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1. Introduction

For quite some time it has been recognized that
the combination of single crystal X-ray data with high
resolution NMR studies is a promising approach for
investigations of the molecular conformations of
globular proteins in solution [1]. It is a particular
asset of the NMR method that the data on the static
average spatial structure obtained from the X-ray
measurements can be complemented with information
on the dynamic aspects of the protein conformations.
Recently, studies of the longitudinal spin relaxation
times T; of 3C [2], and ' H NMR investigations of
the kinetics of the exchange of labile protons with 2D
of the solvent [3] have been particularly emphasized
in this context. Following the most recent advances

of the instrumentation for high field 'H NMR measure-

ments, these studies can now be extended to include
investigations of the intramolecular rotational motions
of the aromatic amino acid side chains in globular
proteins. In the present report this will be illustrated
with a proton NMR study at 360 MHz of the basic
pancreatic trypsin inhibitor (BPTT).

BPTI from bovine pancreas has a molecular weight
of 6500, and consists of one polypeptide chain with
58 amino acid residues. The amino acid sequence
includes 4 tyrosines and 4 phenylalanines as the only
aromatic residues [4]. The molecular conformation
in single crystals is known [5], and it was found that
the solution conformation of BPTI is unusually stable
towards denaturation by chemicals and by heat
[3,6,7]. This outstanding heat stability made it
possible in the present experiments to observe the
NMR of the aromatic protons in the globular protein
conformation over the temperature range from 4°C to
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85°C, and from this to characterize the dynamic states
of most of the aromatic rings in the protein at variable
temperatures.

2. Materials and methods

The basic pancreatic trypsin inhibitor (BPTI,
Trasylol 9 Registered trade mark Bayer Leverkusen,
Germany) was obtained from the Farbenfabriken
Bayer AG. A 0.01 M solution of BPTI in D, 0, pD =
1.8, was used for the NMR studies. Sodium:2,2-di-
methyl-2-silapentane-5-sulfonate (DSS) was added
as an internal reference. Prior to the experiments
reported in this paper, the labile protons had been
replaced with deuterium of the solvent by heating the
solution to 85°C for § min [3].

"H NMR spectra at 360 MHz were obtained on a
Bruker HXS-360 spectrometer equipped with a stan-
dard temperature unit. The probe temperature was
measured with an ethylene glycol standard sample.

3. Results and discussion

Fig.1 shows the 'H NMR spectrum at 360 MHz
and 34°C of the non-labile protons between 5 and
8 ppm in the basic pancreatic trypsin inhibitor. The
intensity of the resonance lines between 6.0 and 8.0
ppm was found to correspond to 34+2 protons. As
will be shown below, these lines account for all the
36 aromatic protons of the 4 tyrosyl and the 4 phenyl-
alanyl residues in BPTI [8]. The previously described
identification of the tyrosine resonances with double
resonance techniques [8] indicated that each of the
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Fig.1. ' H NMR spectrum at 360 MHz between 5 and 8 ppm
of the basic pancreatic trypsin inhibitor (BPTI) at 34°C. The
spectrum corresponds to a 0.01 M solution of BPTI in D, 0,
pD = 1.8, where the labile protons had previously been replac-
ed by deuterium by heating the solution to 85°C for S min.
The lower trace shows the contributions to the spectrum
from the 4 tyrosyl residues, which have been computed from
the previously reported resonance assignments [8].

four tyrosines gives rise to an AA'BB’ type 'H NMR
spectrum. The lower trace in fig.1 corresponds to the
sum of the resonances of the 4 tyrosyl residues com-
puted from the data in ref. [8]. Subtracting the
tyrosine resonances from the experimental spectrum
then leaves one with the resonances corresponding
to the 4 phenylalanines in BPTI. At 34°C these are
thus found to cover the spectral range from 6.6 to
7.8 ppm, and to contain at least S lines with the
intensity of one proton. This in turn indicates that
on the NMR time scale the rotational motions of
at least one of the phenylalanine rings in BPTI are
essentially restricted to the motions of the entire
molecule. This will in the following be confirmed by
investigating the temperature dependence of the 'H
NMR spectrum, which will also explain why a rather
small overall intensity is found for the aromatic
resonances observed at ambient temperature (fig.1).
Fig.2 shows the temperature dependence of the
resonances of the aromatic protons in BPTI between
4°C and 81°C. It is readily seen that quite extensive
changes occur before the overall denaturation sets in
at around 80°C [3,6], and that variations with tem-
perature can be observed throughout the spectral
region from 6.5 to 8.5 ppm. In the present preliminary
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Fig.2. Temperature dependence between 4°C and 81°C of
the spectral region from 5 to 9 ppm in the 360 MHz 'H NMR
spectrum of a 0.01 M solution of BPTI in D, O, pD = 1.8.
Prior to these experiments, the labile protons had been
replaced by deuterium.

discussion of the data of fig.2, we shall, however,
concentrate on a few selected temperature dependent
features which are particularly well resolved in the
spectra, and at the same time pertinent for the de-
scription of the solution conformation of BPTI.

