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The possibility that the structure of water is modified in the neighborhood of
large structures with hydrogen-bonding surfaces to give rise to ordered lattices
has been extensively discussed (cf. Bernal') and considered in relation to biological
systems.2-5 Nuclear magnetic resonance (NMR) affords a technique to examine
the possibility that "ordered" states of water, intermediate in rigidity of structure
between "free" water and ice actually exist. Evidence from proton magnetic
resonance studies indicates that the resonance signal of the water protons in systems
containing macromolecules like deoxyribonucleic acid (DNA)2 or tobacco mosaic
virus (TMV)6 as well as in certain cellular preparations (e.g., vaginal cell sediments
and erythrocytes7) differ from those obtained with free water. It is not known,
however, whether these changes are due to "ordered" water lattices or to other
factors which influence the NMR signal. Thus, the reported broadening and
decreased area of the proton signal of the water in systems of DNA2 and TMV,6
interpreted as evidence for "ordered water lattices," are regarded by Balazs,
Bothner-By, and Gergely8 as the influence of diamagnetic anisotropy in mole-
cules of this type upon the proton signal, rather than resulting from "structuring"
of water.
We wish to report high resolution NMR studies on agar gels which at present

can best be interpreted as indicating that the water in such a gel is in a modified
"state" with properties of structural rigidity intermediate between ice and free
water. Other factors which might give rise to the NMR results have been sys-
tematically examined and found not to be responsible for the altered magnetic
resonance properties of water in the agar gel system.

Materials and Methods.-The NMR spectra were obtained using a Varian Model
V4302 high resolution NMR spectrometer, operated at a frequency of 60 Mc/s.
The field was swept at 1.4 cps/sec unless otherwise stated. The areas of the NMR
signals were obtained by weighing traces of the signal and comparing these to the
weights of the traces of NMR signals from known H20 standards, prepared by
diluting H20 with D20. T, for the water signal, when measured, was obtained
using the direct method.9 The line width of the proton signal for water
was measured at the half-height of the peak amplitude. The charts were cali-
brated by using side-bands produced by a Hewlett Packard wide-range oscillator
(Model 200 CDR). The samples were placed in calibrated 5 mm. O.D. tubes and
measurements were carried out at room temperature (30'C) unless otherwise
specified.
The agar employed was Bacto-agar (Difco); similar NMR results were obtained

after the sample was exhaustively leached with water, ethanol, acetone, and ether.
Two USP samples of gelatin (Difco and Knox) were studied and gave similar re-
sults. Samples of methoxycellulose (Methocel, Dow Chemical Co.) of varying
viscosity grades (15, 400,1,500, 4,000, and 8,000 centipoises) and of sodium car-
boxymethyl cellulose (Hercules Powder Co., CMC-7HCP, CMC-12HP, CMC-7MP,
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and CMC-7LP) were used. Polyvinyl pyrollidone (PVP-30, General Aniline &
Film Corp.) and pectin (Nutritional Biochem. Corp.) were also studied.
Results.-When examined under high resolution NMR spectroscopy, the line

width of pure water measured under our conditions is 1.6 i 0.4 cps, and this value
is not significantly altered when water is progressively diluted with D20. In
marked contrast, water protons of agar gels at room temperature give a much
broader signal with decreased amplitude relative to the water standard. The
line widths vary from about 5 cps for a 1 per cent agar to about 50 cps for a 10
per cent gel. With 3 per cent agar gels, the concentration used for most of these
studies, the line width is about 16.5 cps, with a variation of about + 3 cps. The
area under the curve of H20-D20 mixtures (ranging from 100%-25% H20) is
directly proportional to the concentration of protons in the sample. In 3 per cent
agar gels there is observed an apparent decrease in the area under the curve
of the water signal compared to 100 per cent water standard at the same setting,
suggesting that about half of the protons of the water are not being registered.
Most or all of the "missing" water signal, however, becomes apparent on increased
amplification and appears in the "wings," the increased line width of agar gels
remaining constant. The increased line width in agar is not due to saturation of
the system of protons by the rf (radiofrequency) field, since the line width of water
in 3 per cent agar was found to be independent of the rf intensity normally used.
The line width of agar gels was markedly influenced by temperature. On heat-

ing a sample in a boiling water bath and then recording spectra as the agar is
cooling, changes are observed, the water signal in hot agar sols resembling free
water and becoming broader as it gels. At temperatures of 630 to 480C, 3 per
cent agar shows a line width of 2 cps; upon further cooling to room temperature it
achieves its final broadened state. This finding demonstrates that a paramag-
netic impurity in the agar is not responsible for line broadening since such a fac-
tor should be operative independent of temperature. T. in 3 per cent agar gels
prepared in distilled water is of the same order as that of pure water. Although no
direct determinations of T2 were made, the "ringing" observed on the oscilloscope
with H20, is markedly reduced in the agar samples, as shown in Figure 1, indicat-
ing that T2 is decreased relative to pure water.
The broadening observed in agar gels is highly specific. Gelatin gels prepared

