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melanotic coating of abiotic Sephadex
beads injected into the mosquito thorax
(12). Interestingly, neither parasite nor
bead encapsulation mapping experiments
identified any locus within the 2La region.
The reported association of 2L+ with re-
fractoriness (3) may be an artifact of the
previously available strains (for example, a
result of suppression of recombination). It is
also possible that a locus within the 2La
region is required for the expression of Penl,
Pen2, and Pen3 but is not directly involved
in encapsulation. The new strains are both
2L+%+* and may already carry the same
permissive allele at this locus.

Melanotic encapsulation is only one of
several types of refractoriness of anopheline
mosquitoes to Plasmodium parasites (13).
Another common type is manifested eatlier,
before or during parasite invasion of the
midgut epithelium (14). Two QTLs each
have been identified for the susceptibility of
Aedes aegypti mosquitoes to P. gallinaceum
(15) and Brugian worms (16). However,
these Ae. aegypti QTLs control the intensity
of parasite infection and thus differ from the
Pen loci of A. gambiae. Hence, our results
establish that the development of malaria
parasites can be blocked by two indepen-
dent refractory mechanisms that are both
temporally and functionally different.

The nature of Penl, Pen2, and Pen3 is
not known, although Pen3 maps in the
general area where the prophenoloxidase
gene is also located (17). In any case, the
detailed localization of genes involved in
the A. gambiae encapsulation response of-
fers the opportunity to clone these genes
positionally and to characterize the anti-
parasitic immune response of this vector at
both the genetic and molecular levels.
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Prevention of Lysosomal Storage in Tay-Sachs
Mice Treated with N-Butyldeoxynojirimycin
Frances M. Platt,* Gabrielle R. Neises, Gabriele Reinkensmeier,

Mandy J. Townsend, V. Hugh Perry, Richard L. Proia,
Bryan Winchester, Raymond A. Dwek, Terry D. Butters

The glycosphingolipid (GSL) lysosomal storage diseases result from the inheritance of
defects in the genes encoding the enzymes required for catabolism of GSLs within
lysosomes. A strategy for the treatment of these diseases, based on an inhibitor of GSL
biosynthesis N-butyldeoxynojirimycin, was evaluated in a mouse model of Tay-Sachs
disease. When Tay-Sachs mice were treated with N-butyldeoxynojirimycin, the accu-
mulation of Gy, in the brain was prevented, with the number of storage neurons and the
quantity of ganglioside stored per cell markedly reduced. Thus, limiting the biosynthesis
of the substrate (G,,,) for the defective enzyme (3-hexosaminidase A) prevents GSL
accumulation and the neuropathology associated with its lysosomal storage.

The GsL storage diseases (I) result from
the inheritance of defects in the genes en-
coding the catabolic enzymes required for
the complete breakdown of GSLs within
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lysosomes. Possible strategies for the treat-
ment of these debilitating and often fatal
diseases include enzyme replacement thera-
py, gene therapy, substrate deprivation, al-
logeneic bone marrow transplantation, and
palliative measures (2). Of these, sympto-
matic management is the only approach for
treating most of these disorders, although
transplantation techniques have been ap-
plied to some of these diseases. Currently,
only the type 1 form of Gaucher disease,
which is characterized by glucocerebrosi-
dase deficiency in the absence of neuropa-
thology, has been successfully treated by
enzyme replacement therapy (3, 4). How-
ever, skeletal abnormalities associated with
the disease respond slowly to this treatment
(4), and the neuropathologic forms of the
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disease (types 2 and 3) are refractory to
therapy. The therapeutic prospects for this
rare group of disorders are therefore ex-
tremely limited, and new strategies are ur-
gently needed.

One approach that may be generally ap-
plicable to the GSL storage disorders, irre-
spective of the specific gene defect in-
volved, is substrate deprivation. This meth-
od would use a specific inhibitor of GSL
biosynthesis to partially reduce the amounts
of GSLs synthesized by cells. This would
then permit the residual activity of the
defective enzyme to fully catabolize the
GSLs synthesized, thus preventing accumu-
lation. We discovered a specific inhibitor of
the glucosyltransferase-catalyzed biosynthe-
sis of glucosylceramide (GlcCer), the first
step in the biosynthetic pathway of GlcCer-
based GSLs. This inhibitor is the N-alky-
lated imino sugar N-butyldeoxynojirimycin
(NB-DNJ) (5, 6) (Fig. 1). This compound
is water soluble and noncytotoxic over a
broad range of concentrations in vitro and
in vivo. Its oral administration to healthy
mice results in GSL depletion in multiple
organs, without causing any overt pathology
in the treated animals (7).

