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Defective Sialic Acid Egress from Isolated Fibroblast
Lysosomes of Patients with Salla Disease

MARTIN RENLUND, FRaNK TI1ETZE, WiLL1aM A. GAHL*

Normal fibroblasts exposed to N-acetylmannosamine yielded lysosome-rich granular
fractions loaded with free (unbound) sialic acid, whose velocity of egress increased
with increasing initial loading. Fibroblast granular fractions of patients with Salla
disease exhibited negligible egress of sialic acid, whether endogenous or derived from
N-acetylmannosamine exposure. Salla disease represents the first disorder demonstrat-
ed to be caused by defective transport of a monosaccharide out of cellular lysosomes.

YSOSOMAL STORAGE DISORDERS RE-

sult from several different biochemi-

cal abnormalities. Lysosomal en-
zymes may be defective, enzyme activator
proteins may be deficient, or newly synthe-
sized enzymes may lack recognition markers
essential for targeting them to the lysosome
(1). Recently, another group of lysosomal
storage disorders was described, character-
ized by defective transport of small mole-
cules across the lysosomal membrane. The
first disorder of this class was nephropathic
cystinosis, a fatal disease in which the disul-
fide cystine fails to traverse the lysosomal
membrane at a normal rate and, consequent-
ly, accumulates within lysosomes (2). Later,
a disorder of vitamin B, storage was as-
cribed to defective lysosomal transport of
free vitamin By, out of lysosomes (3). We
now report that impaired lysosomal trans-
port of a carbohydrate, N-acetylneuraminic
acid (sialic acid; NANA), results in Salla
disease, a disorder characterized by free sialic
acid storage within lysosomes.

Patients with Salla disease, which is inher-
ited in an autosomal recessive fashion, have
moderate to severe psychomotor retarda-
tion, spasticity, and ataxia with an early
onset and slow progression (4). The major-
ity of the patients in whom the disease has
been detected are in Finland. They excrete
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large amounts of free (unbound) NANA
and store 10 to 30 times the normal
amounts of this compound within several
tissues and cultured fibroblasts (5). Electron
microscopy of tissues reveals characteristic
vacuolated cytoplasmic inclusions, that are
apparently lysosomes swollen with high
concentrations of free NANA (4). The
amounts and distributions of NANA-con-
taining membrane glycoproteins and gangli-
osides are normal in cells from patients with
Salla disease (“Salla disease cells”), and a
normal amount of acid neuraminidase activ-
ity cleaves NANA from glycoconjugates in
Salla discase lysosomes (5). The fate of free
NANA produced has not been rigorously
determined, but N-acetylneuraminate pyru-
vate-lyase (E.C. 4.1.3.3.), a cytoplasmic en-
zyme, does cleave the neuraminic acid ring
structure as the first step in NANA catabo-
lism. In Salla disease fibroblasts this enzyme
has normal activity (5), which led us to
investigate whether free NANA transport
out of lysosomes and into the cytoplasm is
the defective process in the disorder.
Previous studies demonstrated that
[PH]NANA bound to low-density lipopro-
tein (LDL) was taken up normally by the
lysosomes of Salla disease fibroblasts but
was cleared at a much slower rate than in
normal cells (6). In these studies the specific

radioactivity of the labeled free NANA was
diluted by large amounts of nonradioactive
NANA present in the Salla cells but not in
the normal cells. This made direct kinetic
measurements of NANA egress in normal
and Salla disease cells difficult to compare.
In the present study we directly measured
NANA egress by using lysosome-rich gran-
ular fractions and assays of nonradioactive
NANA. Normal granular fractions were
loaded with NANA to levels observed in
Salla disease by exposure of intact fibroblasts
to high concentrations of the NANA pre-
cursor, N-acetylmannosamine (ManNAc)
7).
Normal or Salla disease fibroblasts, grown
to confluence in Eagle’s minimum essential
medium containing 10% fetal calf serum, 2
mA glutamine, streptomycin (100 pg/ml),
and penicillin (100 U/ml), were exposed to
0 to 100 mAM nonradioactive ManNAc for 3
to 14 days. The cells were harvested by
trypsinization, washed once with cold phos-
phate-buffered saline, pH 7.4, and once in
cold 0.25M sucrose, and disrupted by nitro-
gen cavitation [30 psi (2.0 atm), 10 min-
utes]. After centrifugation at 1200y for 5
minutes, the supernatant was centrifuged
for 10 minutes at 17,0005 to prepare a
granular fraction enriched approximately
threefold with respect to hexosaminidase
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activity (2). Normal fibroblasts exposed to
ManNAc yielded granular fractions with up
to 88 pmol of NANA per unit of hexosa-
minidase (no exposure: 2 pmol per unit of
hexosaminidase); Salla disease cells exposed
to 30 mM ManNAc produced granular frac-
tions that had acquired up to 496 pmol of
NANA per unit of hexosaminidase more
than the endogenous level of free NANA in
the granular fractions (see Table 1). Since
lysosomes accumulate NANA in Salla dis-
ease (5, 6), this suggested that the lysosomes
within the granular fractions were being
loaded by the ManNAc exposure. Substan-
tial amounts of free NANA were found in
other compartments of the normal cells but
were removed during isolation of the lyso-
some-rich fractions.

