and this sensation persisted for 7 or 8
seconds in the phantom. (vi) Reorganiza-
tion was relatively rapid. In one patient,
our study was carried out 4 weeks after limb
amputation rather than 12 years.

That patients “refer” paresthesiae to a
“phantom limb” is in itself not new. We
have attempted to systematically relate
such findings to studies of animal physiol-
ogy (1, 4). For example, we suggest that
the reason we found two clusters of refer-
ence fields exhibiting topography—one on
the face and one near the amputation
line—is because the hand area in Pen-
field’s homunculus (in the somatosensory
cortex) is flanked on one side by the face
and on the other side by areas around the
line of amputation (for example the upper
arm and shoulder). We would therefore
expect sensory input from both these re-
gions to “invade” the cortical hand area
and provide a basis for referred sensations.

The very existence of phantom limbs
might be partially explained by our hypoth-
esis. If tactile and proprioceptive input from
surrounding tissue “takes over” the brain
areas corresponding to the amputated limb,
spontaneous discharges arising from neu-
rons innervating these tissues would be
misinterpreted as arising from the missing
limb. This hypothesis is different from,
although not incompatible with, the idea
that phantom limbs result from the persis-
tence of a “neurosignature” in a diffuse
neuronal pool (5). Our observation that the
changes can occur as early as 4 weeks after
amputation is especially interesting since it
suggests that the reorganization is a result of
the unmasking of “silent” synapses rather
than of anatomical changes such as “sprout-
ing.” Perhaps, even in normal adults, input
from the face projects simultaneously to
both face and hand areas in the cortex or
thalamus (and input from the hand to both
hand and face areas). The unwanted input
to the hand area, however, may be subject to
tonic inhibition (for example, through an
inhibitory interneuron) by the “correct”
axon carrying a signal from the hand. When
an arm is amputated, this occult input is
unmasked through disinhibition. It remains
to be seen whether this unmasking is perma-
nent or whether the patients eventually
begin to “ignore” the referred sensations.

Whatever the ultimate interpretation
may be, however, our findings suggest that
the adult mammalian brain has a latent
capacity for much more rapid functional
reorganization over a much greater area
than previously thought, a capacity that
could conceivably be exploited for thera-
peutic purposes.

V. S. Ramachandran

D. Rogers-Ramachandran

M. Stewart

Brain and Perception Laboratory,
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Response: The preliminary observations of
Ramachandran et al. are remarkable for
they not only suggest that areas of the brain
that undergo reorganization after peripheral
or central damage are capable of mediating
tactile perception, but also that central
mechanisms alone can be responsible for
sensations in phantom limbs.

It has often been suggested that inciden-
tal stimulation of neuromas immediately ad-
jacent to an amputated region is responsible
for phantom sensations in a missing limb.
Generally, representations of adjacent body
parts are located in adjacent regions of cor-
tex. Ramachandran et al. have taken advan-
tage of the fact that the cortical representa-
tion of the face is not adjacent to represen-

tations of adjacent body parts, but is instead
adjacent to the representation of the upper
limb. They were thus able to dissociate the
effects of stimulating neuromas, which are
located at the end of an amputation, from
those of stimulating the adjacent cortical
body representation. Stimulation of neuro-
mas was clearly not necessary for the percep-
tion of phantom sensations, but activation
of cortex that had reorganized to respond to
inputs from the face was apparently sufficient
for such perception.

The mechanism by which such reorgani-
zation of the brain takes place is not yet clear.
With regard to the rapidity of the phantom
limb being activated by touching the face, 1
agree with Ramachandran et al. that sprouting
of new inputs seems unlikely, but an unmask-
ing of preexisting inputs also seems unlikely
because anatomical studies have repeatedly
demonstrated that areas of cortex representing
the hand do not receive connections from
regions of the brain representing the face.
Whatever mechanism is ultimately found to
be responsible for the reorganization, Ram-
achandran et al. have made an enormous
contribution by showing that such reorganized
cortex is capable of processing sensory inputs
so that they result in tactile perception.

Tim P. Pons

Laboratory of Neuropsychology,
National Institute of Mental Health,
Bethesda, MD 20892
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Structural Similarity Between Transforming
Growth Factor-32 and Nerve Growth Factor

