side with the mobility of Gy, indicating
a Gpy, structure. This ganglioside does
not inhibit TSH binding in the concentra-
tions tested, in agreement with the pre-
vious observation that Gy, from brain is
a poor inhibitor (/). Thus, the ganglio-
side present in the highest concentration
in bovine thyroid shows little ability to
inhibit TSH binding.

A multiplicity of gangliosides is pres-
ent on thyroid plasma membranes (/5).
These gangliosides vary in their ability to
inhibit TSH binding to thyroid mem-
branes. The most potent inhibitor (frac-
tion 20) contains at least two sialic acid
residues and some structure still unde-
scribed. It constitutes 0.015 percent of
the total thyroid gangliosides, or approx-
imately 10,000 molecules per thyroid cell
(16), a figure similar to that postulated
for the number of cholera toxin receptors
on fat cells (¢). The predominant ganglio-
side of the bovine thyroid (tentatively
Gp1a) is a poor inhibitor of TSH binding.
In our study, those thyroid gangliosides
that were the best inhibitors are present
in the lowest concentrations, while those
gangliosides showing minimal ligand in-
teraction were present in higher concen-
tration.

An earlier study indicated that TSH
can bind to a glycoprotein membrane
component (/7). Gangliosides with a
high affinity for TSH may act alone or in
concert with this glycoprotein in receiv-
ing and transmitting the hormonal mes-
sage to the thyroid target cell. It has been
shown (/8) that the disialyl residue pres-
ent in gangliosides with a high affinity for
TSH (Gpyp, Gry, and possibly fraction 20)
also is present in some glycoproteins.
Gangliosides and glycoproteins may
both contribute to the formation of a
functional TSH receptor on the thyroid
cell.
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Deficiencies of Glucosamine-6-Sulfate or Galactosamine-6-Sulfate

Sulfatases Are Responsible for Different Mucopolysaccharidoses

Abstract. [I-*H]Galactitol-6-sulfate, N-[1-*Hacetylgalactosaminitol-6-sulfate, N-

[I-3Hlacetylglucosaminitol-6-sulfate,

N-acetylglucosamine-6-sulfate,

and 6-sul-

fated tetrasaccharides from chondroitin-6-sulfate have been used for the measure-
ment of 6-sulfatase activity of extracts of normal skin fibroblasts and of fibroblasts
cultured from patients with genetic mucopolysaccharidoses. With these substrates,
extracts of fibroblasts derived from Morquio patients lack or have greatly reduced
activities for galactitol-6-sulfate, N-acetylgalactosaminitol-6-sulfate, and 6-sulfated
tetrasaccharides but have normal activity for N-acetylglucosamine-6-sulfate and its
alditol; those derived from a patient with a newly discovered mucopolysaccharidosis
have greatly reduced activity for N-acetylglucosamine-6-sulfate and its alditol but
normal activity for galactitol-6-sulfate, N-acetylgalactosaminitol-6-sulfate, and the
6-sulfated tetrasaccharides. These findings demonstrate the existence of two dif-
ferent hexosamine-6-sulfate sulfatases, specific for the glucose or galactose configu-
ration of their substrates. Their respective deficiencies, causing inability to degrade
keratan sulfate and heparan sulfate in one case and keratan sulfate and chondroitin-
6-sulfate in the other, are responsible for different clinical phenotypes.

Morquio disease (mucopolysacchari-
dosis IV) (/) emerged as a separate entity
from the various osteochondrodyspla-
sias when it was demonstrated that the
affected patients excrete in the urine
excessive amounts of keratan sulfate and
accumulate in cartilage keratan sulfate
and chondroitin-6-sulfate (2).

In 1974 Matalon et al. (3) prepared
polymeric *SQy-labeled chondroitin-4/6-
sulfate in chick embryos; using this ma-
terial, oligosaccharides derived from it,

and purified 6-sulfated oligosaccharides
as substrates, they demonstrated that a
sulfatase present in extracts of normal
skin fibroblasts was absent or greatly de-
fective in extracts of fibroblasts obtained
from Morquio patients (4).

In 1976 Singh et al. (5) assayed the
enzyme N-acetylgalactosamine-6-sulfate
sulfatase, measuring sulfate released
from tetrasaccharides derived from puri-
fied chondroitin-6-sulfate of shark carti-
lage, and confirmed that the enzyme is
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Table 1. Activity of galactose-6-sulfate, N-acetylgalactosamine-6-sulfate, and N-acetylglucos-
amine-6-sulfate sulfatases of extracts of normal fibroblasts, Morquio fibroblasts, and fibroblasts
of a patient (G.G.) with a newly described mucopolysaccharidosis. The results are expressed
as nanomoles of product per hour per milligram of protein; values are means * standard errors
of the means, with the range given in parentheses. Abbreviations: N, number of individual lines

tested; ND, not detectable.

