
Journal of Peptide Science
J. Peptide Sci. 7: 121–127 (2001)

Influence of Thermal Motion on 1H Chemical Shifts in
Proteins: The Case of Bovine Pancreatic Trypsin Inhibitor

BERNARD BUSETTA, PHILIPPE PICARD* and GILLES PRECIGOUX
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Abstract: The possible influence of thermal motion on 1H chemical shifts is discussed for a small stable
protein, the bovine pancreatic Kunitz trypsin inhibitor (BPTI). The thermal effects on the aromatic side
chains and on the backbone are treated separately. The thermal motion of the aromatic side chains is
accounted for in terms of their rotation around the Ca�Cb bond and the motion of each individual proton is
interpreted as a ratio between the amount of ordered and quite disordered states. The influence of hydrogen
bonds is introduced as an extra contribution to the chemical shifts of the bonded proton. Their contribution
to the chemical shifts resulting from the polarization of the peptide bond is investigated, as is their influence
on local flexibility. Finally, the relative importance of each contribution to the chemical shift information is
compared. Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

During the past few years, NMR spectroscopy has
been shown to be a powerful technique for investi-
gating the structure of proteins and peptides [1].
Three-dimensional (3D) structures are deduced
from distance information derived from nOe and
dihedral angle constraints derived from coupling
constants. Presently, this type of information is
sufficient to determine NMR-derived protein 3D
structure with the same accuracy as X-ray crystal-
lography [2].

On the contrary, for small peptides in water, ther-
mal motion leads to poor nOe information and extra
information is strongly required to determine the
peptide structure. Hydrogen bonds were previously
proposed as efficient extra constraints to improve
the determination of peptide structure [3]. However,
if a resolved and fully assigned NMR spectrum can

be obtained, considerable spectroscopic information
in the form of isotropic chemical shifts is usually
available and, in principle, further structural infor-
mation should follow.

To date, there has been little progress in the use
of chemical shifts in NMR structure determination.
Due to the very large number of factors that can
influence them (including, but not limited to, the
presence of aromatic, charged or polar groups, the
local flexibility, etc. [4]), chemical shifts remain one
of the most difficult NMR parameters to interpret in
structural terms. However, as they represent a mix-
ture of coexisting conformers, they provide an ex-
perimental snapshot of the dynamics of a protein or
peptide structure and remain an essential tool for
investigating molecular structure.

A direct evaluation of 1H chemical shifts from the
protein 3D crystal structure was proposed some
years ago [5], but no objective description of the
thermal motion takes into account the strong influ-
ence that the flexibility of a polypeptide chain may
have on their estimation [6]. For large proteins, the
crystal structure appears to be a good approxima-
tion of the averaged structure of the solution state
[5,7]. In the crystal state, the effects of thermal
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motion and the flexibility are less pronounced than
in the solution state and, thus, can be more easily
analysed. The differences between the solution and
crystal states should be more pronounced for small
proteins and peptides where crystal lattice packing
forces and solvation play a more important role.

In this paper, we analyse the influence of thermal
motion on chemical shifts, taking as an example a
stable protein (bovine pancreatic Kunitz trypsin in-
hibitor; BPTI) that is large enough to have a well-
defined structure but, at the same time, is small
enough to allow the partition and differentiation of
simultaneous effects. To initiate this analysis, any
3D crystal structure was presumed to provide an
approximation of the BTPI averaged solution struc-
ture that was good enough to be used without any
structural modification. As any structural refine-
ment could involve an overfitting of the estimated
chemical shifts and might alter the conclusions of
the present analysis, we used directly all of the
X-ray coordinates throughout this study. We then
tried to define structure-dependent factors that may
explain the thermal motion derived from the ob-
served chemical shifts.

MATERIALS AND METHODS

X-ray coordinates used in this study correspond to
the file 5pti in the Protein Data Bank [8]. The ob-
served chemical shifts are taken from the determi-
nation of the 3D polypeptide fold in solution [9].