The crystallographic  determination of
transforming growth factor-B2 (TGF-) re-
ported by S. Daopin et al. (I) offers an
exciting insight into the structures adopted
by this superfamily. However, the fold may
not be as unusual as first anticipated. I have
analyzed the major details of this topology
and have found them to be remarkably
consistent with the structure of nerve
growth factor (NGF) that was published
last year by N. Q. McDonald et al. (2).
The most obvious global similarities be-
tween the two structures are, first, the long
looping antiparallel strands that lead to the
unusual absence of a traditional hydropho-
bic core and, second, their homodimeric
form. In addition, the strict conservation of
nine cysteines per monomer reported for
the TGF-B family is mirrored by an equally
important set of six cysteines in NGF. All
six cysteines from NGF appear to have
equivalent sequential and structural loca-
tions in TGF-B and form their disulfide
bonds with equivalent partners (Fig. 1).
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A major structural difference between
these proteins is the absence, in NGF, of
three helices and three disulfide-forming
cysteine residues. These differences are par-
ticularly significant, as they are interdepen-
dent. The extra intrasubunit disulfide bond
in TGF-B forms a bridge between helix a1
and strand Bl and seems to be vital for
amino-terminal stabilization (Fig. 1). As
this helix is absent in NGF, the extra
disulfide is not required. The remaining
cysteine, which forms an intersubunit disul-
fide in TGF-B, is absent in NGF and will
probably reflect the different packing ar-
rangements adopted by each homodimer.

The absence of all three helices in NGF
would appear to be of only peripheral impor-
tance to the core topology, as they are all
located in, or near, loop regions. Similar
insertions and deletions have been observed
in other topologies with low sequence iden-
tities, such as plastocyanin (3) and azurin
(4), where they also have little effect on the
overall fold.



Fig. 1. Schematic representations
of (A) TGF-B and (B) NGF, high-
lighting the overall similarities in
topology. Secondary structure
and residue numbering systems
are taken from the original refer-
ences. The a helices are repre-
sented by cylinders, and B
strands are drawn as arrows.
Cysteine residues that form intra-
subunit disulfide bonds are num-
bered, and their bonds are repre-
sented by bold lines. N repre-
sents the amino terminal. The ex-
tra TGF-B disulfide bond is
located between residues 7 and
16. Regions of regular secondary
structure that are not present in
both proteins are shaded. These
include all of the helices from
TGF-B, as well as strands A’ and
A" from NGF. Strands A’’’ in NGF

and B2 in TGF-B are probably not
superimposable in three dimen-
sions.

Despite these structural similarities,
there is almost no sequence identity be-
tween the two proteins. The only con-
served features are the disulfide bonding
patterns, which appear to play a dominant
role in the absence of a significant hydro-
phobic core. Detailed structural compari-
sons and superpositions should provide re-
warding results, particularly as a reliable
sequence alignment could be derived. It
would appear that this fold, far from being
unique, may well provide the framework on
which many proteins are based. If so, this
will be an unexpected bonus provided by an
already intriguing structure.

Mark B. Swindells

Protein Engineering Research Institute,
6-2-3 Furuedai, Suita,

Osaka 565, Japan
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Response: The observation by Swindells, as
well as by A. G. Murzin and C. Chothia
(1), that TGF-B2 and NGF are topologi-
cally similar is interesting, particularly in
view of the low sequence homology and the
absence of the three helices in the NGF. In
order to obtain a more detailed comparison,
we have compared the three-dimensional
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(3-D) structures of the two proteins (2—4)
using the program ALIGN (5) (Fig. 1). The
results confirm that although the two struc-
tures are not similar in detail, there is a
general topological similarity. Out of about
110 residues in the two structures, 73 pairs
of a carbons have been aligned within 10 A
of each other with a root-mean-square
(rms) deviation of 3.3 A. This alignment
defines the most similar part of the two
structures, consisting of the B-sheet regions
of the four fingers of TGF-B2 [B-sheet
strands A, B, C, and D in NGF (4)] and the
three disulfide bridges at the base of the
fingers. These finger strands not only have
similar lengths but also have similar twists,
including a right-handed crossover twist in
the fourth strand that is found in both
structures at the same location. As a con-

TECHNICAL COMMENTS

trol, the variable regions of immunoglob-
ulin light ‘chain domains of McPC603 and
J539 were aligned and gave an rms devia-
tion of 0.86 A for 103 Ca pairs.

This general topological similarity be-
tween the two growth factors is unexpected,
as there is only an 11% sequence identity
between them (the two immunoglobulins
have a 55% sequence identity) (Fig. 2). Six
of the eight identical amino acid pairs,
however, are the cysteines of the three
invariant disulfide bridges, which suggests
that these disulfides form a common core
arrangement. Alignment of the six cysteines
alone yields a rms difference of 0.91 A.

The remaining 40 residues with poor align-
ment contain features peculiar to one mole-
cule but not found in the other. For instance,
TGF-B2 has three a helices that do not exist
in NGF, and NGF has three short B strands
between strands A and B that have no coun-
terpart in the TGF-B2 structure.