Activity (nmole/hour mg)

. N- Chondroitin- N- N-
Fibroblasts [*H]Galac- [*H]Acetyl- 6-sulfate [*H]Acetyl- Acetyl-
titol galactos- tetrasac- glucos- glucos-
aminitol charides aminitol amine
Normal (N = 7) 1.5 = 0.09 0.9 = 0.05 19 = 22 1.8+0.08 23 19
(1.1 = 1.6) 0.8 — 1.0) (13.5 — 24) 1.5-19 (17 -29)
Morquio (N = 5) 0.23 + 0.11 0.08 = 0.04 ND 1.5+0.08 22+ 438
o ~-037 O -0.15 13 -17 (@14 -30)
15.3; 15.5* 0.16;0.2* ND

Patient (G.G.) 1.3 1.3

*Performed on extracts of different cultures.

below detectable levels in homogenates
of Morquio fibroblasts.

As a result of these studies, it was con-
cluded that the enzyme defective in Mor-
quio disease was a 6-sulfatase presum-
ably active on N-acetylglucosamine-6-
sulfate of keratan sulfate and on N-ace-
tylgalactosamine-6-sulfate of chondroi-
tin-6-sulfate (3, 4). However, it was not
clear why such a deficiency would not af-
fect the degradation of heparan sulfate
since this compound also contains N-
acetylglucosamine-6-sulfate residues.

The study of a patient affected by an
unusual mucopolysaccharidosis has pro-
vided evidence for the existence of two
different hexosamine-6-sulfate sulfa-
tases, specific respectively for N-acetyl-
galactosamine-6-sulfate and N-acetyl-
glucosamine-6-sulfate. While a defici-
ency of the first enzyme is responsible
for Morquio disease and for inadequate
degradation of keratan sulfate and
chondroitin-6-sulfate, a deficiency of the
second enzyme is responsible for a novel
disease in which the degradation of hepa-
ran sulfate and keratan sulfate are im-
paired.

The patient examined, G. G., who will
be described in detail elsewhere (6), is a
5-year-old male with retarded growth,
retarded intellect, a hypoplastic odon-
toid process of the atlas, mild osteo-
chondrodystrophy, hepatomegaly, ex-
cessive and coarse hair, and excessive
mucopolysacchariduria consisting essen-
tially of keratan sulfate and heparan sul-
fate. Cultured skin fibroblasts from the
patient, unlike those derived from Mor-
quio patients, showed inadequate deg-
radation of intracellular, 3SO,-labeled
glycosaminoglycans. The various en-
zymes responsible for the known muco-
polysaccharidoses, when measured on
extracts of his fibroblasts or leukocytes

or on his serum, were found to be nor-

mal.
80

Normal and mutant cultured skin fi-
broblasts (7) from one or more 75-cm?
plastic plates were removed by trypsini-
zation and collected by centrifugation
(8). The pellets were suspended in 1 ml
of 0.15M NaCl and sonicated for 20 sec-
onds to disrupt the cells. The suspen-
sions were dialyzed overnight against
0.15M NaCl and the retentates were
cleared by centrifugation at 20,000¢ for
10 minutes at 5°C. The protein content of
the clear supernatants was measured (9)
and portions of the extracts were used
for enzyme assays.

Galactose-6-sulfate, N-acetylgalactos-
amine-6-sulfate, and N-acetylglucos-
amine-6-sulfate were prepared with
chlorosulfonic acid by the method of
Suzuki and Strominger (/0). The barium
salts were converted to potassium salts;
the preparations were desalted by gel fil-
tration on Biogel P-2 columns (2 by 180
cm, 50 to 100 mesh) and analyzed by the
chromatographic method of Dietrich et
al. (11), using their solvent B. The bands
corresponding to the 6-sulfated sugars
were eluted with water, concentrated,
and analyzed by infrared spectroscopy.
All preparations showed a major band at
1235 cm™ (S-O stretching) and minor
ones at 775, 825, and 995 to 1000 cm™!,
indicative of sulfate in the 6 position. No
evidence of sulfate in the 4 position was
obtained. The three 6-sulfated mono-
saccharides were reduced with sodium
borotritide as described by Horton and
Philips (12) and the specific activity of
each ®H-labeled hexitol was calculated
as counts per minute per nanomole
(cpm/nmole) of sulfate (/3). Tetrasaccha-
rides from chondroitin-6-sulfate were
prepared as described previously (5).

