At low pressure, the calculated sound
velocity profiles match the experiment ex-
ceptionally well, and at high pressures, the
results are close to the extrapolated experi-
mental curves, despite the dramatic
changes in the material that begin at 100
GPa (7). The agreement reinforces the con-
clusions of the diamond-cell (3) and shock-
wave studies (1). Small differences between
the latter two at the highest pressures arise
from the uncertainty in fitting intermolecu-
lar interaction potentials to the experimen-
tal data. Indeed, the degree of molecular
dissociation obtained from the analysis of
the shock-wave data depends strongly on
the form of the potentials. It must be admit-
ted that the new calculations are also not
without attendant approximations; in par-
ticular, the zero-point (quantum) motion of
the protons is neglected, the electronic part
is carried out within the local density ap-
proximation, and adiabatic corrections are
approximate. In addition, all calculations
were performed at 1000 K, whereas the
temperature in Jupiter rises steeply with
depth (reaching ~10,000 K at 300 GPa).
Nevertheless, the emerging consensus—
from diamond-cell experiments, shock-
wave compression, and now theory—is
highly encouraging, but signifying what?

One of the conclusions of all three stud-
ies is the need to revise either the interpre-
tation of purported observations of the
jovian free oscillations or existing interior
models for the planet. The models predict a
significantly larger characteristic free-os-
cillation frequency than indicated by the
observations (3). One way to force agree-
ment is to dissolve significantly more He
(or other elements heavier than H) into
the jovian mantle, but the amounts re-
quired would likely make the planet too
dense. Recently, Lederer et al. (11) reported
that at least some of the observations could
be albedo features (relative variations in
brightness of the planet’s surface) rather
than global oscillations: a portion of the
frequency spectrum seems to be contami-
nated by variations in Jupiter’s complex
and highly turbulent atmosphere, which
is coupled to the rapid rotation rate of
the planet.

The implications of this new insight on
dense hydrogen run deeper than this. Per-
haps most compelling is that abrupt disso-
ciation of hydrogen and the presence of dis-
tinct molecular and atomic (plasma) layers
within the planet is probably overly simplis-
tic. There is likely to be a transition zone
between the two regions (perhaps loosely
analogous to that in the mantle of the
Earth) in which the molecular-atomic tran-
sition takes place, perhaps with no discrete
boundary in Jupiter. At 150 to 400 GPa, the
theoretical calculations predict evanescent
stringlike structures that rapidly exchange
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protons and electrons at high temperatures
(2, 8). In the language of chemical physics,
this is a regime of intense reactive scatter-
ing. Moreover, electron transfer and disso-
ciation at lower pressures imply that a por-
tion of the planet’s magnetic field may be
generated at much shallower depths than
previously thought. Nellis et al. (1) suggest
that this also produces an unusual tempera-
ture profile at intermediate depths, which
in turn controls the style of convection. In-
terestingly, an intermediate transition zone
has also been proposed from analysis of ob-
servational data for the planet (4). How
these changes in hydrogen are related to the
complex phase diagram documented experi-
mentally at lower temperatures is not yet
fully established, but the calculated high-
temperature charge-transfer processes likely
parallel the charge-transfer states identified
spectroscopically for the solid (7). With
continued efforts to characterize dense hy-
drogen and hydrogen-helium (and more
complex) mixtures, a chemical understand-

ing of the interiors of the gas giants may
emerge to complement that which is now
developing for their atmospheres.

References and Notes

1. W. J. Nellis, M. Ross, N. C. Holmes, Science 269,
1249 (1995).

2. A. Alavi, M. Parrinello, D. Frenkel, ibid., p. 1259.

3. T.S.Duffy, W. L. Vos, C.-s. Zha, R. J. Hemley, H.-
k. Mao, ibid. 263, 1590 (1994).

4. V. N. Zharkov and T. V. Gudkova, High-Pressure
Research: Application to Earth and Planetary Sci-
ences (Terra Scientific, Tokyo, and American
Geophysical Union, Washington, DC, 1992), pp.
393-401.