The NANA-loaded granular fractions
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Fig. 1 (top). Recovery of free NANA from granu-
lar fraction supernatant and pellet after incubation
for 0 to 30 minutes. Normal fibroblasts were
exposed to 50 mA N-acetylmannosamine for 6
days, and the granular fractions were incubated at
37°C. Portions were removed at various times and
centrifuged at 17,000y for 10 minutes; the
NANA in each pellet (x) and supernatant (@) was
determined, as well as total NANA recovered
(A). NANA loading in the granular fraction at
zero time was 47.1 pmol per unit of hexosamini-
dase.  Fig. 2 (bottom). Time course of appear-
ance of free NANA outside normal loaded granu-
lar fractions (@) and Salla disease granular frac-
tions (O) not loaded by exposure to ManNAc.
Normal fibroblasts were exposed to 40 mA{ Man-
NAc for 10 days. Cells were harvested, and a
granular fraction was incubated at 37°C. Portions
(1 ml) were removed at various times and centri-
fuged at 17,000y for 10 minutes; unbound
NANA was measured in the supernatant and
pellet. Supernatant NANA was corrected for lyso-
somal rupture as gauged by soluble hexosamini-
dase. Normal and mutant granular fraction load-
ings were 57 and 66 pmol of NANA per unit of
hexosaminidase at zero time of incubation.
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were suspended at 37°C in a solution of
0.4M sucrose in 16 mM Hepes (pH 7.0)
that also contained 1% bovine serum albu-
min, and 1 mM disodium EDTA; aliquots
were removed at various times and centri-
fuged for 10 minutes at 17,000y. We ana-
lyzed pellets and supernatants for unbound
sialic acid by high-performance liquid chro-
matography (HPLC) (8), with commercial-
ly prepared NANA (Sigma, St. Louis, Mis-
souri) as standard and 2 to 10 nmol per
sample of ManNAc or N-acetylglucosamine
as internal standards. Samples were purified
on 0.3 X 1 cm Dowex 2X8 (100 to 200
mesh) ion-exchange columns (acetate form)
before HPLC analysis (4). Two hundred
picomoles of NANA per sample was reliably
measured by this method. Lysosomal rup-
ture was assayed from the measurements of
supernatant, pellet, and total hexosamini-
dase activity in each aliquot in the presence
of 0.1% Triton X-100 (2). One unit of
hexosaminidase hydrolyzed 1 nmol of sub-
strate per minute at 37°C.

When normal granular fractions were
loaded by exposure of whole cells to 50 mAL
ManNAc, the free NANA produced rapidly
left the granular fraction pellet and appeared
within the supernatant (Fig. 1). The total
amount of NANA recovered remained con-
stant as the amount inside the granular
fraction decreased and the amount outside
increased. The positive identification of
NANA in the supernatant verified that
NANA itself was transported, rather than a
derivative formed before or during passage
through the lysosomal membrane. Superna-
tant NANA corrected for rupture of lyso-
somes (Fig. 2) increased linearly with time
of incubation up to approximately 15 min-
utes. Negligible egress of NANA was ob-
served from granular fractions of patients
with Salla disease (Fig. 2). In subsequent
experiments, free NANA egress was calcu-
lated on the basis of the appearance of free
NANA outside granular fractions after 12
minutes of incubation, with correction for
lysosomal rupture.