A 50-ul portion of fibroblast extract
(100 to 150 ug of protein) in saline solu-
tion plus 10 ul of 0.6M acetate buffer of
pH 4.8 (containing 5 percent bovine
serum albumin) were added in plastic

centrifuge tubes to 40 wl of water con-
taining one of the substrates as follows:
100 nmole of galactitol-6-sulfate (2700
cpm/nmole), 150 nmole of N-acetyl-
galactosaminitol-6-sulfate (1200 cpm/
nmole), or 180 nmole of N-acetylglucos-
aminitol-6-sulfate (1200 cpm/nmole).
Control tubes were prepared as follows:
some had all the ingredients less the sub-
strate; others had the substrate alone.
All the tubes were incubated at 37°C for
5 hours; thereafter the two types of con-
trol tubes were mixed, and all the tubes
were immersed for 2 minutes in boiling
water and then centrifuged for 1 minute
in a microcentrifuge at 10,000g. Each
clear supernatant was aspirated, added
to 0.8 ml of water, and applied to a 5 by
20 mm column of Dowex 1 x 8 (200 to
400 mesh, Cl~ form) packed in water.
Because of their anionic charge the sub-
strates are retained in the columns, while
the desulfated products are not. Each
water effluent plus 0.3 ml of water wash
were collected directly into counting vi-
als. After the addition of 10 ml of Aqua-
sol (New England Nuclear), the vials
were cooled and counted. The difference
in counting rate between each control
tube (which contained less than 1 per-
cent of the radioactivity of the substrate
employed) and the corresponding tube
incubated with the fibroblast extract was
used to calculate the nanomoles of prod-
ucts obtained in 1 hour per milligram
of protein. In addition, N-acetylglu-
cosamine-6-sulfate sulfatase and N-ace-
tylgalactosamine-6-sulfate sulfatase were
measured using either 500 nmole of
nonradioactive N-acetyglucosamine-6-
sulfate or 500 nmole of sulfated tetra-
saccharides from chondroitin-6-sulfate
and incubation periods of 24 hours. In
both cases, the activity was expressed as
nanomoles of inorganic sulfate released
per hour per milligram of protein (I3).
Table 1 shows the various enzyme activi-
ties found in the normal and mutant fi-
broblast extracts tested.

While extracts of normal fibroblasts
are active on all the substrates used,
those derived from Morquio patients are
defective when tested with galactitol-6-
sulfate, N-acetylgalactosaminitol-6-sul-
fate, or 6-sulfated tetrasaccharides from
chondroitin-6-sulfate; however, they
have normal activities when tested with
N-acetylglucosamine-6-sulfate or its al-
ditol. Conversely, extracts of fibroblasts
obtained from patient G.G. have normal
activities when tested with galactitol-6-
sulfate, N-acetylgalactosaminitol-6-sul-
fate, and 6-sulfated tetrasaccharides
from chondroitin-6-sulfate; however,
they are defective with N-acetylglucos-
amine-6-sulfate or its alditol as sub-
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strates. The higher activities obtained
with the nonradioactive substrates are
probably due to the higher concentra-
tions of substrates used (about twice the
Michaelis constant values found for the
crude enzymes) or to a higher enzyme af-
finity for the nonreduced substrates in
the pyranose ring conformation.

No inhibition of normal sulfatase ac-
tivities was detected when extracts of
normal fibroblasts, mixed in various pro-
portions with extracts of fibroblasts from
Morquio patients or from patient G.G.,
were incubated with the various sub-
strates. With all substrates used, the en-
zymatic activities of normal fibroblast
extracts were linear with respect to in-
creases in time of incubation or protein
concentration. The pH optimum for the
sulfatase activities measured with the
various substrates was 4.8, in agreement
with the value found previously with
chondroitin-6-sulfate  tetrasaccharides
(5). Half-maximal activities were ob-
served at pH 3.7 and 5.6. Despite these
similarities between the two postulated
6-sulfatases, their different sensitivities
to lyophilization, concentration of am-
monium sulfate or various ions, and dis-
tribution in various organs (I4) strongly
suggest that they represent different pro-
teins.

These findings, obtained either with
nonradioactive substrates (which occur
in Keratan sulfate, heparan sulfate, and
chondroitin-6-sulfate) or with more con-
venient, radioactive derivatives of the
substrates, support the suggestion 3-5)
that the deficient enzyme in classical
Morquio disease is a 6-sulfatase specific
for substrates with the galactose corifigu-
ration (N-acetylgalactosamine-6-sulfate
and galactose-6-sulfate). Moreover, they
demonstrate the existence of a separate
6-sulfatase, specific for substrates with
the glucose configuration (N-acetylglu-
cosamine-6-sulfate), whose deficiency is
responsible for a novel mucopolysac-
charidosis which affects the degradation
of keratan sulfate and heparan sulfate
and has clinical and biochemical features
which may be considered a composite of
those of Morquio and Sanfilippo pheno-
types.

