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Abstract We performed density functional calculations
of backbone "N chemical shielding tensors in selected
helical residues of protein G. Here we describe a compu-
tationally efficient methodology to include most of the
important effects in the calculation of chemical shieldings
of backbone '°N. We analyzed the role of long-range intra-
protein electrostatic interactions by comparing models with
different complexity in vacuum and in charge field. Our
results show that the dipole moment of the o-helix can
cause significant deshielding of '°N; therefore, it needs to
be considered when calculating N chemical shielding.
We found that it is important to include interactions with
the side chains that are close in space when the charged
form for ionizable side chains is adopted in the calculation.
We also illustrate how the ionization state of these side
chains can affect the chemical shielding tensor elements.
Chemical shielding calculations using a 8-residue fragment
model in vacuum and adopting the charged form of

Electronic supplementary material The online version of this
article (doi:10.1007/s10858-009-9358-3) contains supplementary
material, which is available to authorized users.

L. Cai - D. Fushman - D. S. Kosov (BX)

Department of Chemistry and Biochemistry, University
of Maryland, College Park, MD 20742-2021, USA
e-mail: dkosov@umd.edu

D. S. Kosov

Department of Physics and Center for Nonlinear Phenomena
and Complex Systems, Université Libre de Bruxelles, Campus
Plaine, CP 231, Blvd du Triomphe, 1050 Brussels, Belgium

L. Cai - D. Fushman ()

Center for Biomolecular Structure & Organization, University
of Maryland, 1115 Biomolecular Sciences Bldg (#296), College
Park, MD 20742-3360, USA

e-mail: fushman@umd.edu

ionizable side chains yield a generally good agreement
with experimental data.
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Introduction

Chemical shielding is determined by the local electronic
environment of a nucleus of interest. In complex molecular
systems, like proteins, the chemical shift tensors contain a
wealth of potentially useful structural and dynamical
information. There has been significant progress in using
chemical shift information for characterization of protein
structure (Cornilescu et al. 1999; Lipsitz and Tjandra 2003;
Shen and Bax 2007; Shen et al. 2008, 2009) and dynamics
(Hall and Fushman 2006). First-principles quantum chemi-
cal calculations have played an important role in under-
standing the relative importance of various effects, such as
backbone and side chain conformation, hydrogen bonding,
solvation, and protein electrostatics, on the chemical
shielding of nuclei in proteins. These calculations have also
provided parameters and conceptual ideas for the develop-
ment of phenomenological models (Xu and Case 2001,
2002). Despite their contributions to our understanding of
the chemical shielding phenomena and to model-building
efforts, first-principles quantum chemical calculations have
not become a routine practice in predicting chemical shifts in
proteins because of several difficulties. First, chemical shifts
could be influenced by a multitude of factors. In general, the
backbone torsion angles, the side chain orientation, the
hydrogen bonding and direct interactions with nearby side
chains, the long-range intra-protein electrostatics, and
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solvent effect can all contribute. It is challenging to include
all foreseeable effects and still be computationally efficient.
Second, any experimental protein structure we use for cal-
culating chemical shifts might require some geometry
optimization in order to get an accurate prediction. This is
particularly true for o-carbons because their calculated
chemical shielding is very sensitive to bond lengths and
bond angles (de Dios et al. 1993a). Third, proteins rapidly
sample the available conformational space, hence no single
snapshot (X-ray) or even a finite bundle of NMR structures
of a given protein can fully represent the conformational
ensemble (and dynamic ensemble averaging) for which the
experimental chemical shifts are measured. Moreover,
when using a solution structure for calculations, one has to
consider not only the structural ensemble but also at what
conditions (pH, temperature, etc.) the structure was
obtained. There can be fluctuations which may not only
affect some structural parameters but also alter the ioniza-
tion form of the side chains of Asp, Glu, Arg, and Lys (Vila
and Scheraga 2007). Fourth, there are systematic errors
associated with the level of theory used and the basis set
chosen for calculating the electronic structure. In practice,
an offset may exist that will need to be corrected if an
absolute isotropic chemical shift prediction is the aim (Cai
et al. 2008). An additional complication here is that this
correction should differ between various residue types (Xu
and Case 2001).