Velocities of free NANA egress from nor-
mal and Salla disease lysosome-rich granular
fractions were determined at several levels of
initial NANA loading (Fig. 3). After expo-
sure of normal fibroblasts to as much as 100
mM ManNAc, the granular fractions con-
tained between 2 and 88 pmol of free
NANA per unit of hexosaminidase at zero
time. The velocity of NANA egress in-
creased approximately linearly throughout
this range of loading with no apparent
plateau of velocity at high loading. Four
strains of Salla disease fibroblasts, not ex-
posed to ManNAc, vielded granular frac-
tions containing endogenous free NANA
levels of between 18 and 90 pmol per unit of

hexosaminidase. At every level of endoge-
nous loading, the velocity of egress of free
NANA was negligible (Fig. 3).

Mass spectrometric analysis of the materi-
al stored in Salla disease lysosomes (5) and
the material derived from loading of normal
fibroblasts with ManNAc (7) has been per-
formed. In both cases, the fragmentation
pattern was identical to that of commercially
prepared NANA rather than to that of some
related compound such as an O-acetylated
derivative. In addition, HPLC methods
such as those used in our studies readily
distinguish NANA from its O-acetylated
derivatives (8). These findings offered assur-
ance that we were measuring the egress of
free NANA out of both normal and mutant
granular fractions, and rendered extremely
unlikely the possibility that in Salla disease
some O-acetylated derivative of NANA ac-
cumulated because of failure of its enzymatic
conversion to free NANA.

Free, endogenous NANA in the mutant
granular fractions might have been stored in
a lysosomal compartment not normally dis-
playing egress, while the free NANA de-
rived from ManNAc entered a different
granular fraction compartment character-
ized by rapid NANA egress. We examined
this possibility by determining the fate of
ManNAc-derived NANA in Salla disease
granular fractions. Mutant fibroblasts were
exposed to 30 mM ManNAc for 5 days,
increasing the free NANA content in the
granular fractions by 8- to 22-fold over
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Fig. 3. Velocity of egress of free NANA from
granular fractions isolated from normal and Salla
disease fibroblasts. The abscissa shows the loading
of free NANA achieved. Two normal fibroblast
strains (GM 3349 and 494) were exposed to
ManNAc (0 to 100 ma) for 3 to 10 days, and
granular fractions were prepared (@, A). Granu-
lar fractions were also prepared from four strains
of Salla disease fibroblasts (M, x; to x4) not
exposed to ManNAc. Variations in endogenous
sialic acid content of the same mutant cell strain
may reflect differences in phase of cell growth or
of granular fraction recovery. The ordinate de-
picts initial velocity expressed as picomoles of free
NANA leaving the lysosome and appearing in the
supernatant over the first 12 minutes per unit of
initial hexosaminidase. The values were corrected
for lysosomal ruprure as judged by hexosamini-
dase release.
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Table 1. Granular fraction loading and egress velocities of endogenous and N-acetylmannosamine—
derived free NANA in Salla disease fibroblasts. Confluent Salla disease fibroblasts were exposed to 0 or
30 mM N-acetylmannosamine (ManNAc) for 5 days. Cells were harvested and a lysosome-rich granular
fraction prepared. Free NANA egress was determined as described in the text, after measurement of
NANA loading at 0 time of incubation. Mutant strains include several depicted in Fig. 3.

NANA loading Velocity of egress (pmol NANA
dsaﬂa (pmol hexosaminidase unit™") hexosaminidase unit™' min ')
isease
fibroblast En- After Attribut- En- After Attribut-
strain doge- ManNAc able to doge- ManNAc able to
nous exposure ManNAc nous exposure ManNAc
Xz 28 276 248 0.1 0.1 0.0
X6 27 380 353 0.0 0.3 0.3
X 19 422 403 0.0 0.6 0.6
Xs 69 535 466 0.2 0.7 0.5
X3 60 556 496 0.1 02 0.1
Normal fibroblast 2 88 86 0.1 2.0 1.9

endogenous levels (Table 1). The amount of
free NANA in the granular fraction directly
attributable to ManNAc exposure varied
from 248 to 496 pmol per unit of hexosa-
minidase, or three to six times the maximum
NANA levels achieved in normal granular
fractions by any regimen of ManNAc expo-
sure (Fig. 3). This enormous concentration
of free NANA in Salla disease granular
fractions indicated that the target compart-
ment (the granular fraction compartment in
which NANA accumulated in the mutant
cells and from which NANA exited in nor-
mal cells) was being loaded during ManNAc
exposure,

Furthermore, the egress of ManNAc-de-
rived NANA from Salla disease granular
fractions was minimal, averaging 0.3 pmol
per unit of hexosaminidase per minute at a
mean loading of 393 pmol per unit of
hexosaminidase compared with an egress of
1.9 pmol per unit of hexosaminidase per
minute in normals loaded to only 86 pmol
per unit of hexosaminidase (Table 1). Man-
NAc-derived NANA was apparently han-
dled in a manner analogous to endogenous
free NANA, and the exposure to ManNAc
per s¢ had not weakened or disrupted lyso-
somal membranes permitting leakage of free
NANA out of the mutant or normal granu-
lar fraction vesicles.