1H Chemical Shift Estimation

Following the process developed by Osapay and
Case [5], 1H chemical shifts (d) are estimated from
the protein 3D structure as the sum of elementary
contributions:

d=dlocal+drc+dm+del (1)

where

– dlocal is the local contribution, approximated to
the protein chemical shifts observed at 309 K for
short peptides in random conformation [9];

– drc is the aromatic ring contribution (i.e. the ring
current effect), computed with Haigh–Mallion
formalism ([5] and references herein);

– dm is the magnetic contribution of the peptide
group, according to McConnell’s estimation. In
the case of axial symmetry, this contribution
is reduced to the trigonometric expression

3K cos2 U, where U is the angle between the
vector connecting the amide group to the proton
in question and the vector normal to the amide
plane, and K is Flygare’s constant [5]; and

– del is the electrostatic contribution, restricted to
the contribution of the main chain as suggested
in Osapay and Case [5].

The solvent contribution is limited to the extra
corrections Dd, which are necessary when taking
hydrogen bonding into account (see ‘Results and
Discussion’ section). In this paper we suppose that,
besides the thermal motion and hydrogen bonding
effects, no other contribution is necessary to ex-
plain the variations of the chemical shifts. For in-
stance, the relative solvent exposure of HN protons
not engaged in a hydrogen bond is not taken into
account, as an evident explanation for its influence
on the chemical shifts is lacking.

The efficiency of the chemical shift estimation
differs greatly according to the nature of the proton
being considered. For HX side chain and Ha protons,
an error within a 0.23–0.28 ppm range is retrieved
as described in Williamson et al. [7]. The HN pro-
tons that are carried by an N atom behave differ-
ently depending on whether they are engaged in an
intramolecular hydrogen bond (in the following,
they are referred to as HN) or remain exposed to a
solvent (Hn). Because the BPTI chemical shifts were
collected at the same 309 K room temperature, no
temperature-dependent correction was applied to
the HN protons.

To appreciate the overall estimation of chemical
shifts, a function combining the average absolute
errors on the estimated chemical shifts obtained for
each proton family has been used:

F=�DdHn�+�DdHN�+2(�DdHa�+�DdHX�), (2)

where �DdHi�= (S�dHiobs−dHicalc�)/(number of assigned
Hi).

Simulation of Thermal Motion

In the basic estimation [5], thermal motion is not
taken into account. In the following, thermal motion
is introduced in the estimation of the chemical
shifts as the superposition of two different effects:

(i) a rotation of aromatic side chains around the
Ca�Cb bond (x1 angle). Different j positions,
defined by a x j

1 torsion angle associated with a
weight pj, are considered. They are initially de-
termined by a 10° scan over x1 monitored by
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the F value from Equation (2), and then the set
of the initial locations (pj, x j

1) is refined with a
simplex refinement process; and

(ii) a local vibration of each proton around its aver-
age position which modifies its location relative
to the whole polypeptide chain and mainly af-
fects the magnetic contribution by averaging
the trigonometric factor. The full dm contribu-
tion, which affects a given proton of the refer-
ence 3D structure in the Osapay and Case
basic estimation, should be modified into r �dm

by the adjunction of a randomization r factor.
Subsequently, following its location in the
protein structure, each proton displays a
specific motion and its randomization factor r
should be expressed as a product:

r=ro �ri,

where ro represents the overall flexibility of the
conformer and ri represents the relative ran-
domization of this proton. The overall random-
ization ro factor is refined together with the
aromatic cycle locations and weights, starting
from an initial (ro=1) value. For each residue
type or specific location, the variations of the
error function F were followed during a scan
around the ri=1 value with a 0.05 step.