Despite these difficulties, theoretical chemical shift ten-
sors are valuable in peptide and protein structure validation
and refinement (Wylie et al. 2009) and therefore worth
exploring. In this paper, we chose to focus on amide '°N
chemical shielding tensor for several reasons: (1) it is
influenced by numerous factors and, therefore, is arguably
the most difficult case for computational prediction (de Dios
et al. 1993b); (2) perturbations in amide chemical shifts are
often used for mapping protein-ligand interactions
(Zuiderweg 2002); and (3) amide 5N chemical shift tensor
contributes to '°N spin relaxation rates that are widely used
for analysis of protein dynamics (Fushman and Cowburn
2001; Hall and Fushman 2006). Thus, first-principles
calculations may shed light onto the relationship between
structural changes in proteins upon ligand binding and the
accompanying changes in their chemical shifts. The quan-
tum chemical calculations can also provide an understand-
ing of the structural basis for site-to-site variability in '°N
chemical shift tensors (Fushman et al. 1998; Hall and
Fushman 2006).

Previous theoretical works (de Dios et al. 1993b; Le and
Oldfield 1996; Xu and Case 2002; Cai et al. 2008) have
established that '>N chemical shielding depends on the
following factors with none seemingly dominating: ¢, , y1,
preceding side chain’s identity and conformation, hydrogen
bonding partners, electrostatic interactions, and solvent
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effect. Whereas the short-range interaction with hydrogen-
bonding partners can be included explicitly and exactly,
model treatment has been required for long-range electro-
static interactions. Point charge representation can be an
option here. For example, in addition to the main fragment,
charges can be incorporated for the remaining atoms in the
protein using some charge set. Thus, it was found that if the
charge field perturbation (CFP) effects are included in
the calculation of carbon chemical shielding in amino acids,
the correlation between the theory and experiment is slightly
improved (de Dios et al. 1994). The improvement is mainly
for the sp” carbonyl carbon, which is more sensitive to
electrostatic field effects. The sp>-hybridized amide nitrogen
shares this kind of sensitivity (Bader 2009) and showed
some prediction improvement with inclusion of CFP in a
dipeptide model (de Dios et al. 1993b). However, a later
application to helical residues (Le and Oldfield 1996) indi-
cated that a static charge field is inadequate to account for
the long-range electrostatic field contribution to '°N
shielding in an a-helix. There are probably two reasons for
this: (1) each type of residue has a fixed set of approximated
charges, which may not be accurate enough for the purpose
of calculating '>N chemical shifts because the multiple-bond
character of the peptide group makes the peptide nitrogen
highly polarizable and hence very sensitive to the electric
field that the charges generate; and (2) the ionization state of
Asp, Glu, Arg, and Lys is not well determined and can vary
depending on the protein ensemble, temperature, and pH;
this renders representation of the side chains of these resi-
dues as either neutral or charged somewhat arbitrary.

To address these issues we performed density functional
calculations of backbone '’N chemical shielding for helical
residues in protein G (GB3) and compared the results with
experimental data from solid-state and solution NMR
measurements. To assess the contributions from intra-pro-
tein electrostatic interactions, the density functional cal-
culations were combined with charge field perturbations.

Computational methods

All calculations reported in this paper were performed
using the GAUSSIANO3 suite of programs (Frisch et al.
2004). We used density-functional theory (DFT) with
three-parameter Becke-Lee-Yang-Parr (B3LYP) exchange-
correlation functional (Becke 1988, 1993; Lee et al. 1988).
The atom coordinates were taken from the best represen-
tative conformer (PDB code: 20ED) of the ensemble of
GB3 solution NMR structures (Ulmer et al. 2003). The
bond lengths and angles were taken directly from the
experimental structure without geometry optimization.
Only ‘classical’ helical residues, A26 through Y33, of
the GB3’s «-helix (that spans residues D22-N37) are
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examined in this paper. According to the definition used
here, a classical helical residue i is hydrogen bonded
through its NH group to residue i — 4 and through the
CO group to residue i + 4. Thus the backbone nitrogen
of residue i has a direct hydrogen bonding partner i — 4
and an indirect hydrogen bonding partner i + 3 (Fig. 1).
To avoid terminal artifacts, four residues at either end of
the o-helix were not examined here because they are
missing either a direct or an indirect hydrogen-bonding
partner.