in water (5 to 25%) do not show significant broadening of line width. Methocel
solutions (2%), ranging in absolute viscosity from 15 to about 7,500 centipoises at
200, as well as their gels (prepared by heating) did not exhibit the broadening.
Similarly, 2 per cent solutions of sodium carboxymethylcellulose (CMC), ranging
in absolute viscosity from 35 to about 40,000 centipoises (at 250) did not exhibit
line widths greater than 4 cps, even though high viscosity CMC sets up to form a
thixotropic gel. Viscous solutions of PVP (40-50%) and pectin (5%) likewise
have only slight effects on line width of the water signal. Balazs et al.A who studied
a great variety of other gel systems, including collagen, hyaluronic acid, myosin,
and gelatin, have reported no broadening of the water signal. Accordingly, the
line broadening observed with agar cannot be explained in terms of any simple
gelation or viscosity effect.

Other differences between agar gels and the other gel systems mentioned were
evaluated. For example, it is possible to consider that there are relatively large
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"lakes" in gels like gelatin whereas in agar gels the matrix might be so arranged
that the water was enclosed within small heterogeneous compartments, which
might theoretically give rise to the broadening observed with agar. It is also
possible to consider that as agar sets to form a gel, diamagnetic anisotropy is in-
troduced, whereas with the other gels this does not occur. These possible ex-
planations for line broadening were examined by studying the behavior of the CH3
protons of tetramethylammonium chloride added to agar; these protons should be
subject to the same influences as the protons of water in the gel. Agar gels (3%)
prepared in 1 M tetramethylammonium chloride show the characteristic broaden-
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FIG. 1.-The oscilloscope tracings of

high resolution proton magnetic resonance
spectra of 3 per cent agar gel and of pure
water at the same settings, illustrating re- D
laxation wiggles (ringing). A decrease in 34!
ringing is associated with a decrease in T2,
the spin-spin relaxation time, which is a
measure of the rate at which the nuclear FIG. 2.-The recorded NMR spectra at a constant
moments transfer energy to one another, setting of iM tetramethylammonium chloride in 20
either directly with each other, or with per cent H20-80 per cent D20 at 300 (A), and 3 per
their environment. cent agar gel made up in the same aqueous system at

520(B), 420(C) and 340(D); the water peak is at the
left, 89.7 cps. "downfield" from the methyl peak at
room temperature (300) in both water and 3 per cent
agar. Note that in 3 per cent agar, the methyl peak
remains constant in line width and peak amplitude,
while in agar the water peak increases in line-width
and decreases in peak amplitude as temperature de-
creases and gelation occurs.

ing of the water peak; however, the methyl peak (89.7 cycles upfield at room tem-
perature) is not significantly broadened. Moreover, on heating such agar gels
and recording spectra while cooling, it is observed that the methyl peak shows no
significant change as the temperature of the gel is varied, while the water peak is
sharpened at high temperatures and broadens as temperature is lowered. Figure
2 shows a typical experiment of this type; to obtain tracings which show both the
water peak and the methyl peak at the same level of amplification during the
course of the run, the H20 signal in the experiments shown are those obtained using
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1 M tetramethylammonium chloride in 20%o H20-80% D20, so as to decrease the
H120 peak.'0 (Similar results are obtained if 100 per cent water is used, except
that in this case it is necessary to increase amplification after the water peak has
been recorded to see the characteristics of the CH3 peak.) Since heterogeneous
compartmentalization of water, diamagnetic anisotropy of the system, or the presence
of paramagnetic impurities should influence the protons of water and methyl to an
equivalent extent, the line broadening of the water peak in agar is not explicable
in terms of these factors. There remains the possibility that the line broadening
is due to decreased mobility of water protons in agar gels relative to pure water,
implying the existence of water structures intermediate in rigidity between free
water and ice.

It must be emphasized that the water in agar gels does not appear to be a two
phase system consisting of a mixture of "free" water and water in some other state.
On high amplification there is no evidence for discontinuity of the water signal in
agar gels; moreover, if a capillary containing "free" water is introduced into a
3 per cent agar gel, this free water sample registers as a superimposed peak to the
"low field" side of the agar-water signal (together with its ringing), suggesting that
if a large fraction of free water had actually been present in the gel, this might
have been registered as a peak superimposed on a wider signal (Fig. 3).

