? = 0.78). 0.77).

or geometry effect, but perhaps originated in the neglect of sensitive. Themajor shielding changes, due e.g. t¢,CC?
another contribution to shielding. nonequivalence, are well described at the CHF level, where we
find for example a good global slope when Ala, Val/C?
results are all considered togetdeHowever, the CHF results
The major effects of electron correlation or shielding for light do not always appear to provide the correct slope for a given
elements are seen primarily in multiple bonded situations such site, with the largest errors being found fof Gf valine.
as CO, @, etc. However, the effects we are looking for are We therefore decided to investigate whether there might be
very small, on the order of-42 ppm, and are conformationally ~ conformationally sensitive contributions to the shielding calcula-

Density Functional Theory Calculations



11946 J. Am. Chem. Soc., Vol. 119, No. 49, 1997

Table 3. Comparison between Valina-Angles in X-ray
Structures and Those Obtained by Selecting the Lowest Energy
Conformers Using Empirical anab Initio Geometry Optimization
Techniques

proteirt  residue yi(X-ray) (deg) yi(geom opt) (deg) |Ay1l®(deg)
calmodulin V35 173.9 172.1 1.8
VIl 47.9 171.9 124.0

V108 —39.2 171.9 148.9

V136 —28.6 176.4 155.0

V142 —39.6 171.7 148.7

SNase V23 —47.4 —69.6 22.2

V39 —51.0 —63.6 12.6

V66 —60.2 —65.5 5.3

V74 —59.0 —69.4 104

V99 177.6 171.7 5.9

V104 174.4 172.0 24

V111 164.3 175.5 11.2

V114 —177.4 178.0 4.6

ubiquitin V5 —179.8 178.0 2.2

V17 —62.5 —63.7 1.2

V26 168.2 171.9 3.7

V70 177.0 175.1 1.9

aThe structures used were as follows: calmodulin, PDB File 1cll;
SNase, PDB File 1snc; and ubiquitin, PDB File 1 ub®ifference
between X-rayy: and geometry optimized value.
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Figure 5. Graph showing correlation between experimental valine
chemical shifts and theoretical shieldings computed with CHF theory
(Texas program) using Gaussian 94 geometry optimized valine frag-
ments in the presence of a peptide charge field: (Ajsbpe= —0.89,
R2 = 0.92); (B) & (slope= 0.64,R? = 0.90).

36

tions which were method dependent by evaluatifiga@d &
chemical shifts in three model systems: proparid) propi-
onamide 2), andN-ethylformamide 8):

PCH;

o o

2

aéHz GCHQ ¢

o]
1 c//O 1] C// O\\C/NH

| ' /
H NH; H

2 3

Pearson et al.

149
148 1
147 1
146
145 1

144 1

DFT shielding (ppm)

143 1

1421 0

141 T T T T T T T
158 159 160 161 162 163 164 165 166

DFT shielding (ppm)

172
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CHF shielding (ppm)
Figure 6. Graph showing correlation betwe&g shielding in propanal
as a function of the ©C1-C2—C3 (y) torsion angle. Shielding values
were computed via density functional theory (Gaussian 9B18.G
optimization basis, uniform 6-3#-+G(2d, 2p) uniform shielding basis)
and via HF theory (Texas program, 6-31tG(2d, 2p) uniform
shielding basis): (A) @C2 (slope= 1.22,R? = 0.95); and (B) €/C3
(slope= 1.85,R? = 0.86).