Several models of different levels of complexity are
investigated here (illustrated in Fig. 1b for the case of
amide nitrogen of K28):

Model A: a simple dipeptide model containing only
residues i and i — 1. If not indicated directly, the
ionizable side chains are assumed to be in their charged
state. In some cases, as indicated in the text, the
ionizable side chains were altered to be neutral.

Model B: a main fragment containing residues i and i —
1 (as in Model A) and two additional fragments of the
hydrogen bonding partners, both direct and indirect. This
results in a “three-fragment” model. In some cases, as
specified in the text, the side chains of the hydrogen
bonding partners were altered to be neutral or modified
to be —CHs.

Model C: a “long-chain” model containing a stretch of
residues from the direct hydrogen bonding partner to the
indirect hydrogen bonding partner as one main fragment.
That is, for classical helical residues the “long chain”
includes residues from i — 4 to i + 3. In some cases, as
specified in the text, some side chains of the “long chain”
were altered to be neutral or changed to —CHj, or the “long
chain” was extended to include an additional residue at
one end.

H-CO-NH-CH(R)-CO-NH-CH(R)-CQ-NH-CH(R)-CO-
w b i

In our calculations, the main fragments in various
models had the N-terminus capped by a formyl group
(—-COH) and the C-terminus capped by an amino group
(-NH,), and the hydrogen bonding partners in Model B
were modified to be CHz;—CO-(NH-CH(R)-CO)-NH-
CH;, When the charges from the atoms of the rest of the
protein are included in the calculation, we refer to it as CFP
calculation. If the charges are not included, we call it
“vacuum” calculation. In CFP calculations, the point
charges were all taken from AMBER charge set (Cornell
et al. 1995) with the overall non-zero charge for ionizable
residues. The calculations were performed using local
dense basis sets (Chesnut et al. 1993). For the residue of
interest (i), we applied a 6-311+4+G(2d,p) basis set for the
N;, H;, Co;, C; _ 1, and O; _ ; atoms (shown in bold in
Fig. 1a). Where applicable, the 6-3114+G(2d,p) basis set
was also applied to similar atoms of its direct and indirect
hydrogen bonding partners (shown in blue in Fig. 1a), as
well as the “second pair” (Xu and Case 2002) of hydrogen
bonding partners (shown in red in Fig. 1a). A 4-21G basis
set was applied to the remaining atoms in the model. The
charge field perturbation gauge-including atomic orbital
method (Ditchfield 1974; Wolinski et al. 1990; de Dios and
Oldfield 1993) was used.

Results and discussion
Model building
Fragment size

It was suggested (Xu and Case 2002) that a 7-9 residue
sequence should be used for chemical shift calculations in

-4 ip i3
1

i-2

-NH-CH(R)-CO-NH-CH(R)-CO-NH-CH(R) -CO-
" ~ - A N ~~ S

1 Y

1
-1l i
!

-NH-CH(R)-CO-NH-CH(R)-CO-NH,
A A S
B 45 B

i+2 i+3
(a)

Fig. 1 a Illustration of the basis set assignment. The dashed lines
represent the direct (D) and indirect (I) hydrogen bonds for the
peptide plane containing the amide group of residue i. b Illustration of
various peptide fragment models used in the calculations. In the case
of amide nitrogen of K28 shown here, Model A (a dipeptide model)
includes E27 and K28 (thick sticks); Model B includes residues from

i+

(b)

Model A (thick sticks) and the two hydrogen bonding partners
(ball-and-stick); Model C includes all residues from E24 to K31
(ribbon). Residues shown in thin-line representation are included in
Model C but not in Model B. The molecular image was generated
using VMD (Humphrey et al. 1996). The arrow points to the amide
nitrogen whose chemical shielding is being calculated
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the o-helix conformation in order to eliminate the terminal
artifacts. The terminal effects may be due to (1) the lack of
hydrogen bonding partners for the residues at either end; or
(2) the underestimation of the interaction with the dipole
moment of the helix.

