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Proton Magnetic Resonance Studies of Complex
Formation between Bovine Neurophysins and

Oxytocin at Molecular Level

JOHN H. GRIFFIN *5, JACK S. COHEN **, PAUL COHEN %, and MARYSE CAMIER #

Abstract O Proton magnetic resonance spectroscopy was used to
monitor individual amino acid residues in bovine neurophysin, in
the nonapeptide hormone oxytocin, and in the complex formed be-
tween them. For neurophysin I alone, a normal titration curve for
the C-2 proton resonance of the lone histidine residue was ob-
tained with an apparent ionization constant of 6.9. Addition of ox-
ytocin to a solution of neurophysin I at pH 6.5 resulted in several,
changes in the spectrum. The effect on the histidine C-2 proton
resonance signal indicated a slow exchange process between two
states, probably representing a conformational change in the pro-
tein. The apparent pK of the histidine residue in the hormonal
complex was shifted to 6.7, indicating a slightly more positive (less
electron dense) environment for the histidine residue. Resonances
of the single tyrosine residue of oxytocin were observed to broaden
significantly, but not to shift appreciably, on the addition of neu-
rophysin II. These observations may indicate involvement of the
tyrosyl residue of oxytocin in the hormone-‘“‘carrier protein” inter-
action.

Keyphrases O] Neurophysins, bovine—complex formation with
oxytocin, PMR 0O Oxytocin—complex formation with bovine neu-
rophysins, PMR 0O Hormonal interactions—bovine neurophysins—
oxytocin, PMR 0 PMR—monitoring bovine neurophysins—oxyto-
cin complex formation O Drug-biomolecule interactions—PMR
studies of complex formation between bovine neurophysins and
oxytocin at the molecular level O Interactions—drugs with biomo-
lecules, symposium

High-resolution proton magnetic resonance (PMR)
has proved useful in providing information about se-
lected residues in proteins during denaturation (1-3)
and inhibitor-enzyme interactions (4, 5). (For re-

views, see Refs. 6 and 7.) A few studies of protein—
polypeptide or protein-protein interactions using
PMR techniques have been reported (8-10).

The neurohypophyseal nonapeptides oxytocin and
8-arginine (or 8-lysine) vasopressin are biologically
important hormones known to associate noncovalent-
ly with the proteins neurophysin I and neurophysin
II (11, 12). These proteins are found in the neurose-
cretory granules of the pituitary glands of several
species associated with the hormonal peptides (13).
The physical and chemical properties of the neuro-
physins, which have monomeric molecular weights
near 10,000, have been investigated (14, 15), and
some amino acid sequences for bovine neurophysins I
and II have been proposed (16, 17). The study of the
molecular interactions between neurophysins and
peptide hormones has been approached using classi-
cal equilibrium methods (18-22) and spectroscopic
techniques (23-26).

This article presents PMR observations on highly
purified bovine neurophysins, the hormone oxytocin,
and the molecular complex formed between them. In
particular, high-resolution PMR methods allow the
study of the possible involvement of the lone histi-
dine residue of neurophysin I or the single tyrosyl
residue of oxytocin in the hormonal complexes!.

1 A preliminary account of some of this work has appeared (27).
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Figure 1-—Aromatic region of PMR spectra recorded in D0,
0.1 M NaCl, of neurophysin II at pH 6.52 (a) and of neuro-
physin I at pH 2.21 (b), 5.77 (c), 6.09 (d), and 8.85 (e). The
number of scans varied between 9 and 37. The insert in (c) is
the same spectrum at higher gain. The peaks marked X are not
due to neurophysin.

EXPERIMENTAL?

Samples of neurophysins for PMR studies were lyophilized sev-
eral times from Dy0O and were dissolved in 0.1 M NaCl in D,03
(100%) at a concentration of 30 mg in 0.5 ml. Measurements of pH
were performed directly in the NMR sample tube as detailed pre-
viously (3), and the pH values quoted are direct meter readings4.

Spectra were recorded on a spectrometer® with a probe tempera-
ture of 22 % 1°. Time-averaging was carried out with a computer®,
Other details of the PMR methods were described elsewhere (3).
Chemical shift values are quoted in parts per million downfield
from external 6% tetramethylsilane in carbon tetrachloride. Con-
centration measurements were checked spectrophotometrically?.
For neurophysin, ¢ was taken as 3400 M~! em~1! at 260 nm (15); for
oxytocin, an € at 280 nm was taken as 1400 M~! cm™1,

As a control experiment for viscosity effects, neurchypophyseal
proteins (mol. wt. = 50,000) that eluted' before the neurophysins

2 Details of the preparation of highly purified bovine neurophysin have
been described elsewhere (22). The synthetic peptide oxytocin was a gift
from Dr. Guttmann, Sandoz, Basle, Switzerland.