189

We thought that since there are large correlation effects within
the carbonyl group there might also be small, residual effects
due to correlation for neighboring atoms, especially those which
come into close steric contact duedonformationalchanges,
such as changes in thg torsion angle shown above. We
selected 12p,3 torsion angles for the above molecules and
carried out a full HF geometry optimization (6-311G basis),
then using a uniform 6-31+G(2d,2p) basis and gauge
including atomic orbitals, we evaluated the &hd @ shieldings
using CHF (Texas) and DFT (Gaussian 94). Typical results
for C* and @ of propanal are shown in Figure 6. As can be
seen, there is a wider range of chemical shielding for béth C
(A) and @ (B) when DFT is used, with slopes of 1.22%C
and 1.85 (@) for the DFT vs CHF comparison. For propiona-
mide, we find slopes of 1.43 (¢ and 1.75 (@), and for
N-ethylformamide, 1.20 (§ and 0.91 (@). Although these
are purely theoretical comparisons, they do suggest the pos-
sibility that at least part of the problem with the small slopes
for CP sites could reside in the method being used. We therefore
next investigated € and @ valine shieldings, using both
coupled/SOS-DFPT/IGLO and uncoupled DFT/GIAO methods.
We show in Figure 7 and Table 8)(the results of € and
Cf G94 (GIAO) DFT shielding calculations for 19 valine
residues in calmodulin, SNase, and ubiquitin, using a CHF
6-31G geometry optimized fragment, evaluated in Gaussian 94
with a uniform 6-31%+G(2d,2p) basis and the BPW91
functionall® Both the slope an&? values are very good, with
noticeable improvements in the slope (-1.050.80) being
obtained in both cases. The scatter patterns in the CHF and
DFT calculations track each other rather precisely, as shown in
Figure 8, in which the DFT-GIAO results are plotted versus
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chemical shifts and theoretical shieldings computed with DFT theory :Z(IBQLUCF)E 3 MComparlsont b(;etv\;?elr(lj_HF (?IAO E_Texas)_gnd S.OS'DtFl.DT'.
(Gaussian 94 program) with a Gaussian 94 geometry optimized (HF a( e onl compuze_ shie .|ngsogor va 'nE resi u:zs_m proteins:
6-311G) input. (A) @ (slope= —1.10,R2 = 0.89); (B) & (slope= ) C* (slope=1.28,R*=0.99); (B) U’ (slope=1.44,R* = 0.98).
—0.83,R = 0.76). _ ) ) )
We also investigated the®CCF shifts at the CHF level in
the CHF results, and wheR values of 0.994 (€ and 0.979 0 small cytokine interleukinAl For this protein, the predicted
(C’) are found. The main difference between the two calcula- gpieldings are in somewhat less good accord with experiment,
tions is in the slopes, which have values of 1.28 and 1.44, g incorporation of the interleukingicalculations with those

respectively. Essentially identical results for valine are also ¢, ihe other three proteins reduces both the slopeRanalues
obtained with the SOS-DFPT approach, Tabl&)l where we 1 b6t 5-109%. We do not think the effect is attributable to

also investigated the effects of the peptide backbone local Chargﬁust 21 variation, since the interleukinglvaline C* shielding

field, Figure 9 and Table 110). Here, there is not only an 1 jjations are affected at least as much as those for C
improvement in slope, but a small improvementRfvalues

suggesting involvement ap and v as well. This effect is

_ . 2

as_well, Table 110) (C, R? = 0.91; Oe R = 0.89). So, by presumably due to either a lower resolution structure, crystal
using engrgy-selected, geometry optimized structures and bygq ion structural differences, or dynamical effects, and at
use of either coupled_/S_OS-DF_PT (IGLO) or uncoupled/DFT present we cannot differentiate between these possible effects.
(GIAO) approaches, it is possible to predict both &hd &