In order to analyze the magnitude of the hydrogen
bonding and helical dipole effects without side chains
complicating the picture, all non-alanine residues other than
residues i and i — 1 were altered to be alanines (see
Table 1), and we compared isotropic chemical shieldings
from Model A to Model C vacuum calculations. As shown in
Fig. 2a, the first pair of hydrogen bonding partners deshields
'N. The deshielding ranges from 4.75 to 9.89 ppm
depending on the strength of hydrogen bonding. The effect is
the strongest for K31 because the peptide plane containing
the amide group of K31 makes the strongest hydrogen bonds.
In fact, the distance between K31’s amide proton and E27’s
carbonyl oxygen is 1.83 A, compared to the 1.89-2.86 A
range for the rest of the hydrogen bonds in the GB3 helix. In
addition, the O-H distance for the corresponding indirect
hydrogen bond is 1.89 A. Model C deshields "N further

from Model B, by the amount ranging from 4.10t0 6.59 ppm
(Fig. 2a). This is due to the inclusion of atoms from residues
i—3,i—2,i+ 1,andi 4+ 2in Model C, which introduced
new aligned NH and CO groups, namely NH groups from
residues i — 2 and i + 2, and CO groups from residues
i —3andi + 1 (see Fig. 1). These groups contribute to the
helical dipole moment and bring about electrostatic field
contribution to '*N chemical shielding, in agreement with
previous findings (Le and Oldfield 1996; Xu and Case 2002).
Our calculation showed an increase by 18.5 Debye on
average in the dipole moment from “Model A neutral” to
“Model B neutral -CH3”; and on average an additional
increase by 10.2 Debye from “Model B neutral -CH3” to
“Model C neutral -CH3” (Table S1). Since the “long-chain”
model further deshields the '’N compared to the “three-
fragment” model and this deshielding differs for different
residues (Table 1), we conclude that the “long-chain”
model includes some new nontrivial contributions, which
are not present in the simpler models.

We note here that in the calculations with charged
ionizable side chains (Fig. 2b), the contributions from the

Table 1 Calculated isotropic 5N chemical shieldings (in ppm) for selected helical residues in GB3 using various models

Residue Model A Model B Model C Direct HB Indirect HB
neutral® — - — N partner partner
Neutral"~CH3 Neutral Neutral”~CH3 Neutral
A26 131.50 126.75 128.46 121.31 122.21 D22 A29
E27 139.12 130.13 130.65 124.19 125.17 A23 F30
K28 136.88 130.37 131.31 123.84 125.06 E24 K31
A29 137.51 131.70 131.98 125.41 125.74 T25 Q32
F30 137.00 131.07 130.23 125.56 126.55 A26 Y33
K31 134.22 124.33 123.80 120.23 119.27 E27 A34
Q32 136.10 128.96 130.39 124.17 125.53 K28 N35
Y33 133.22 126.64 126.47 120.05 120.96 A29 D36
Residue Model A Model B Model C
* CFP® —CH} * Partial CFP¢ CFP¢ —CH} * CFP©
A26 131.50 126.52 126.75 128.28 120.33 121.58 121.31 120.07 120.57
E27 127.38 120.64 119.59 120.12 113.06 110.49 112.96 113.98 112.65
K28 147.65 136.05 141.32 134.65 127.07 127.86 135.63 128.42 127.58
A29 134.53 130.89 129.06 129.45 122.01 125.63 123.42 122.20 124.26
F30 137.00 130.40 131.07 130.23 122.80 123.34 125.56 125.01 124.27
K31 140.56 127.09 130.10 125.80 120.89 117.52 125.99 123.17 118.08
Q32 132.26 129.49 125.69 127.96 121.33 121.86 122.65 122.70 122.23
Y33 133.22 132.59 126.64 132.02 123.70 125.18 120.05 124.78 125.96
* Generic model (A, B, or C) with no additional modifications
% Neutral: all ionizable side chains were made neutral
® _CH3: all nonalanine residues other than residues i and i — 1 had their side chains modified to be —CH3

c
d

Model B but were included in Model C
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CFP: the calculation was performed in the presence of AMBER charges representing GB3 atoms that were not included in the model

“Model B partial CFP”: this calculation was performed in the presence of AMBER charges representing atoms that were not included in
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Fig. 2 Tsotropic >N chemical
shieldings for selected helical

residues calculated using
various models. Where
applicable, the ionizable side

1

1

chains of residues i and i — 1
are neutral in (a) but charged in
(b)

1

(a) —e— Model A neutral
—=— Model B -CH3 neutral
—4— Model C —~CH3 neutral

)

(b) —e— Model A
| —=— Model B -CH3
—4— Model C -CH3

115 120 125 130 135 140 145

Calculated isotropic chemical shielding (ppm)

first pair of hydrogen bonds and from the additional helical
dipole are similar to those in the calculations with neutral
ionizable side chains (Fig. 2a). This indicates that the side
chain charges do not interfere with hydrogen bonding
effects and helical dipole effects.