We examined the possibility that Salla
disease represents a generalized defect in
lysosomal membrane transport by measur-
ing the velocity of cystine egress from nor-
mal and Salla disease granular fractions.
Fibroblasts were exposed to 0.5 mM cystine
dimethyl ester for 30 minutes, and cystine-
loaded granular fractions were prepared (2).
The zero-time cystine loading of the Salla
disease granular fraction was 0.37 nmol per
unit of hexosaminidase, with an egress ve-
locity of 8.4 pmol half-cystine per unit of
hexosaminidase per minute; normal control
loading was 0.27 nmol per unit of hexosa-
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minidase with an egress velocity of 6.8 pmol
half-cystine per unit of hexosaminidase per
minute. This normalcy of cystine egress in
Salla disease indicates that the impairment
of free NANA transport was a specific rather
than a generalized lysosomal membrane de-
fect.

The velocity of NANA egress was greater
than zero in highly loaded Salla disease
granular fractions (Table 1). This may have
occurred because corrections for lysosomal
rupture involved small differences between
large numbers, a complication not encoun-
tered at lower levels of NANA loading (Fig.
3). Alternatively, several or all of the Salla
disease cell strains may represent mutants
with residual amounts of a functional trans-
port system for free NANA. This interpreta-
tion is supported by the existence of clinical-
ly and biochemically more severe forms of
generalized lysosomal NANA storage dis-
ease (9), for which evidence of defective
lysosomal transport of NANA has also been
found (10).

The failure to demonstrate saturation,
that is, a plateau of velocity of normal
NANA cgress with increasing loading (Fig.
3), is consistent with either a diffusional or
facilitated transport system. Demonstration
of saturation kinetics may require substan-
tally higher free NANA loading. Indeed,
we have been unable to demonstrate counter
transport of free NANA in the normal fibro-
blast system used in these studies, most
likely because such a demonstration also
depends on some degree of saturation of the
putative NANA carrier (11). Nevertheless,
defective free NANA transport in an autoso-
mal recessive metabolic disease, in the face
of normal cystine transport and lack of
accumulation of other small molecules, sug-
gests that a single gene product, a specific
carrier, mediates the NANA transport across
the lysosomal membrane.

Data presented here establish the meta-

bolic defect in Salla disease as an impairment
of normal transport of free NANA out of
cellular lysosomes. NANA represents the
first monosaccharide for which there is di-
rect kinetic evidence of egress out of lyso-
somes, and Salla disease is the first disorder
demonstrated to be caused by defective lyso-
somal transport of a carbohydrate. We ex-
pect that certain carbohydrates other than
sialic acid exit lysosomes by carrier-mediated
transport, just as do certain amino acids
other than cystine (12) and certain other
small molecules such as vitamin By, (3). A
new class of lysosomal storage disorders can
be expected to expand as specific transport
systems are delineated. The elucidation of
these metabolic defects will provide the
groundwork for determining how function-
al integral membrane macromolecules are
targeted to lysosomes, and for designing
potential therapy directed at depleting small
molecules stored within lysosomes because
of defective lysosomal membrane transport
(13).
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Karyotype Analysis of Leishmania Species and Its
Use in Classification and Clinical Diagnosis

SuzaNNE HOLMES GIANNINI, MARIO SCHITTINI, JAN S. KEITHLY,
PETER W. WARBURTON, CHARLES R. CANTOR,

Lex H. T. VAN DER PLOEG

Chromosomes of four species of Leishmania represented by ten different geographic
isolates were analyzed by pulsed field gradient gel electrophoresis (PFG) to assess
chromosome stability in these parasitic protozoans. Among different geographic
isolates of the same subspecies, more than two-thirds of chromosomes had similar
sizes, ethidium bromide staining intensities, and locations of a,B-tubulin genes.
However, among New World Leishmania, members of different species or subspecies
have fewer than one-third of their chromosomes in common. Therefore, PFG
karyotypes of Leisinmania exhibit intraspecific variability similar to that reported for
other parasitic protozoans. The greater similarities of the karyotypes of members of the
same Leishmania subspecies may indicate that they represent valid taxa. These
similarities also allowed the use of PFG in clinical diagnosis for rapid and accurate

typing of patient isolates.

