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Synopsis. On cooling an aqueous solution of zinc
pig-insulin to —40 °C, 108 water molecules per insulin mole-
cule have been found (by NMR) unfrozen. This number is
nearly equal to what was found crystallographically of the
water molecules located within 4.7 A of the protein molecule.

It is now well known that every globular protein is
biologically active only when it is hydrated. Thus, the
water molecules bound to a protein molecule are consid-
ered to play an essential role in its biological function.
Their molecular structures as found in the crystal also
involve a great amount of water, and these structures
has been supposed to be kept on going from crystals to
aqueous solutions. As a powerful tool for characteriz-
ing such protein-bound water, we have recently devel-
oped? a full computerized apparatus, whose main part
is a broad-line pulsed NMR spectrometer with a Lamor
frequency of 20 MHz, for the observation of a proton
(Bruker, minispec p20). In this apparatus, the in-putis
an aqueous solution of the sample protein now in
question, while the out-put is the unfrozen-water con-
tent versus the temperature curve, where unfrozen water
is defined as water molecules with protons of T2>70 us
(here, T3 is the spin-spin relaxation time). At any
temperature below 0 °C, the usual solvent water is fro-
zen, and the T values for such water molecules are
much shorter than 10 us. Only some H20 moleculesin
a special environment, such as hydrating water of a
protein molecule, may be kept unfrozen, may keep a
long T3, and may be detected (as unfrozen water) by the
present apparatus. The purpose of this paper is to
compare what is found with this apparatus and what is
found by an X-ray crystallographic study with regard to
the hydration of insulin.

The sample of Zn pig-insulin powder was kindly
provided by Dr. Noriyoshi Sakabe, Nagoya University;
it is the same as what was subjected to his and his
collaborators’ crystallographic study.2=9 Elementary
analyses for this powder gave: C, 47.24; H, 6.80; N,
13.93%. This is consistent with the chemical formula of
C256H383N66076S6- (1/3)Zn - 28H20, so the water content
of this powder was estimated to be 8.0 £1.0%. This
means that dry matter (DM) content=92.0 £1.0%. The
water content was also determined by measuring the
weight decrease on keeping the powder sample at
115°C for 8h. This gave a value of H20 con-
tent=9.4+1.0% (dry matter content=90.6 +1.0%). A
29.2-mg portion of this powder (which should involve
26.9 mg of dry matter) was dissolved into 0.22 ml of
distilled water, and this solution was then placed at the
proper position in our apparatus. The out-putisillus-
trated in Figs. 1 and 2. As may be seen in Fig. 1, the
unfrozen-water content drops suddenly at —1.5 °C (after
some supercooling) in the process of cooling; this cor-
responds to the freezing of the solvent water. On further

cooling, the unfrozen-water content is gradually
lowered from 1.3 to 0.4 gH20/gDM. After it reaches
0.33s gH20/gDM at —25 °C, it remains nearly constant
until —50 °C. In the course of warming, this unfrozen-
water content is kept till the temperature becomes
—10°C, whereupon it suddenly increases. Thus, the
unfrozen-water content 0.33s gH20/gDM at —40°C
seems to have some special significance; this unfrozen-
water content corresponds to 108 H20 molecules/in-
sulin molecule, and to 216 H20 molecules/two insulin
molecules (see Table 1).
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Fig. 1. Unfrozen water content uersus temperature

curves for zinc pig-insulin solution. The unfrozen
water (UFW) content is given by g H,O per g DM
(dry matter). Solid line was obtained in the process
of cooling (freezing curve), and dashed line was ob-
tained in the process of warming (thawing curve).
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Fig. 2. T, (spin-spin relaxation time) versus tempera-

ture curves for zinc pig-insulin solution. Solid line
was obtained in the process of cooling, and dashed
line was obtained in the process of warming.
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X-Ray crystallography®) NMR (Present work)
Nearest Temperature range
atom Distance Number per in which the water T, UFW Number per
in —x asymmetric is kept unfrozen content two insulin
insulin unit °C ms gH,0/gDM molecules
Nor O 2.7-3.3 117
¢ 32 7} - 214 50——25
N or O 3347 43} % —-50——-2 0.1--0.3 0.33, 216
C 3.3—4.7 47
N or O 4.7—5.0 5} 11
C 4.7-5.0 6 } 66 —925——8 0.3—0.5 0.10, 64
Not found 55

a) Refs. 2—4. b) This may be greater than 55, because the total number of water molecules in the crystal was
determined by chemical analysis, while the located molecules may have occupancy factors with values slightly less

than 1.0 (private communication from Dr. N. Sakabe).

For the rhombohedral two-zinc porcine insulin crys-
tal, a high-resolution (1.2 A) X-ray diffraction analysis
has been made.2=9 A chemical analysis indicated that
its asymmetric unit involves 2/3 Zn+2 insulin mole-
cules+280 H20. Of these 280 H20, 225 were crystallo-
graphically determined. Among them, 214 H:0
molecules were found within the distance of 4.7 A from
the nearest atoms of insulin, and 11 H20 molecules at
distances of 4.7—5.0 A from the nearest atoms. The
remaining 55 H20 molecules were not found because
of their disorder and the larger temperature factors (see
Table 1). Therefore, the water molecules remaining
unfrozen in the —50——25 °C range (or in the —50—
—10°C range in the thawing curve; see Fig. 1) may be
correlated with the water of hydration located within
4.7 A of the protein molecule. This may be called
“tightly bound”” water. The remaining 66 H20 mole-
cules were found in the crystallographic work to be
less strongly bound to the insulin molecules. This
number corresponds to the amount of water kept un-
frozen in the temperature range of —8——25°C on
the freezing curve (or —15——3°C on the thawing
curve) in our NMR study. This may be called
“weakly bound” water. In view of the errors (about
+5%) in our unfrozen-water content estimation, it
is also possible that all the crystallographically
located (at 4°C) H20 molecules (225 in number)
correspond to unfrozen water at —40°C (“tightly
bound” water). If so, all the 55 water molecules that
do not appear clearly in the crystal correspond to
the “weakly bound” water.

The above-mentioned apparatus can also provide an
average T3 value of the unfrozen water at every tempera-
ture.? Asis shown in Fig. 2, the “tightly bound” water
was found to have a T value of 0.1—0.3 ms, and the
“weakly bound” water, one of 0.3—0.5 ms. It should

also be pointed out here that a hysteresis loop in the
freezing-thawing curves is found not only for the unfro-
zen water content (see Fig. 1), but also for the unfrozen
water mobility (Fig. 2). By thermal analysis with a
differential scanning calorimeter (Daini Seikosha, SSC
560U), an inflection was observed in the thawing
process at —32.8 °C; this means an increase in the spe-
cific heat.

In conclusion, it may be suggested that the tightly-
bound water molecules (and possibly the weakly-bound
water molecules also) are nearly intrinsic on the surface
of the insulin molecule, and that even in its aqueous
solution their sites and orientations are similar to those
in the crystal. This suggestion is based merely upon a
coincidence in the numbers. If it is valid, however, it
may be generalized to globular proteins other than
insulin.

We wish to express our thanks to Dr. Noriyoshi
Sakabe, Nagoya University, for his kindness in provid-
ing the sample and for his valuable advice.
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