Charged or neutral side chain?

Previously, when building the database for SHIFTS (Xu and
Case 2002), all ionizable amino acids took neutral forms
because it appeared that in gas-phase calculations, neutral
side chain provided a better model for solution chemical
shifts than the charged side chains did. More recently, it was
suggested (Vila and Scheraga 2007) that the whole protein
and its chemical environment should be taken into account
when considering the proton binding/release equilibria and
then the chemical shifts should be calculated as a weighted
average. That study also found that for C, the results
obtained for Asp and Glu are almost systematically worse
when using charged rather than neutral side chains, pre-
sumably because these two amino acids have much shorter
side chains compared to Arg and Lys. When charged, these
side chains may have a bigger influence on the C, chemical
shielding. Here we explore how the '°N chemical shift can
be affected by the ionization form of the side chains.

As shown in Table 1, the side chain charge on the res-
idue of interest has an apparent effect on its >N chemical
shielding (compare the results from “Model A” and
“Model A neutral” calculations for E27 and K31).
Deprotonation of the side chains introduces deshielding
while protonation introduces shielding, similarly to what
was observed for C, (Vila and Scheraga 2007). For
example, the negative charge on the side chain of E27
deshields its >N by 11.74 ppm while the positive charge
on the side chain of K31 shields its N by 6.34 ppm in
Model A.

T T T T T
A26 E27 K28 A29 F30 KB31

Residue of interest

115 120 125 130 135 140 145
1 1
Calculated isotropic chemical shielding (ppm)

T T T T T T T T
A26 E27 K28 A29 F30 K31 Q32 Y33

Residue of interest

T T T

Q32 Y33

Unlike C,, surrounding side chain charges on other
residues can influence amide nitrogen chemical shielding.
Take K31 as an example. Its “Model B —CH;” calculation
(130.10 ppm) yields a more shielded value than its “Model
B neutral —CH5” calculation (124.33 ppm) for '"N. This
shielding effect of 5.77 ppm is due to the charge on K31. In
the Model B calculation where K31’s hydrogen bonding
partner E27 is also charged, the amide nitrogen of K31 has
a chemical shielding of 125.80 ppm. This 4.3 ppm desh-
ielding from the “Model B —CHj3” calculation is mainly
due to the charge on E27. This example illustrates that the
charges on other side chains can make >N chemical
shielding calculation more interesting but also more chal-
lenging because it introduces another source of variation.
In the case of neutral side chains, on the contrary, their
identity does not play a significant role, such that they can
be safely replaced by a —CHj group. This is supported by
the close resemblance of the results from “Model B neu-
tral” and “Model B neutral -CH5” calculations and, like-
wise, of the results from “Model C neutral” and “Model C
neutral -CH5” calculations.

We used two approaches when calculating >N chemical
shielding with Model C. The first approach makes all ion-
izable side chains neutral in the Model C vacuum calcula-
tion. The comparison between experimental solid-state
chemical shifts and the calculated chemical shieldings is
shown in Fig. 3a. The correlation is poor (Irl = 0.52), and
the regression line has an intercept of 181.00 £ 41.00 ppm
and a slope of —0.49 + 0.33. The slope is far from the ideal
value of —1. No obvious outlier can be identified. The
second approach represents all ionizable side chains in their
charged states. This yields an obvious outlier, E27 (see
Fig. 4a). By excluding E27, a better correlation is achieved
(In = 0.93) and the linear regression yields a slope of
—0.84 £ 0.15 and an intercept of 224.91 £ 18.83 ppm
(Fig. 3b). A comparison with solution NMR data yields
similar results: |rl = 0.91, slope = —0.98 &+ 0.20, and
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Fig. 3 Comparison of the calculated isotropic '°N chemical shiel-
dings with experimental data for GB3. a “Model C neutral” and b
Model C versus solid-state NMR data (BioMagResBank accession
number 15283 (Nadaud et al. 2007)). ¢ Model C versus solution NMR
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data (Gronenborn et al. 1991). Residue E27 is not shown in b and ¢
because its calculated chemical shielding (Model C) lies beyond the
range shown here (see Fig. 4)
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intercept = 242.87 £ 24.70 ppm  (Fig. 3c). In this
approach it is important to include all charges that are close
to the "N site of interest (Bader 2009). Consider E27 as an
example. In the Model C vacuum calculation that includes
residues from A23 to F30, we obtained an isotropic
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Residue of interest