RESULTS AND DISCUSSION

Rotation of Aromatic Side Chains

Because ring current effect is the most important
contribution to the chemical shifts, we first investi-
gated the influence of the rotation of aromatic side
chains. Their positions were determined according
to the fingerprint left behind when they are freely
rotating around the x1 torsion axis. Up to three
different positions were considered with a suitable
weight p to account for the rotation of these chains.
As reported in Table 1, the possibility of rotation is
dependent on the position of the aromatic side
chain in the structure. When they are quite buried,
no rotation is possible and a single apparent posi-
tion close to the actual one is obtained with a
relative weight around 1 (this is the case for Phe22,
Phe33, Tyr35 and Phe45 in BPTI). On the contrary,
when they are partly exposed to solvent, rotation is
possible and a minimum of two positions with
roughly similar weights is required to explain the
observed fingerprint (Tyr21 and Tyr23).

It should be noted that refinement of the ring
positions, as used in this paper, involves an overfit-

Table 1 Final Positions for each Aromatic Ring in
BPTI provided by the Simplex Minimization of the
Differences between the Observed and the Esti-
mated 1H Chemical Shifts

Residue x1
1 (°)p1 x1

2 (°)p2

Phe4 0.52 45 0.22 −42
00.76Tyr11

Tyr21 0.74 33 0.41 −89
Phe22 1.30 −27

0.540 −1350.57Tyr23
−141.05Phe33

00.90Tyr35
−15Phe45 1.17

The position(s) of each ring is defined by a torsion angle x j
1

associated with a weight pj. Two locations are used during
the refinement when they are suggested by the scanning
process.

ting of the estimated chemical shifts on the ob-
served ones and may conceal or modify other
weaker contributions. Owing to the importance of
the contributions due to ring current effects, the
use of chemical shift information in a structure
refinement process cannot be straightforward. It is
necessary to define the exact positions of the rotat-
ing side chains before using chemical shift informa-
tion to improve an initial conformation.

Influence of Hydrogen Bonding on the Chemical Shift
of HN Protons

When the ring current effects are thoroughly cor-
rected, large discrepancies subsist on the estima-
tion of the chemical shift of HN protons and extra
corrections are needed. The chemical shifts of hy-
drogen-bonded HN protons were already shown to
be strongly dependent on the length dh of the hydro-
gen bond and a 1/dh

3 or 1/dh linear dependency was
previously suggested [10,11]. The use of a correc-
tion such as

Dd(dh)=k[19.0(1/dh
3)−2.3], (3)

where k is equal to −0.85 and dh is defined for a
given HN proton as the distance to the closest elec-
tron donor in the polypeptide chain, provides the
most suitable estimations. However, during this
analysis, it was not possible to rule out completely a
1/dh linear dependency.

No correction (Ddh=0) of the estimated HN chemi-
cal shifts is necessary if the hydrogen bond length is
equal to 2.03 A, , a value that should be considered
as the average bond length with the solvent in
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random coiled peptides. Such a correction accounts
for the large up-field deviations of the HN chemical
shifts involved by large dh lengths (2.5–3.0 A, ),
which are not usually considered as possible hydro-
gen bond lengths. The influence of thermal motion
at this level is difficult to define; it should corre-
spond to a variation of the dh length. An accurate
analysis of the hydrogen bond contribution on more
flexible peptides is then required.

On the another hand, the estimation of both Hn

and HN chemical shifts is strongly improved if we
consider that a polarization effect occurs through
the peptide bond when the carbonyl oxygen is hy-
drogen bonded. Similar effects have already been
observed by Llinas and Klein [12]. In this case, a
coulombic 1/dh

2 correction should be applied on
both HN and Hn protons as soon as an effective
hydrogen bond that is shorter than the average
bond with the solvent is observed:

Ddco(dh)=2.60[4.0(1/dh
2)−1].

In the case of BTPI, Equation (3) still holds for dh

distances up to 2.9 A, . Use of the HN chemical shifts
in a structure refinement requires analysis of the
cut-off distance that should be used to distinguish
the bonded HN protons from the non-bonded Hn

ones. Obviously, a weak or an important motion of
the protein or peptide may affect this cut-off
distance.

Remaining errors on the estimation of the Hn

chemical shifts could be related to solvent accessi-
bility. Unfortunately, it seems to be very difficult to
derive objective rules to realize a convenient correc-
tion for this phenomenon.