5. G. Chabrier, D. Saumon, W. B. Hubbard, J. I.
Lunine, Astrophys. J. 391, 817 (1992).

6. B. Mosser, F. Schmider, P. Delache, D. Gautier,
Astron. Astrophys. 251, 356 (1991); ibid. 267, 604
(1993).

7. H. K. Mao and R. J. Hemley, Rev. Mod. Phys. 66,
671 (1994).

8. D. Hohl, V. Natoli, D. M. Ceperley, R. M. Martin,
Phys. Rev. Lett. 71, 541 (1993).

9. N. W. Ashcroft, Elementary Processes in Dense
Plasmas (Addison-Wesley, Reading, MA, 1995),
pp. 251-270.

10. V. Natoli, R. M. Martin, D. M. Ceperley, Phys. Rev.
Lett. 74, 1601 (1995).
11. S. M. Lederer et al., Icarus 114, 269 (1995).

Glycobiology: More Functions for
Oligosaccharides

Raymond A. Dwek

Glycosylation is a major feature of the ex-
tracellular portion of CD2, a leukocyte
antigen on T cells that mediates cellular
adhesion. CD2 consists of two immunoglo-
bulin G (IgG) superfamily domains, a V set
(amino terminal) and a C2 set. The protein
has three glycosylation sites—one in the
adhesion domain that is characterized by
the glycoforms [-(GIcNAc),-(Man)s_g]. The
nuclear magnetic resonance (NMR) solution
structure of this adhesion domain, described
on page 1273 of this issue (1), is the first ex-
ample in which both the polypeptide and
the attached oligosaccharide are defined.
The solution structure reveals that the
core monosaccharides GlcNAc2 interact
with the polypeptide, and as a result much
of the remainder of the oligosaccharide is
conformationally restricted. On the basis of
the new structure and site-directed mu-
tagenesis studies, the authors conclude that
the glycan stabilizes an exposed cluster of
five positive charges from surface lysines
(Lys®, Lys™, Lys®4, and Lys*®, with Lys®! at
the center), mainly through hydrogen
bonds and van der Waals contacts (Fig.
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1A). Elimination of the N-linked glycan
leads to partial or complete unfolding and
loss of counterreceptor (CD58) binding.
The authors suggest that glycosylated Ig do-
mains such as CD2 are not rigid protein
scaffolds but have conformations that result
from an interplay of dynamic interactions
between the polypeptide and attached gly-
can. Interestingly, if the central Lys®! is re-
placed by glutamic acid (as in rat CD2), the
negative charge allows the formation of a
salt bridge with Lys®, and rat CD2 is stable
even without an attached oligosaccharide.

The concept that an oligosaccharide
might have a structural role by susbstituting
for one or more amino acids has been noted
in the closely related structures of the vari-
able domain of trypanosome variant sur-
face glycoproteins (2). An o helix in one
structure is replaced in another by the first
three monosaccharides of an oligosaccha-
ride, which bury the same core amino acids
as the o helix.

The elegant biosynthetic glycan-pro-
cessing pathway in the cell allows, in prin-
ciple, the same oligosaccharide to be at-
tached to quite different proteins without
having to code the information into the
DNA of the individual proteins. However,
the orientation of the attached oligosac-



charide with respect to the
polypeptide may markedly af-
fect the properties of the gly-
coproteins. For instance, in
glycosylated bovine pancreatic
ribonuclease (RNase) B, which
contains a set of glycoforms
[-(GlcNAc);-(Man)s_o] similar
to that of CD2, NMR studies
have shown that there are no
extensive interactions between
the oligosaccharide and the
protein, and that the dynamic
motions of the oligosaccharide
are independent of the protein.
When the flexibility of the as-
paragine side chain is also
taken into account, a large por-
tion of the protein surface is
“shielded” by the oligosaccha-
ride (3) (Fig. 1B). This is prob-
ably why glycosylated RNase B
is less active than the un-
glycosylated form in its inter-
action with double-stranded
RNA (4). This comparison em-
phasizes one of the most impor-
tant factors in understanding the roles of
oligosaccharides attached to glycoproteins,
that is, the same oligosaccharide on differ-
ent proteins may have quite different prop-
erties, depending on the orientation with
respect to its polypeptide.