NicoLa D1 FERRANTE
LeoNARD C. GINSBERG
PAaTRrICIA V. DONNELLY
DANIELA T. D1 FERRANTE
Laboratories of Connective Tissue
Research, Department of
Biochemistry, Baylor College
of Medicine, Houston, Texas 77030
C. THOMAS CASKEY
Division of Medical Genetics,
Department of Medicine,
Baylor College of Medicine

SCIENCE, VOL. 199, 6 JANUARY 1978

References and Notes

1. V. A. McKusick, Heritable Disorders of Con-
nective Tissue (Mosby, St. Louis, ed. 4, 1972),
pp. 583-611.

2. V. Pedrini, L. Lenzi, V. Zambotti, Proc. Soc.

Exp. Biol. Med. 110, 847 (1962); A. Pedrini-

Mille, V. Pedrini, 1. V. Ponseti, J. Lab. Clin.

Med. 84 465 (1974).

R. Matalon et al., Biochem. Biophys. Res.

Commun. 61, 759 (1974).

A. Dorfman; B. Arbogast, R. Matalon, Adv.

Exp. Med. Biol. 68, 261 (1976).

. J. Singh, N. Di Ferrante, P. Niebes, D. Tavella,

J. Clin. Invest. 57, 1036 (1976).

. L. C. Ginsberg, P. V. Donnelly, D. T. Di Fer-
rante, N. Di Ferrante, C. T. Caskey, in prepara-
tion. '

7. Informed consent was obtained before per-

forming skin biopsies.

o v oW

8. J. Singh, P. V. Donnelly, N. Di Ferrante, B. L.
Nichols, P. Niebes, J. Lab. Clin. Med. 84, 438
(1974).

9. O. H. Lowry, N. J. Rosebrough, A. L. Farr, R.
J. Randall, J. Biol. Chem. 193, 265 (1951).

10. S. Suzuki and J. L. Strominger, ibid. 235, 267
(1960). :

11. C. P. Dietrich, M. E. Silva, Y. M. Michelacci,
ibid. 248, 6408 (1973).

12. D. Horton and K. D. Philips, Methods Carbo-
hydr. Chem. 7, 68 (1976).

13. L. C. Ginsberg and N. Di Ferrante, Biochem.
Med. 17, 80 (1977).

14. L. C. Ginsberg, N. Di Ferrante, D. T. Di Fer-
rante, unpublished results.

15. Supported by PHS grants GM-00081-03 and HL-
. 18692-01 and by the Howard Hughes Medical
Institute.

6 June 1977; revised 22 August 1977

Somatically Evoked Magnetic Fields of the Human Brain

Abstract. The human brain is found to produce a magnetic field near the scalp
which varies in synchrony with periodic electrical stimulation applied to a finger. Use
of a highly sensitive superconducting quantum interference device as a magnetic
field detector reveals that the brain’s field is sharply localized over the primary pro-
Jection area of the sensory cortex contralateral to the digit being stimulated. The
phase of the response at the stimulus frequency varies monotonically with the repeti-
tion rate and at intermediate frequencies yields a latency of approximately 70 milli-

seconds for cortical response.

We report here the detection of mag-
netic fields associated with the flow of
electric current in the brain in response
to electrical stimulation of the fingers.
Weak magnetic fields resulting from vi-
sual stimulation have previously been
detected outside the scalp (I<). In con-
trast to the diffuse nature of the visually
evoked potential (VEP), which is con-

F. Rolan&
+ +—/~+
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ventionally measured with scalp elec-
trodes, the visually evoked field (VEF) is
located over the visual cortex (2). This is
to be expected as the electric currents
giving rise to the VEF flow within the vi-
sual projection areas of the brain, while
accompanying weaker currents in the
skin rémain undetected. The VEF has
proved to be a significant indicator of
brain function since its latency is directly
correlated with the reaction time of a
subject when the spatial frequency of a
stimulus is varied (5, 6). The confined lo-
cation of the VEF and its correlation
with a measure of human performance
prompted us to search for neuromagnetic
responses evoked by other stimuli. The
neuromagnetic response evoked by elec-
trical stimulation of individual fingers of
the hand—the somatically evoked field
(SEF)—is similarly found to be well lo-
calized over the primary projection area,
in this case on the contralateral hemi-
sphere in the region SI for the stimulated
digit. The observed features of the SEF
indicate that the neuromagnetic tech-
nigues can provide unique advantages
for medical research.

A split-ring electrode, fashioned from
arubber grommet and two stainless steel

Fig. 1. (a) Neuromagnetic field patterns on the
left hemisphere for an electrical stimulus at 13
hertz applied to the little finger of the right
hand. Contours of equal magnetic flux in-
dicate the relative amplitude of response for
0.9, 0.7, and 0.5 of the maximum response at
the stimulus frequency. (b) The same pattern
drawn on the conventional 10-20 electrode
map. Abbreviation: F., fissure.

0036-8075/78/0106-0081$01.00/0 Copyright © 1977 AAAS 81