The structural information to be derived from the
data of fig.2 concerns mainly the mobility of the
aromatic rings in BPTI, and is obtained from the
following symmetry considerations. Two pairs of
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protons in the positions 2 and 6, and 3 and 5, respect-
ively, of the aromatic rings of tyrosine and pheny!-
alanine are related by a C, symmetry operation about
the axis given by the C8—-CY bond.
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In view of the non-periodic distribution of structural
elements in the interior of globular proteins, chemical
shift equivalence of the protons 2 and 6, and 3 and 5,
respectively, will in most cases only be compatible
with a dynamic situation where the aromatic rings
would flip about the CA—C7 axis at a rate which is
rapid on the NMR time scale. Observation of an
AA'BB' type 'H NMR spectrum for tyrosine, or an
AA'BB'C type spectrum for phenylalanine is there-
fore indicative of a mobile aromatic ring. On the other
hand the appearance of single proton resonance lines
for tyrosine, or more than one single proton line for
any given phenylalanine implies that the rings are
quite rigidly fixed in the protein molecule.

To the extent that they can be recognized as resolv-
ed lines, the tyrosine resonances (fig.1) are almost
independent of temperature between 4°C and 72°C
(fig.2). The only temperature dependent feature of
those resonances between 6.0 and 7.0 ppm which had
been assigned to tyrosine protons [8] is a small chem-
ical shift between the two two-proton doublet reso-
nances which are both at 6.76 ppm at temperatures
below 50°C, and give rise to a 3 line structure at
higher temperature. The observations in fig.2 are
thus compatible with the earlier assignments of the
tyrosine resonances [8], and support the conclusion
that the tyrosine rings are rotating about the C8—CY
axis at a rate which is rapid on the NMR time scale
at ambient temperature.

Following fig.1, the resonances between 7.4 and
8.5 ppm correspond to phenylalanine ring protons.
At 4°C, this spectral region contains five one-proton
lines at 7.48, 7.58, 7.67, 7.78, and 8.22 ppm, where
the resonances at 7.58 and 8.22 ppm are markedly
broader than the other three lines (fig.2). Whereas
the latter are essentially independent of temperature
between 4°C and 38°C, the lines at 7.58 and 8.22
ppm first broaden, then disappear, and finally merge
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into a single resonance of intensity corresponding to
two protons at 7.90 ppm. This new resonance at 7.90
ppm is quite broad at 38°C, and sharpens as the
temperature is further increased. Spectral variations
with temperature which would occur simultaneously
with those involving the lines at 7.58, 7.90, and 8.22
ppm, could only be detected between 7.1 and 7.4
ppm, where the bulk of the phenylalanine ring proton
resonances are usually located. On the basis of the
symmetry considerations presented above we conclude
that the two lines which are at 7.58 and 8.22 ppm

at 4°C correspond to a pair of 2,6- or 3,5-protons of
phenylalanine. The life time with respect to 180°
‘flips’ about the C-—C7 axis of one phenylalanine
ring in BPTI can thus be estimated to be of the order
1 X 1072 sec at 4°C, and 8 X 10~* sec at 38°C.
Considering the temperature dependence of the lines
at 7.58 and 8.22 ppm, the origin of the above men-
tioned apparently reduced overall intensity of the
aromatic resonances at ambient temperature is now
also quite apparent.

There are four resonance lines at 7.79, 7.48, 6.87,
and 6.67 ppm which consecutively broaden and
disappear when the temperature is raised from 38°C
to 72°C (fig.2). Homonuclear INDOR experiments
indicated that these four lines come probably from
the same aromatic ring. However, considering the
additional spectral changes between 7.1 and 7.4 ppm
when the temperature is raised from 38°C to 72°C,
we cannot at this point definitely rule out that there
might be two aromatic residues which would acciden-
tally show a very similar temperature dependence. We
conclude that there is one, possibly two aromatic
rings in BPTI which have at 38°C a life time of the
order 1 X 107! sec with respect to 180°-flips about
the CF—C7 bond.

There is an additional resolved one-proton line
at 7.67 ppm which does not vary with temperature
between 4°C and 65°C. On the one hand this line
could correspond to any proton of an aromatic ring
which would be immobilized in the protein over this
temperature range. On the other hand it could also
be that it corresponds to the C4 proton of one of
the phenylalanines, in which case the dynamic state
of the ring would not necessarily be manifested in
this NMR line.

With the possible exception of some features at
temperatures above 65°C, where denaturation sets
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in in acidic solutions of BPTI [3,6], there is no indica-
tion in fig.2 of the occurrence of intermediate rota-
tional states of the aromatic rings which would be
sufficiently long lived to be manifested in the NMR

spectra. References

In conclusion the ' H NMR data described in this
paper show that for at least 6 of the 8 aromatic rings
in BPTI, the frequency of the rotational motions
about the CP—C bond axis exceeds 10 sec™! at
60°C. For two, perhaps three, of the phenylalanines
the transition from a slow to a fast process on the
NMR time scale could be followed between 4°C and
72°C. In a subsequent paper [9], these observations
will be analysed in the light of the refined single
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