FIG. 3.--A high amplification recorded spectrum of a 3 per cent agar
gel containing a capillary filled with pure water. The water in the capil-
lary registers as the sharp peak, with ringing, to the left (downfield) of
the peak of the bulk water present in 3 per cent agar.

The present results, which indicate that the water in an agar gel at room tem-
perature is in a state different from that of ordinary aqueous solutions, can be
interpreted along lines discussed by Bernal.' Thus, it may be considered that at
the surface of the polysaccharide chains in 3 per cent agar, water molecules are
hydrogen-bonded to hydroxyl groups (on a 1:1 or 2:1 basis) resulting in a rigid
"ice-like" arrangement of a small number of the water molecules. The bulk of the
water between polysaccharide chains, which registers in NMR, would be subject
to so-called long range forces and be in a state intermediate between an ice-like
arrangement and "free" to the extent that it would possess a certain degree of
rigidity reducing its mobility, while in large part retaining the solvent properties
of free water. Such an explanation could account for the fact that the water in
agar gels, while appearing to be "free" to act as a solvent for tetramethylammonium
chloride, nevertheless appears to be "ordered" to a higher degree than "free" water.
The specificity of agar among a variety of polysaccharides and gels indicates the
importance of some structural feature of the gel matrix which appears to be neces-
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sary for the "ordering" of water molecules. The specific mechanism involved, as
yet unknown, merits serious investigation.
Summary.-The proton signal of the water in agar gels, studied in high resolution

NMR, differs from that of pure water in that the line width is significantly broad-
ened and the amplitude is decreased; T1 is not influenced but T2 is decreased.
This effect in agar is not shown by a variety of other gels and viscous solutions
studied. The signal of the methyl protons from tetramethylammonium chloride
is essentially equivalent when studied in agar gels or in pure water in marked con-
trast to the proton signal from water. These findings demonstrate that a possible
heterogeneity of the internal field, resulting from compartmentalization of
water, diamagnetic anisotropy, or the presence of paramagnetic impurities, are
not responsible for the NMR changes observed in the water of agar gels. The
NMR data can best be explained at present on the basis that water in an agar gel
is in a modified state with properties of structural rigidity and mobility inter-
mediate between "free" water and ice.

We should like to thank Dr. John Waugh, Massachusetts Institute of Tech-
nology, for critical discussions as this work was in progress. The authors are
indebted to Martin Yasuna for technical assistance.

* Aided in part by a grant from the Commonwealth Fund.
1 Bernal, J. D., in Hydrogen Bonding, ed. D. Hadzi (London: Pergamon Press, 1959), p. 7.
2Jacobson, B.. W. A. Anderson, and J. T. Arnold, Nature, 173, 772 (1954).
3Szent-Gy6rgyi, A., Bioenergetics (New York: Academic Press, 1958).
4Klotz, I. M., Science, 128, 815 (1958).
5 Hechter, O., and G. Lester, Recent Progr. Hormone Research, 16, 139 (1960).
6Jardetzky, K., and 0. Jardetzky, Biochem. Biophys. Acta, 26, 688 (1957).
7Odeblad, E., Annals of the N. Y. Academy of Sciences, 83, 189 (1959).
8 Balazs, E. A., A. A. Bothner-By, and J. Gergely, J. Mol. Biol., 1, 147 (1959).
9 Pople, J. A., W. G. Schneider, and H. J. Bernstein, High-Resolution Nuclear Magnetic Reson-

ance, (New York: McGraw-Hill, 1959), p. 82.
10 There is a chemical shift as temperature is varied in the 3 per cent agar, the water signal

shifting downfield as temperature decreases (methyl peak as standard); similar results are ob-
tained, however, with water-tetramethylammonium chloride. The similar chemical shift ob-
served with both 3 per cent agar and water relative to the methyl signal does not necessarily mean
that the degree of hydrogen bonding of water in the two cases is necessarily the same.

STUDIES ON BEEF SPLEEN CA THEPSIN A*

BY NOAH LICHTENSTEINt AND JOSEPH S. FRUTON

DEPARTMENT OF BIOCHEMISTRY, YALE UNIVERSITY

Communicated April 22, 1960

Previous studies on the action of proteolytic enzymes in animal tissues (spleen,
kidney, liver) on synthetic substrates for well-defined proteinases (pepsin, tryp-
sin, chymotrypsin) have led to the identification of three cathepsins, designated
A, B, and C, respectively.' Cathepsin A (termed cathepsin I in earlier papers2-4)
was characterized by its optimal action on carbobenzoxy-L-glutamyl-L-tyrosine