Individual Randomization Factor

When ring current and hydrogen bond effects are
corrected, the remaining discrepancy between the
observed and the estimated chemical shifts may be
attributed to the relative motion of the protons
within the protein structure, which involves a modi-
fication of the dm magnetic contribution due to the
different peptide groups. At this stage, the differ-
ence between observed and estimated chemical
shifts provides information on the relative motion of
the different protons. For this study, we considered
only two factors to explain the relative thermal mo-
tion of a given proton:

– the hydrogen bond pattern; and
– the nature of the residue that harbours the con-

sidered proton or the nature of the adjacent
residue.

Those protons that were prevented from any
particular motion by the formation of a nearby
hydrogen bond were used to define the overall
randomization of the protein and were arbitrarily
associated with an individual randomization factor
ri=1 (i.e. the HN and Hn protons adjacent to a
hydrogen-bonded carbonyl group, the Ha protons
adjacent to a hydrogen-bonded HN or carbonyl
group). For the prolyl residue, estimation of the
chemical shifts of Hn protons is considered to be
optimal when the same thermal motion (ri=1) is
applied.

The relative agitation of the other protons is then
determined in comparison with the overall agitation
of the protein. A modification of the relative motion
of a group of residues is assumed to be satisfactory
when the resulting estimation of the chemical shifts
is improved. When a disulphide bridge is formed, a
better estimation of the chemical shifts of the non-
HN protons of the cysteines is obtained when they
are less agitated and when a greater value of the
individual randomization factor is considered (ri=
1.25). In the absence of any adjacent hydrogen
bonds, the backbone is not stabilized and should be
more agitated (ri=0.7). The glycyl residue is usually
considered to be a disturbing element. The Ha pro-
tons of a glycyl appear to be more agitated than the
protein (ri=0.7) if this or the adjacent residues are
not hydrogen-bonded; the same strong agitation
(ri=0.7) is used for the protons of the amino acid
that follows a glycine if it is not hydrogen-bonded.

For all amino acids, the motion of the side chain
protons is usually greater than the motion of Ha

atoms (rHX
=0.7�rHa

). In the inner part of BPTI
(residues 30–38), the side chains are closely packed
together and form a strong, poorly agitated hydro-
phobic core. For Tyr35, all of the ring protons may
be distinguished in NMR spectroscopy [2], suggest-
ing no possible motion at the level of this aromatic
ring in solution. The absence of side chain motion is
communicated to the corresponding Ha of the 30–
38 portion of the polypeptide chain and a suitable
estimation of their chemical shifts required the
weakest agitation (ri=1.30).

Influence of Thermal Motion on the Chemical Shift
Estimation

To illustrate the importance that the different points
discussed above have on the estimation of chemical
shifts, we report in Table 2 the average error on the
estimation of 1H protons of BPTI solution structure
after the following calculation steps were succes-
sively performed:
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Table 2 Averaged Errors (in A, ) on the Estimation of the 1H Chemical Shift for BPTI

�DdHX�F �DdHn� �DdHN� �DdHa�

(a) Osapay and Case estimation 1.770 0.1860.462 0.477 0.229
(b) Ring current optimization 1.514 0.359 0.470 0.186 0.155
(c) Hydrogen bond contribution 1.193 0.359 0.148 0.187 0.155
(d) Polarization of peptide group 1.067 0.237 0.1550.145 0.187
(e) Individual randomization 0.1240.879 0.215 0.135 0.141

(a) basic estimation corresponding to Osapay and
Case’s [5] approach with an overall randomiza-
tion factor ro=1. All aromatic rings are located
as they occur in the X-ray structure and all of
the ring currents have the same weight (pj=1);

(b) optimization (location and weight) of the ring
current effects and refinement of the overall
randomization factor (final value ro=1.14);

(c) influence of the hydrogen bond (direct length-
dependent effect on the HN protons);

(d) influence of the hydrogen bond (polarization
effect through the peptide bond on both HN

and Hn protons); and
(e) improvement finally brought about by the use

of individual randomization factors.