. . Further DFT calculations were not performed on I8;-%ince
slopes with an error 0£10%, and withR? values of~0.9. The
. : ’ . as we have shown above, tR&values between CHF and DFT
absolute shieldings derived from these plots are also quite 9°°d’approach unity, so DFT results would not improR& The
iven that the intercepts (188, 174 ppm versus an ideal value . ! .
gf 186 pom. ref 28 )pare(due - Iarpg art 1o the slope of the problem lies elsewhere. Crystal shifts of I|5-Wwould be one
¢ E:_p ,I tribution to shi Id'g RN " III) fih way to probe the question of crystadolution nonequivalence,
clon ormadloRr;a conl r ;“OB ohs ée Ir(ljg@ N presfen alo fese since if the structures are different, then the crystal and solution
Slope an results for both € an , @s a function o shifts will also be different.
increasing “quality” of the calculatiorsstarting from raw X-ray The Shielding T W di he individual
data and a global, empirical data base, through density functional hi Ig' 1elding lensors € nextd 'SC?SS t elm I u?
calculations in the presence of a local charge field on HF (6- Sni€lding tensor elements,s, o2z, andoss, for a selection o
311G) geometry optimized-energy selected molectiesa 12 of the 19 valines (most helical calmodulins have been
graphical manner in Figure 10, where teaxis correlates with excluded, since their shieldings are so similar). The basic
the ten (—10) types of calculations shown in Table 1. Best question of interest is the following: Do the differences between
accord is obtained whep, values are edited for the correct e CHF and lDFT calculat|onshar|sfer from a rr]najor (_:fhan%e Iln
(major) conformer, the conformational spread is decreased byone_ tensor element, or are the efiects rather uniform? In
geometry optimization, bond lengths and bond angles are _addmon, itis of Interest to briefly Investigate hQM’ andy,
optimized, point charges are included, and a DFT method is influence the shielding tensor elements since in favorable cases
used. However, HF methods are almost as good (col@mn these may be determine?% experignentrillly, a topic we discuss
, ' ) o . i
Texas program) if scaling corrections are allowed, sinceRfhe glsewhere I Some detdft>> While 3Ce, 13/ tensor informa
values are also very high tion for proteins has not yet been reported, it should be

(28) Jameson, A. K.; Jameson, CChem. Phys. Letl987, 134, 461— (29) Havlin, R. H.; Le, C.; Laws, D. D.; deDios, A. C.; Oldfield, &.
466. Am. Chem. Sod 997 119, 1195%+-11958.
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Figure 9. Graph showing correlation between experimental valine _. . . 1 .
chemical shifts and theoretical shieldings computed with DFT theory Figure 11. Graphs showing comparisons betwd#¥ and’“C" valine

(deMon program) using Gaussian 94 geometry optimized valine shielding tensor elements computed by using CHF and DFT methods:

. S i (A) C*and (B) ¢. The CHF method used the Texas program with a
Zagngi;t?Ba;ng ezsl%ca(lzeft(;dgscr&grgeglgg. (A)(Slope= —1.09,R° locally dense basis while the DFT calculations used a uniformly dense
R P " e IGLO-II basis and the PW91 functionald, o11; A, 02; O, 033 In
12 graph A, the slope is 1.33 and ti8 value is 0.997. In graph B, the

f/o__% slope is 1.19 and thB2 value is 0.992.
1.0

tensor elements are plotted against each other, foar@ C,

in graphs A and B in Figure 11. For*Cthere is clearly a very

08 ] major decrease in shielding in the DFT calculations, and a
similar effect is also seen forfCgraphs A and B in Figure 11.

In addition, the more shielded tensor elements remain at about
the same shielding, while the less shielded elements become
even less shielded in the DFT calculations. The effect is,
0.4 ] however, quite monotonic, as shown by the very high
values: for @ we find a slope of 1.33R2 = 0.997; for &, the
slope is 1.19R? = 0.992. Interestingly, it should be noted that

0.6 5

ISlopel and R?

0.2 - with C% in alanine, the slope of the experiment versus CHF
theory tensor element correlation is 12&lose to that (1.33)
004 ' seen with the valine €DFT versus CHF result, Figure 11A,
1 2 3 4 5 6 7 8 8 10 implying that CHF, DFT, and experimental results are all related

by small overall scaling factors. This is an important result
since it means that eventually exact isotropic chemical shifts
cor_relatio_ns between_ theory and experi_me_nt f_@)aﬁd ¢} s-ites in valing ?rf)r\;lv e;litﬁzrsigit';egrso[;':e_:_engﬁl éséé; iiei)n;asnn? :"o:ftfa;gegn d
residues in calmodulin, SNase, and ubiquity; C* slope;0, C* slope; . . . .
A, C* R and+, Cf R2 Thex-axis refers to the calculationg-{10) scaling corrections determined experimentafly.
reported in Table 1. Also of great interest is the observation that tikdelical
andf-sheet tensor elements are very different. This is shown
accessible via relaxatiolt,and for peptide model systems, a in Figure 12 in which we present the G94 DFT tensor elements
number of helix and sheet-like tensors have recently been for the 12 valine residues given in Table S2. Figure 12 indicates
deduced and predicted theoreticay? that sheet residues typically have a 50% larger chemical shift
We show in Tables S2 and S3*@nd & shielding tensor anisotropy than do helical residues, and that the famili&r
elements for 12 representative valine residues computed withppm helix-sheet isotropic shift differences seen empirically
CHF (Texas) and DFT (deMon) methods, and these individual originate from quite complex changes in the individual tensor
(30) Heller, J- Laws, D. D King, D. S.. Wemmer, D. E.- Pines, A. elements-at least in the case of valine. The results of some