chemical shielding of 113.98 ppm for the amide nitrogen.
This calculation did not include K31, which makes a salt
bridge with the side chain of E27. However, extending the
long chain to include K31 in the Model C vacuum calcu-
lation yielded a more shielded value of 117.94 ppm,
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bringing it closer to the experimental value (Fig. 4a). This
shielding effect of 3.96 ppm is due to the charge on K31’s
side chain. In comparison, a proton unit charge placed on
the e-amine of K31 produced a 4.77 ppm shielding effect in
the Model A vacuum calculation (Table S3). Interestingly,
having E27 in its neutral form can significantly shield its
amide nitrogen, as suggested by the difference (11.74 ppm)
between its Model A and “Model A neutral” calculations
(Table 1). Indeed, making E27 neutral while keeping other
ionizable side chains charged (in Model C) yields an iso-
tropic chemical shielding of 124.25 ppm. Thus, protonation
of the side chain can make E27 not an outlier.

In principle, there can be other possible combinations of
ionization states of D22, D24, D27, K28, K31, and D36
that are involved here (Table 1). The two approaches
shown here emphasize the complexity of calculating
backbone '’N chemical shielding when dealing with
uncertainties of the charge states of ionizable side chains.
On the other hand, a detailed comparison with experi-
mental NMR data might provide useful information on the
ionization state of these residues.

Counterions were not explicitly included in our calcu-
lations, primarily because the amino acid composition and
the structure of GB3’s a-helix are such that every charged
side chain (except for D22 at the very N-terminus and D36
at the very C-terminus) has a salt-bridge partner (E27-K31,
E24-K28), which could naturally balance its charge effect.
Of the long-chain fragments used in Model C calculations,
the one for K28 was neutral (as was the extended fragment
for E27, see above), while the rest of the fragments had one
or two unbalanced charges. Including the extra residues
necessary for charge balancing would have further
increased the size of the fragment. However, the effect of
those unbalanced charges is generally small, as can be

o
2
28 (a)
(9]
5
2 g —
5 N
2 611
c
8
= O
=0 H
£
(7]
w
k)
o
§ S
=
o
= —
c
o |
£° RERN
é}_ ——
u o O3
T T T T T
0 50 100 150 200

Calculated chemical shielding tensor elements

Fig. 5 Comparison of the principal values of the calculated '°N
chemical shielding tensor for GB3 with the corresponding values of
the experimental chemical shift tensor for GB1 (from solid-state
NMR measurements (Wylie et al. 2007)). The model used and the

inferred from Table 1 (compare, for example, Model C
with Model C —CH3), perhaps because of the rather long
distances from most of these charged groups to the amide
nitrogen of interest. To explore this effect further, we
performed a dipeptide-model calculation in which we
included point charges mimicking the side chains that
could serve as “counterions” but were not present in the
corresponding Model C fragments. The results (Table S3)
show that the effect of these additional charges on '°N
chemical shielding is generally small, except for E27,
where including the side chain charge of K31 introduces a
significant shift in the shielding, as discussed above.

The tensor

Comparing the shielding tensor’s principal values between
the calculations with “Model C neutral” and “Model C”
(Table S2), the variation mainly exits in the least and most
shielded components, ¢, and ¢33, while the intermediate
component, 0,5, appears less susceptible to model selec-
tion. Residue E27 showed the biggest difference in all three
principal components between these two calculations, with
a 20 ppm difference in o;;. There is a generally good
agreement between these two models in the orientation of
the principal components of the chemical shielding tensor
(Table S2).