HE DNA SEQUENCE OF AN ORGA-
I nism encodes species-specific infor-
mation. In eukaryotes, this informa-
tion is packaged into chromosomes in the
nucleus. Chromosomes of parasitic protozo-
ans cannot be resolved by light microscopy
because they do not condense during the cell
cycle. Thus, their genes cannot be mapped
to specific chromosomes by cytogenetics,
even in the rare instances when genetic
markers are available.
Pulsed field gradient gel electrophoresis
(PFG) has been used to separate protistan
chromosome-sized DNA molecules up to

Fig. 1. Comparison of PFG
karyotypes of L. major. See (12)
for abbreviations. WR-3A,
clone No. 3 amastigotes har-
vested from mouse skin lesions;
WR-3P, clone No. 3 promasti-
gotes; DI-P, promastigotes;
WR-p123P, uncloned promas-
tigotes from a 123rd subcul-
ture; WR-1C, clone No. 1 cul-
ture amastigotes. Annealed bac-
teriophage lambda DNA lad-
ders (L) and yeast DNA (Y) are
included as size standards. Sam-
ples were prepared (2, 12, 13,
18) and electrophoresed in a
double inhomogeneous electro-
phoresis apparatus (20 by 20
cm) (15°C, 42 hours, 12 V/em,
pulse frequency of 60 seconds).
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about 2 megabase pairs or more, including
those of some protozoan agents of human
disease (I-7). The separated DNA mole-
cules, which appear as discrete bands in
agarose gels, have been shown to represent
the DNA of the full-length chromosomes
(1, 8).

We have applied the extraordinary resolv-
ing power of PFG to analyze the genomic
organization of Leishmania. These obligate
intracellular protozoan parasites of macro-
phages, monocytes, and histiocytes cause
severe public health problems worldwide,
including a recently discovered autochtho-

nous focus of cutaneous leishmaniasis in
Texas (9). Leishmania cause diseases ranging
from skin ulcers (Oriental sore) to systemic
visceral leishmaniasis, or kala-azar. The spe-
cies and subspecies of the parasite (10) and
the immunogenetic background of the host
(11) affect disease development. Because
only certain of its members may cause a
given clinical syndrome, it is vital to eluci-
date the genetics of Leishmania and to classi-
fy the causative organism for epidemiologi-
cal studies.

We first explored the variability of PFG
karyotypes of the two developmental stages
of Leishmania—the nonmotile amastigote,
found within cells of vertebrate hosts, and
the flagellated promastigote, found extracel-
lularly in the gut of the sandfly vector. Both
stages can be cultivated in vitro.

We examined the PFG karyotypes of L.
major, an etiologic agent of cutaneous leish-
maniasis from Africa (12). Several PFG gels
were run at different pulse frequencies for all
experiments described to separate optimally
chromosomes of different molecular
weights. With a 60-second pulse frequency,
at least 15 bands were distinguished, with
sizes between about 340 kb and 800 kb
(Fig. 1). At this pulse frequency, large chro-
mosomes (more than 800 kb) are not sepa-
rated and some DNA remains in the sample
well. The staining intensity of several bands
is nonstoichiometric, indicating that muld-
ple chromosomes are present in a band of
one size class; this is also the case for yeast
(1), Trypanosoma bruces (5), and Plasmodium
Salciparum (7). Nonstoichiometrically stain-
ing bands may represent more than one
chromosome coincidentally of the same size
or multiple copies of a single chromosome
(aneuploidy). By using several pulse fre-
quencies for optimal separation of DNA
molecules of different lengths, at least 20
bands are revealed in different Leishmania
species.

We determined the size of each chromo-
some to within +20 kb with annealed lamb-
da phage as size markers. Reproducibility of
size determinations from replicate samples
and for gels run at different pulse frequen-
cies was good, with individual chromo-
somes being measured with a 5% coefficient
of variation.

The ethidium bromide—stained PFG
karyotypes of promastigotes, amastigotes
from skin lesions, and amastigotes from
culture (13) were the same at all pulse
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