In the adhesion domain of CD2, the asso-
ciated oligosaccharide set clearly has a struc-
tural role, and the close interaction with the
protein probably means that it is not avail-
able for recognition by lectins. By contrast,
the same oligosaccharides in orientations such
as that on RNase B would be accessible to
lectins, a property also affected by the num-
ber of copies of the oligosaccharides and
their precise geometry of presentation.

Of course, different glycoforms of a pro-
tein may display quite different orientations
of the oligosaccharides with respect to the
protein, thus conferring different properties.
A striking example is the structure of the Fc
fragment of IgG. The conserved N-linked
complex oligosaccharides at Asn?? on each
heavy chain of the C,;2 domain occupy the
interstitial space between the domains (Fig.
1C). Their presence stabilizes the hinge
conformation of the Fc. The a(1-6) an-
tenna of each oligosaccharide interacts with
hydrophobic and polar residues on the do-
main surface. This interaction is particu-
larly marked for the terminal galactose
monosaccharide. There are also potential
interactions with the domain surface and
the terminal galactose on the a(1-3) an-
tenna. The dynamic properties of the oli-
gosaccharide are similar to those of the pep-
tide, as is the case of CD2. However, loss of
the two terminal galactoses, as in the Fc
fragment from patients with rtheumatoid ar-

Fig. 1. (A) CD2. N-Glycan, blue; polypeptide, red; Lys®, yellow; Lys®®, orange;
Lys% and Lys™, purple (7). (B) Ribonuclease model showing dynamics of oli-
gosaccharides (yellow) (3). (C and D) Immunoglobulin G Fc model (5, 7). Oli-
gosaccharides, green; Asn?¥ side chain, blue.

thritis, results in a loss of interaction be-
tween the domain surface and the oligosac-
charide. This permits displacement and
consequent exposure of the oligosaccha-
rides, giving them the potential to be recog-
nized by endogenous lectins (5) (Fig. 1D).
Protein glycosylation is influenced by
three main factors (6): the overall protein
conformation, the effect of local conforma-
tion, and the available repertoire of
glycosylation-processing enzymes for the
particular cell type. In general, the pattern
of glycoforms is protein-specific, site-spe-
cific, and tissue- or cell-specific. The new
results (I, 6) demonstrate that the
glycosylation of the full-length CD2 mol-
ecule (both domains) expressed in CHO

Membrane

Fig. 2. Interaction of rat CD2 with rat CD48 (8-
10). Oligosaccharides, green.
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cells shows site-specific glyco-
sylation patterns. Is this also
true for the natural glycoform
set of CD2 from T cells? The
technology is certainly avail-
able to sequence picomolar
amounts. [t may be that the in-
teraction between the protein
and the core of the oligosac-
charide orients the oligoman-
nose chain such that the acces-
sibility of processing enzymes
is restricted and that the site
specificity is that of the oligo-
mannose glycoforms.

Many leukocyte antigens
are heavily glycosylated. For
instance, N-linked oligosac-
charides contribute up to 50
percent of the mass of CD45,
whereas O-linked sugars con-
tribute up to 70 percent in mu-
cin-like proteins such as CD43.
The importance of defining
glycosylation for a complete
understanding of function is
clearly apparent from a mo-
lecular model of the interaction of rat CD2
with its counterreceptor CD48, (Fig. 2),
which highlights the dominant position of
the oligosaccharides on the protein surfaces
(one would expect this to be very similar for
the human CD2-CD58 complex).

That one set of structures on different
proteins can result in quite dramatic varia-
tions in properties of glycoproteins or that
different glycoforms may have different
properties emphasizes that there is no
single unifying function for oligosaccha-
rides. Clearly, a major function is to serve as
recognition markers. However, they can
also alter the intrinsic properties of proteins
to which they are attached by altering the
stability, protease resistance, or quaternary
structure. Further, the large size of oligosac-
charides may allow them to cover function-
ally important areas of proteins and to
modulate the interactions of glycoproteins
with other molecules. Finally, glycosylation
is also highly sensitive to alterations in cel-
lular function, and abnormal glycosylation
is characteristic of a number of disease
states, including rheumatoid arthritis and
cancer, which may result in quite different
functions for oligosaccharides.
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