Experimental data for all three principal components of
GB3’s '°N chemical shift tensors are not available. How-
ever, these data exist for most residues of protein GB1
(Wylie et al. 2007), which is highly homologous to GB3. In
fact, all helical residues of GB3 are present in GB1, except
for E24 and A29, which are an alanine and a valine,
respectively, in GB1. Therefore we compared our calcu-
lated principal values of the "N chemical shielding tensor

100 150 200 250

50

Experimental chemical shift tensor elements

T T T T
0 50 100 150

T
200
Calculated chemical shielding tensor elements
parameters of the regression line are as follows: a Model C,

intercept = 250.88 £ 2.24 ppm, slope = —1.07 £ 0.02; b “Model
C neutral”, intercept = 249.98 + 4.11 ppm, slope = —1.07 £ 0.03
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for A26, E27, K28, K31, and Y33 in GB3 with the corre-
sponding values of the chemical shift tensor of these resi-
dues in GB1, obtained by solid-state NMR measurements
(Fig. 5). We found that the individual principal values of
the calculated chemical shielding tensor are in good
agreement with the experimental data. Over the whole
range of variation in the tensor’s principal values, the
difference between the results of “Model C neutral” and
“Model C” calculations is small (Fig. 5).

CFP calculations

The difference between a vacuum calculation and a CFP
calculation is a useful indicator of whether all necessary
electrostatic effects are taken into account in the vacuum
calculation. For example, when using a “three-fragment”
model (Model B) there are large differences between the
CFP calculation and the vacuum calculation (Table 1). This
suggests that the fragment that is used in the vacuum cal-
culation is too small. When using Model C which includes
every residue from the direct hydrogen bonding partner to
the indirect hydrogen bonding partner, not only the differ-
ence between vacuum and CFP calculations becomes
smaller in general (Table 1; Fig. 4b) but also the correlation
between the vacuum calculation and the experiment
becomes better, with a Irl value of 0.93, compared to 0.68
for Model B vacuum calculation and 0.54 for “Model B
CFP” calculation (E27 was not included in this analysis).

From Table 1 and Fig. 4b, we observe that a simple CFP
calculation for one model is close to a vacuum calculation
for the next-complexity-level model. That is, Model A CFP
calculation is very similar to Model B vacuum calculation
and, likewise, Model B CFP is in general very close to
Model C vacuum calculation. Although the CFP calcula-
tions include all point charges representing the atoms from
the rest of the protein, only certain charges that are close
enough to the fragment under consideration can influence
the distribution of the electrons by perturbing the wave
function and hence potentially affect the >N chemical
shielding. For example, Model B CFP calculation shows on
average ~7 ppm deshielding of "N compared to the
Model B calculation, but including only point charges for
the remaining helical residues from Model C yields most of
the deshielding effect already (Table 1).

Conclusions

We performed density functional calculations of backbone
N chemical shielding tensor for selected helical residues
in protein G (GB3) and compared the isotropic chemical
shielding and the principal values of the shielding tensor
with experimental chemical shift data. We explored the

@ Springer

effect of electrostatic interactions in a protein on the cal-
culated '°N chemical shielding and found that:

1. To calculate the chemical shielding of backbone '*N in
residue i, the hydrogen bonding partners and the
residues that contribute to the helical dipole need to be
included. Their side chains, when not charged, do not
influence much the chemical shielding of "N of
interest; when charged, however, they can introduce an
additional source of variation to the calculated '°N
chemical shielding.

2. To accurately predict 'N chemical shielding when
adopting charged forms of the ionizable side chains, it
is important to include all charges that can potentially
influence the '>N chemical shielding.

3. Tensor elements calculation yields a good correlation
with experiments in general and the slope is close to
the ideal value of —1. The variation exists mainly in
the 01, and o33 components while a5, is less affected
by the charge states of the ionizable side chains that
surround the amide nitrogen site.

4. CFP calculation can serve as an indicator of whether
all relevant long-range electrostatic effects have been
accounted for in the vacuum calculation. In the
example of GB3, the rest of the protein does not seem
to exert much of an effect, and the “long-chain” model
(Model C) in vacuum seems to be adequate for
computing '°N chemical shielding in the a-helix.

Note that this study focused on an «-helix, where the
spatial relationship between various atoms is different from
that in, for example, extended conformation. Therefore
these conclusions apply specifically to helical residues and
may or may not be applicable to other secondary structures.
Similar calculations (currently underway) for the other
parts of the protein are expected to address this issue.
Although this study covered different residues in the helix,
it is inevitably limited by the amino acid composition of
GB3. Comparison with experimental data for a broad range
of proteins is required in order to reach a better under-
standing of the accuracy of the computational approaches
used here and the ways to improve them.
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