3 Aldrich Chemical Co.

4 These values are not strictly pH because measurements were made in
D;0; they are not pD because measurements were made with a glass elec-
trode containing water. It has been shown experimentally that the isotope
effects on the glass electrode and on the ionization process itself almost can-
cel, so that no correction is made in these studies. [See D. H. Sachs, A. N.
Schechter, and J. S. Cohen, J. Biol. Chem., 246, 6576(1971), and references
cited therein.]

5 Varian Associates HR 220.

6 Varian C1024.

7 Cary 15 spectrophotometer.
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Figure 2—PMR spectrum of neurophysin I from Fig. 1d
fitted with Lorentzian curves. Key: O, observed; *, calculated;
and , components. The assignments of the peaks are shown
in the CALCOMP plot with the relative number of protons in

_parentheses.

during filtration® were used. This protein fraction was devoid of
hormonal binding ability by equilibrium dialysis experiments car-
ried out with radioactive oxytocin (22). The PMR spectrum of oxy-
tocin was recorded in the presence of 15 mg of this protein and
showed a negligible line-broadening effect (<10%).

RESULTS AND DISCUSSION

Neurophysins—Aromatic protons absorb in a region of the
PMR spectrum that is well resolved from the resonances of the
much more numerous aliphatic protons. Imidazole C-2 ring proton
resonances are even better resolved as a result of their unique
chemical environment between two nitrogen atoms. The aromatic
region of some PMR spectra of neurophysins I and II are shown in
Fig. 1. The resonance in the low field region between 8.5 and 7.4
ppm in Figs. 1b-1e that shifts with pH may be attributed to the
C-2 ring proton (8, 28, 29) of the single histidine residue of neuro-
physin I, which is absent from neurophysin II (30) (Fig. 1a).

o]

8.4 —

8.2 |-
£
a o pKa=6.87
=
=
T80
7]
-
b I
Q
2
T 7.8 -
8]

~ O——O0 Neurophysin I
®——---® Neurophysin T +
76 Oxytocin (1:1)
7.4 1 1 1 1 1 ] e}
2 ) 6 8 10

pH

Figure 3—Titration curves of the C-2 proton resonance of the
single histidine residue of neurophysin I and of the neuro-
physin I-oxytocin complex. The lines are least-squares fits to
the data using the theoretical expression for a simple proton
association equilibrium (29).

8 Sephadex G-75.



Vi

8.3 8.0
PARTS PER MILLION

Figure 4—PMR spectra showing the histidine C-2 proton
resonance of neurophysin I at pH 6.51 in the absence of oxy-
tocin (a) and at neurophysin-oxytocin molar ratios of 5:1 (b),
2.5:1 (¢), and 1:1 (d). Solutions contained 0.1 M NaCl in
D,O. The number of scans varied between 19 and 98. The
peaks marked X are not due to neurophysin.

Between pH 3.5 and 5.5, the resonance lines broaden due to
aggregation of the protein as precipitation occurs near the isoelec-
tric point, pH 4.4 (15, 22). Above pH 5, the protein redissolves and
the lines correspondingly sharpen again. However, they remain
fairly broad (5-20 Hz) considering the size of this protein com-
pared to others studied previously (6, 31). This may result from
dimer formation (15).

Another cause of line broadening may be the existence of a fairly
rigid structure due to the presence of seven disulfide bonds. Re-
duction of internal motion causes the resonances to be broader by
increasing the efficiency of dipolar relaxation between closely adja-
cent protons (32). The precise contribution of the two factors to
the observed linewidth is difficult to estimate. A dilution by a fac-
tor of 5 to a concentration of 12 mg/ml produced no significant
measurable reduction in linewidth.

The assignment of peaks in the low field region of a spectrum of
neurophysin I (Fig. 1d) is shown in Fig. 2, in which the resonance
peaks are fitted with Lorentzian functions (29). The broad reso-
nance at chemical shift 7.75 ppm is attributed to protons that ex-
change slowly with water, since it disappeared entirely over 24 hr
due to exchange with deuterium.