Havlin R. H.: Oldfield, E.J. Am. Chem. Sod.997 119, 7827-7831. 3000 additional shielding calculations which support this idea
(31) Bax, A. Private communication. will be reported elsewhere in more def#l.

Calculation number (Table 1)

Figure 10. Graph showing the changes |slopg and R? for the
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Figure 12. Shielding tensor elements fortGand & in 12 valine
fragments showing changes [B)(011, (A) 022, and ©) gsz as a function
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Figure 13. Graph showing experimental’Ghift versus theoretical
shielding results for calmodulin and ubiquitin. (A) Experimental versus

of fragment structure. Shieldings were computed with Gaussian 94 usingtheoretical C results, with stereospecifically assignett,GC2 shifts.
a locally dense basis and a BPW91 functional and are from Table 5 in G94/DFT calculation with G94 geometry optimized fragments. Slope

the text: (A) C; and (B), €. The solid horizontal bars join the regular
helices (withy, = 18C) and the dotted lines join the sheet-like
structures. The actud, ¥, x1 values are indicatedp( v, x1).

The y-Carbon Problem

We finally present results on the shifts of thecarbons in
valine. Here, it seemed likely that it might be rather difficult
to accurately evaluate’Ghifts, since many valines have small
side-chain (€) order parameter®, and might be expected to
undergo significant motional averaging, making shift calcula-
tions intractable. Indeed, in initial studies with standard X-ray
structures, we found little correlation between experimental C

= 0.94, R = 0.61. (B) As in graph A but the experimenta@iCr> —
0C1| value is plotted versus theC"2 — ¢Cr1| computed value. Slope
= 1.18,R? = 0.79.

significant for the smaller shift range. The latter effect can be
eliminated by looking at the shift differenc¢@®C2 — 6Cr1)|

and the shielding differencesC”z - ¢C"1|, Figure 13B. Here,

the slope is 1.18, slightly worse than the 0.91 of Figure 13A,
but the R? value improves toR? = 0.79. We have also
calculated the Cisotropic shieldings with deMon with the
PW91 exchange-correlation functional and the IGLO-II orbital
basis sets on all atoms, and with point charges. The slope of
0.98 is a slight improvement over the Gaussian 94 DFT

shifts and predicted shielding, but moderate correlations were calculation, but theR? of 0.52 is worse. The slope of the
obtained when the energy selected conformations discussedshielding differences versus shift differences graph is 1.20, and
above were used. We evaluated the carbon-13 shieldings forthe R? is 0.79. Interestingly, the large shielding differences

both C'1 and C2, which for calmodulin and ubiquitin have been
specifically assigneé#—3* Figure 13A and Table S4 show the

predicted for Val 17 in ubiquitin—6 ppm, Figure 13B)x1
= —62.5, sheet 1) are not seen experimentally, suggesting the

calculated shieldings in Gaussian 94 with the BPW91 functional influence of motional effects, in this case.

and the 6-31%++G(2d,2p) basis set on all atoms, versus the
experimental shifts, for all © and C2 in calmodulin and

To explore the origins of the 'Cshifts in more depth, we
next evaluated the effects of the torsion on C shieldings,

ubiquitin. The slope is good (0.94) as is the intercept (185.10 Figure 14. Here, we show the computed DFT/G94 shieldings

ppm), but theR? value is quite poorR? = 0.61. This is not
particularly surprising, since the shift range fori€ small, only
4—5 ppm, compared with a7 ppm range for €and a~10
ppm range for €. Plus, the order parameters decrease from
C* to Cf to ¢’ (more motion), there may be stronger inter-
residue interactions for the carbons, such as ring-current
effects, and finally, any shift referencing effects will be more

(32) Wand, A. J.; Urbauer, J. L.; McEvoy, R. Biochemistry1996 35,
6116-6125.