Both proteins exist as dimers, but the
mode of dimer formation is profoundly dif-
ferent. First, the dyad axes relating the two
subunits are roughly at right angles, with
the dyad in NGF running approximately
parallel to the long axis of the subunit, as
compared with the TGF-B2 dyad, which is
at about 90° to this axis (Fig. 3). This
difference in the axes results in a head-to-
tail association for TGF-B2 compared with
a head-to-head association for NGF. Sec-
ond, the dimer interface of NGF contains
the “back of the hands” compared with the
“palms” in TGF-B2. This results in the
hydrophobic patches that involve the dimer
formation being on the opposite surfaces of
the molecule. Third, the TGF-B2 interface
involves the longest a helix of one subunit
and the B-sheet finger region of the other
subunit, whereas in NGF the dimer inter-
face is formed mainly with the residues of
the B-sheet region. These differences in
dimer formation are further supported by
the 3-D-1-D profile analysis of ]. U. Bowie

Fig. 1. Stereo drawing of the backbone Ca atoms of TGF-B2 (solid bonds) superimposed onto the
Ca's of NGF (open bonds). The residues are labeled with the TGF-B2 numbering. The drawing is

made with the program ORTEP (8).
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Flg. 2. The sequence alignment
between TGF-B2 and NGF. The  ncr
two sequences are aligned ac-
cording to their structural align- — 7o&s Wi
ment. The TGF-B2 numbering is
used.

TGF-p2

TGF-B2
NGF

TGF-p2
NGF

Fig. 3. The dimers of TGF-B2 and NGF.
The cystine residues and those residues
located in the dimer interface are repre-
sented by white spheres. The sulfur at-
oms of the disulfides are shown as dark
spheres. The four corresponding B
strands are labeled as A, B, C, and D in
each ‘structure. (A) The TGF-B2 dimer
with its dyad axis labeled at the center
and pointing into the page. (B) The NGF
dimer with the arrow pointing along its
dyad axis. Both drawings are made with
the program MOLSCRIPT (9).

et al. in which a Z score is calculated to be
—11.7 when the 67 best aligned NGF
residues are used to fit the profile derived
from TGF-B2 dimer (2, 6) (a negative Z

10 20 30

ALDAAYCFRNVQDN[CICLRPLYI.IDIFKRDLGW. . ... ... K
VDSVSVWVGK‘I‘. ...TATDIKGKEYV

70 80 90

score means the two structures are incom-

patible in the context of the dimer).
There are also differences in the pro-

posed receptor recognition sites. The pro-

Silica-Carbonate Isotopic Temperature Calibration

A. Shemesh et dl. (I) use the oxygen
isotope fractionation between biogenic sil-
ica and foraminiferal carbonate in deep-sea
sediments to determine variations in both
the temperature of deposition and the iso-
topic composition of seawater over the last
glacial cycle. It appears that they have
overestimated the sensitivity of the silica-
carbonate isotopic thermometer by a factor
of 6 and that their results may therefore be
invalid.

Shemesh et al. deduce the silica-carbon-
ate fractionation curve by combining data

1162

from the silica-water fractionation and the
carbonate-water fractionation. The latter
can be found in studies by S. Epstein et al.
(2) on biogenic calcite and by R. N. Clay-
ton (3) on inorganically exchanged calcite.
For biogenic silica, L. D. Labeyrie (4)
showed that isotopic fractionation between
biogenic silica and water follows closely the

- fractionation between crystalline quartz and

water measured in higher temperature lab-
oratory experiments (5). Similar agreement
was found for amorphous silica precipitated
in geothermal wells (6). The temperature
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posed type II receptor binding site for
TGF-B2 has been localized to the surface
residues within the region 40 to 80 (7),
which is at the back of the heel of the
hand. Conversely, the putative receptor
binding site for NGF is located around the
three—hairpin loop region that includes
residues 29 to 35, 43 to 48, and 92 to 98;
TGF-B2 lacks two of these loops, 29 to 35
and 43 to 48.

In summary, the topology of the four
central B strands together with the three
pairs of disulfides is conserved between the
TGF-B and NGF families despite the low
sequence homology and their very different
roles in mediating the dimer formation.
These common features may represent a
more general structural motif that could be
used as a common building block for other
cysteine-rich growth factors.

Sun Daopin

Gerson H. Cohen

David Davies
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dependence for deposition of silica by dia-
toms has been redetermined with the use of
new analytical techniques (7), and results
are in agreement with earlier findings, al-
though the data are rather scattered.
Previous studies lead to the conclusion
that quartz-calcite is a good approximation
to diatom-foraminifera for the purposes of
isotopic fractionation. The quartz-calcite
isotopic fractionation is well known exper-
imentally and theoretically at all tempera-
tures (8). At ocean temperatures, the tem-
perature coefficient of the quartz-calcite
isotopic fractionation is —0.04 per mil per
degrees Celsius. For an analytical precision
of +0.15 per mil, the paleotemperature