The pH titration data of the histidine C-2 proton resonance of
neurophysin I are shown in Fig. 3. These data fit a theoretical
curve based on a simple proton association equilibrium and give a
pK value of 6.9, indicative of a normally titrating histidine residue

(29). One unusual feature of the titration of the histidine C-2 pro-
ton resonance in this case was the consistent observation of a dou-
bling of the peak at pH values between 5.6 and 5.9 (Fig. 1c¢). It was
difficult to obtain spectra at slightly lower pH values due to pre-
cipitation of the protein (15); above pH 6.0, the phenomenon was
no longer observable.

This doubling phenomenon could represent a slow equilibrium
of the histidine residue between two environments, as previously
suggested for similar observations involving histidine resonances
(1, 3). Changes in the environment of the histidine residue may
possibly be related to aggregation processes known to occur in this
pH range (15).

Binding of Oxytocin to Neurophysins—Aliquots of oxytocin
were added to a solution of neurophysin I at pH 6.5, and the ef-
fects on the PMR spectrum of the protein were monitored. A dou-
bling of the histidine C-2 proton resonance was noted (Fig. 4).
Since oxytocin does not contain a histidine residue, this phenome-
non must be attributed to the effect of complex formation on the
lone histidine in neurophysin L.

The presence of two separate resonances (Fig. 4b) at intermedi-
ate neurophysin-oxytocin molar ratios indicates a slow conforma-
tional equilibrium between two environments (1), for which the
lifetime in one state must be greater than 13 msec (i.e., »1/rAv,
where Av is the separation between the two resonances, 25 Hz).
This slow equilibrium could be the oxytocin binding process or a
protein conformational change that exposes the histidine residue
to two different environments. The latter possibility seems more
likely in view of previous knowledge of the rates of protein confor-
mational changes (33). No other significant changes in most re-
gions of the spectrum were observable up to a molar ratio of 1:1.

The titration curve of the neurophysin I-oxytocin complex at a
1:1 molar ratio (>95% oxytocin binding sites filled) is shown in Fig.
3. The histidine pKa value is shifted 0.20 pH unit to a lower value
due to complex formation, representing a somewhat more positive
(less electron dense) environment for the histidine residue in the
hormone-neurophysin I complex. Such a relatively minor pK shift
suggests that the histidine residue does not play a significant role
in the hormonal interaction. This conclusion might be expected

NP i

l " L L i I L i L L Il
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Figure 5—Aromatic region of PMR spectra of oxytocin at
PpH 6.60 (a) and after the addition of aliquots of neurophysin IT
to yield oxytocin—neurophysin molar ratios at pH 6.79 of 7:1
(b) and 3:1 (c). Solutions contained 0.1 M NaCl in D0.
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Figure 6— Plot of the observed full linewidth at half-height of

the tyrosyl resonance at 6.7 ppm of oxytocin versus the molar
ratio of neurophysin—oxytocin.

since neurophysin II binds oxytocin yet lacks a histidine residue.

The protein resonances obscure the oxytocin resonances in the
aliphatic region of the PMR spectrum even at low protein to oxy-
tocin molar ratios, and it is virtually impossible to distinguish the
resonances of the two components. However, oxytocin contains a
single tyrosine residue, and it is possible to follow the effects of the
addition of neurophysin II on the tyrosyl aromatic protons. PMR
spectra at several molar ratios are shown in Fig. 5. The mean value
of the full width at half-height of the two tyrosine resonances in
the high field doublet at 6.7 ppm is plotted in Fig. 6 as a function
of the molar ratio of the total amount of each species in solution.

The apparent linear increase in linewidth of the oxytocin tyrosyl
C-3 and C-5 proton resonances (Fig. 6) could arise from either a
slow or a fast exchange process between two states for the tyrosyl
residue. In the case of a simple bimolecular process (Scheme I):

k
oxytocin + neurophysin — oxytocin-neurophysin

Scheme [

the exchange of the tyrosyl residue between free and bound states
can be described by equations derived for either the fast or the
slow exchange limit (34). In the slow exchange limit:

Al/‘lohs = (1 - p)Al/2 free + P/T (Eq 1)
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Figure 7—Simulated peak shapes for fast and slow exchange
conditions for a single Lorentzian-shaped peak. In both condi-
tions the linewidth at half-height, Ay, of the free component is
3.5 Hz, while that of the bound component, assumed to have the
same chemical. shift, is 21.5 Hz. In the slow exchange limit
when + > P (Eq. 1), Auzete = Auszgresy and the observed peak
(solid line) is broadened by summation with the bound compo-
nent. For slow exchange, the area of each of the two compo-
nents is proportional to the amounts that are free and bound.
For fast exchange the linewidth of the observed peak for different
proportions bound was determined from Eq. 2 and is repre-
sented by the small dashed line. The actual observed values of
Az in each case would be:

percent bound  fast exchange slow exchange

0 3.5 Hz 3.5 Hz
5 3.4 Hz 3.6 Hz
10 5.3 Hz 3.8 Hz
33 9.4 Hz 4.3 Hz

-while in the fast exchange limit:

Arors = (1~ PXAiniree + PAL2vound (Fll 2)

where A;/; is the full linewidth at half-height, p is the fraction of
oxytocin bound, and r = 1/k—;, which is the mean lifetime of the
complex. These equations apply when the concentration of free ox-
ytocin is much greater than the concentration of the oxytocin—neu-
rophysin complex and when:

A, = 1/xT, (Eq. 3)
where T'; is the tranverse relaxation time of the observed proton.

Both Egs. 1 and 2 can describe a linear dependence of the ob-
served half-width on the amount of complex formed, as illustrated
in Fig. 7. The possibilities of slow or fast exchange for the oxyto-
cin-tyrosyl binding process can be distinguished. Studies at differ-
ent temperatures and at different magnetic field strengths, cou-
pled with direct measurement of the longitudinal relaxation time,
T, should serve to distinguish these possibilities (34).

On the basis of preliminary work, Balaram et al.® concluded that
the lysine vasopressin-neurophysin II complex exhibits slow ex-
change. However, Alazard et al.1° recently found that oxytocin and
lysine vasopressin show a fast exchange process with neurophysin
II. This conclusion cannot necessarily be extended to all such com-
plexes, not only because of the different hormones and conditions
used but also because of recent evidence that these two peptide
hormones bind differently (22).

2 P. Balaram, A. A. Bothner-by, and E. Breslow, personal communication
[see Biochemistry, 12, 4695(1973)].
10 R. Alazard, P. Cohen, J. H. Griffin, and J. S. Cohen, unpublished re-
sults.



If a slow exchange is assumed, evaluation of = from Eq. 1 using
the data shown in Fig. 6 leads to a value of 56 msec, which is con-
sistent with the limiting value (i.e., >13 msec) of the lifetime of the
histidine residue in the hormonal complex. This value of 7 gives 18
sec”! for the dissociation rate constant, k_,. Since the oxytocin—
neurophysin dissociation constant, K4, which equals k_;/k,, is ap-
proximately 2 X 1075 M (22), an estimate of k;, the bimolecular
association rate constant, yields 9 X 105 M~! sec™1.

Alternatively, if a fast exchange is assumed, evaluation of
At/2 bouna from Eq. 2 gives an extrapolated value of 22 Hz for the
linewidth of the tyrosyl resonances in the complex at a 1:1 molar
ratio. At this ratio, saturation of oxytocin binding sites on neuro-
physin occurs (19, 22). Since the observed linewidth is related
through 1/Ts (Eq. 3) to the rotational correlation time of the tyro-
syl side chain, the large increase in linewidth upon binding indi-
cates a significant restriction in motion of the tyrosyl residue if
fast exchange obtains. Involvement of the tyrosyl ring of oxytocin
in the binding process, indicated here by PMR studies, is consis-
tent with the apparent lack of binding capacity of 2-isoleucine-
oxytocin (19) and of oxytocin iodinated on the tyrosyl ring (22).
Experiments carried out with oligopeptides corresponding to the
N-terminal amino acid sequence of the hormone also reinforce this
idea (15, 25, 26).

Complex formation between neurophysin and oxytocin could in-
volve hydrophobic or #—r interactions between neurophysin and
the hormone’s tyrosyl side chain as well as hydrogen bonding of
the tyrosyl phenolic hydroxyl groups. However, =—= interactions
seem unlikely in this case, since the stacking of aromatic rings pro-
duces measurable (>0.1 ppm) upfield shifts (35), and no signifi-
cant change in chemical shift of the oxytocin tyrosyl resonances is
observed at the highest molar ratios (Fig. 5).

Additionally, hydrogen bonding of the phenolic hydroxyl may
not be essential for hormone binding since 2-phenylalanyl-oxyto-
cin is bound almost as well as oxytocin (19). In this case, the tyro-
syl residue of oxytocin seems to be bound in the hormone-neuro-
physin II-complex through hydrophobic bonding!!.
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