(33) Vuister, G. W.; Wang, A. C.; Bax, Al. Am. Chem. Sod 993
115 5334-5335.

(34) Yamazaki, T. Private communication.

for C’1 and C2 as a function ofy; for three typical structures:
helical (p = —62°, yp = —41°), sheet 1 = —136, y = 143),

and sheet 2¢ = —75°, v = 126°). Similar results were
obtained with the CHF approach (Texas program), with the
slopes of the DFT versus CHF results ranging from 1.03to 1.19
(data not shown). Interestingly, the results of Figure 14 indicate
that C1 is more shielded than’in all three structures, for;

= 18, while it is substantially deshielded in all three structures
for y1 = —60°, with the largest effect being seen in the sheet 1
region. The results of Figure 14 suggest that it may also be
possible to refing; even further by simultaneously optimizing
x1 with respect to €, Cf, and AC”. However, this was not
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Figure 14. Graph showing¢;: conformational dependence of:Gnd C: shifts in N-formylvaline amide for (A) helical¢ = —62°, y = —41°)
and, (B) sheet 1¢(= —136°, y = 143) and (C) sheet 2¢(= —75°, v = 126°) fragments. DFT calculations were done with Gaussian 94, using
the uniformly dense basis set (6-381G(2d,2p)), as described in the text©)( C'1 and @) Cr-.

180 174 that empirical shielding surfaces do not enable highly accurate
shift predictions, neither do standard X-ray structures, because
of “noise” associated with the presence of high-energy conform-
ers and possible crystasolution structural differences. How-
ever, our results also indicate that correct global {;680C°)
conformers can be selected based on purely energetic consid-
erations, and that further albeit small improvementgiiand
bond lengths can be deduced via geometry optimization. These
refined structures have permitted the accurate and precise
prediction of & and & chemical shifts in 19 valine residues

in three proteins, with more modest correlations fér Charge

field effects are small, and give only a minor improvement. The
R2 values obtained by using HartreEock and density func-

120

0 176
> 60 ] 178 tional theory are very similar, but the slopes of the theoretical
ool C> versus experimental correlations are further improved by using
AL 176 DFT with large, uniform basis sets. These shift improvements
=180 -140 (D~1oo 60 are shown to originate in uniform changes in afi, C# tensor

elements, rather than a particular element, the effects increasing
Figure 15. 13(?(],'),1/) shielding surfaces .fOI’ (A),Cand (B) Cz atoms . with increasing paramagnetic shift.
in N-formylvaline amide, calculated with CHF (Texas program) with As discussed in the Introduction, we have tested the hypoth-
a locally dense basis set, shown together with a representative valine_ . L .
fragment. esis that bgckbone structures of proteins in solution are generally

well described by, values taken from high-resolution X-ray
crystallographic structures, but that torsions (in valine) are
less well described. Our results support this hypothesis, as
demonstrated by our ability to now calculateé, Cf, andAC”
shifts with energy-selected structures, with excellent overall
accord between theory and experiment. This approach should
'find utility in both structure refinement and prediction, in both
solution and the solid-staf&3!

attempted, given the small number of data points available for
proteins having both high-resolution X-ray,{) structures and
stereospecifically assigned Gogether with the high probability
that dynamical and interresidue effects will often influenc¢e C
shielding. Use of energy selected conformers does, however
provide the first relatively good prediction of valing Ghifts

and shift differences in proteins, which has not been possible
previously.

Finally, we have investigated the effects¢aiy on C': and Acknowledgment. We are grateful to Professors P. Pulay
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appreciated. geometries (Table S1), computed shielding tensor elements for
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Conclusions computed @, C2 isotropic shifts for calmodulin and ubiquitin
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The results we have presented above are of interest since the, ; . ;
rdering and Internet access instructions.

represent the first in-depth quantum chemical study §f@,
and C chemical shifts in a series of proteins. Our results show JA971461W