The errors on the hydrogen-bonded HN protons
are comparable with the corresponding errors on
the Ha and HX protons. Taking into account the
inaccuracies of the estimation, which have the same
effect on all of the different protons, it may be
thought that the X-ray hydrogen bond lengths are,
in the main, compatible with the average bond
lengths which appear in the solution state.

Another illustration of the improvement provided
by the present analysis is given in Figure 1, where
our final estimations are compared for each Ha and
HN proton with the basic Osapay and Case estima-
tion. Figure 1 shows clearly the poor estimations of
the chemical shifts obtained for the non-bonded Hn

protons when local fluctuations of the polypeptide
chain occur, as is the case for the Cys14–Cys38

disulphide bridge. Only a mixture of different con-
formations of these flexible loops could explain the
observed chemical shifts.

CONCLUSION

In this study, some structure-dependent rules are
derived to define the relative flexibility of the differ-
ent protein portions and to estimate the relative

thermal motion of each proton of BTPI in solution.
Despite the fact that an X-ray structure, which
surely differs from the solution structure, was used
without any coordinate refinement throughout this
study, the current estimation of the chemical shifts
is strongly improved when thermal motion is taken
into account. This relative flexibility in the protein is
mainly dependent on the location of the hydrogen
bonds and the nature of the local residues.

On the another hand, we showed that the HN
proton chemical shifts are strongly dependent on
the formation and the strength of hydrogen bonds.
A careful analysis of their contribution should be
performed in order to make available the distance
information that is present in the HN chemical
shifts. However, large errors persist in the estima-
tion of the chemical shifts of non-bonded Hn pro-
tons (i.e. at the level of a flexible loop). If the Hn

protons are likely to be dependent on the local
conformation of the very amino acid that harbours
them (i.e. on the f angle) and on their solvent
accessibility, these contributions will be difficult to
quantify. For these Hn protons, it is very difficult to
separate and analyse with accuracy the different
contributions (ring current effects, local magnetic
contribution, hydrogen bonding, temperature ef-
fects, etc.) that are superimposed in a large protein.

If the 1H chemical shifts can be correctly inter-
preted, they are convenient parameters to estimate
the validity of any 3D structure: Ha chemical shifts
rather contain information on the validity of the
overall geometry of the protein, whereas the HN
ones contain information on solvent accessibility.

If the influence of thermal motion on chemical
shift variations is important for large, stable protein
structures, where the formation of a hydrophobic
core prevents the free rotation of side chains, it
must be expected that this influence is more pro-
nounced in a peptide. In this case, can we always
use a single conformation to describe the solution
state? For a peptide, solvent accessibility is more
important. Thus, at the hydrogen bond level, com-
petition with the surrounding solvent is greater and
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Figure 1 A comparison of the estimated secondary chemical shifts (dcalc−dlocal) vs. the observed ones (dobs−dlocal) in the
Osapay and Case estimation (full circle) and with our improved estimation (open circle) for the (A) Ha and (B) HN protons.
Estimations of the HN protons around the flexible Cys14–Cys38 disulphide bridge are represented by an open triangle.

it may be expected that the cut-off distance to ac-
cept an intramolecular bond would be shorter than
in proteins and would be strongly dependent on the
relative flexibility of the peptide structure. The
weight of the current rings, when they are freely

rotating, may be different and their effects in pep-
tides may be reduced. Thus, in this case, thermal
effects should be carefully analysed before any con-
formational information is derived from the chemi-
cal shifts. In a follow-up paper, we intend to

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 7: 121–127 (2001)



CHEMICAL SHIFTS AND THERMAL MOTION 127

determine a possible use for chemical shift informa-
tion when the solution structure of a small flexible
peptide is studied.

Nevertheless, it is very apparent that conforma-
tional information provided by chemical shifts can-
not be directly introduced in a structure refinement
process as extra constraints, together with the other
NMR-derived constraints. They are too dependent
on the thermal motion. Following the definition of
this motion, quite different refined 3D structures
could be obtained. Thus, a different approach must
be found for use of chemical shift information.
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