The recently described mouse model of
Tay-Sachs disease (8) has allowed the eval-
uation of NB-DNJ as a potential therapeu-
tic agent in vivo. Tay-Sachs disease results
from mutations in the HEXA gene, which
encodes the a subunit of B-hexosaminidase.
These mutations result in a deficiency in
the A isoenzyme, which is responsible for
the degradation of G4, ganglioside. When
this enzyme is deficient in humans, Gy,
ganglioside accumulates progressively and
leads to severe neurological degeneration
(9). In the mouse model of Tay-Sachs dis-
ease (generated by the targeted disruption
of Hexa), the mice store G,,, ganglioside in
a progressive fashion, but the concentra-
tions never exceed the threshold required
to elicit neurodegeneration (8). This is be-
cause in the mouse (but not human), a
sialidase is sufficiently abundant that it can
convert Gy, to G,,, which can then be
catabolized by the hexosaminidase B isoen-
zyme (10). This model therefore has all the
hallmarks of Tay-Sachs disease, in that it
stores Gy, ganglioside in the central ner-
vous system (CNS), but it never develops
the neurological symptoms characteristic of
the human disease (8, 10, 11).

In this study, Tay-Sachs mice were
reared on standard mouse chow up to the
age of weaning (4 weeks postpartum), when
they were placed on a powdered mouse
chow diet containing NB-DN]J (12). No
toxicity was observed in response to NB-
DNJ administration on the basis of visible
inspection and observation of the animals
and of organ weights at autopsy. The only
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observed changes were in the lymphoid tis-
sues (spleen and thymus) which were 50%
acellular in the NB-DNJ-treated Tay-Sachs
mice (7). In neither study was there any
indication of immunocompromization as a
result of this change in the cellular compo-
sition of these organs. The biochemical ba-
sis for these changes in lymphoid tissues is
currently under investigation. A dosing re-
gime of 4800 mg per kilogram of body
weight per day in the Tay-Sachs mice gave
serum concentrations in the region of 50
pM, as determined by mass spectrometry
(7). Similar serum concentrations (steady-
state trough concentration of ~20 uM)
were achieved in humans during the eval-
uation of this compound as an antiviral
agent when patients were treated with 43
mg per kilogram of body weight per day
(13). The pharmacokinetics of NB-DNJ are
two orders of magnitude poorer in mouse
relative to human, necessitating high dos-
ing regimes in the mouse in order to
achieve serum concentrations in the pre-
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Fig. 1. Structure of N-(n-butyl)-1,5-dideoxy-1,5-
imino-D-glucitol  (N-butyl-deoxynojirimycin). De-
tails of the enzyme inhibitory properties of this
compound have been reviewed elswhere (6).

Age (weeks) 4 8 12 12
NB-DNJ - - + - +

Fig. 2. TLC analysis of G,,, ganglioside storage in
the Tay-Sachs mouse in the presence or absence
of NB-DNJ. Mice were treated with NB-DNJ from
4 weeks of age up to 12 weeks, and their GSL
profiles were compared at 4, 8, and 12 weeks
relative to the untreated age-matched controls.
Each lane on the TLC plate represents the base-
resistant GSLs derived from the whole brain of an
individual mouse, standardized to 5 mg dry brain
weight per lane (74). The data are representative
of studies carried out on five mice at each time
point (78). The migration positions of authentic
ganglioside standards are indicated.

REPORTS

dicted therapeutic range of 5 to 50 uM for
the GSL storage disorders (5-7). The basis
for this species-specific difference is cur-
rently unknown but may reflect higher rates
of renal excretion of the drug in the mouse,
relative to the human. We have found in
previous studies in vivo that serum concen-
trations of 5 to 50 pM NB-DNJ] result in a
40 to 70% reduction in GSL biosynthesis in
the periphery. Because only a small percent-
age of the serum-level compound dose
crosses the blood-brain barrier, this periph-
eral dose was anticipated to be sufficient to
inhibit GSL biosynthesis in the CNS by ~5
to 10%, which would potentially permit the
residual enzyme activity present in the CNS
to catabolize G,;, more fully.

The effects that drug administration had
on G,,, storage in the Tay-Sachs mouse
were therefore determined at various ages
by extracting total brain lipids, separating
the base-resistant GSL fraction by thin-
layer chromatography (TLC) (14) (Fig. 2),
and identifying the G,, species on the basis
of comigration with an authentic G, stan-
dard. By 4 weeks of age, a storage band
corresponding to G,,, was detected in the
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Fig. 3. Prevention of G,,, storage in 12-week-old
mice. To demonstrate the variation in G, ,, storage
in mice treated with NB-DNJ a group of three
untreated and three NB-DNJ-treated mice were
compared at 12 weeks of age. (A) TLC profiles
show total brain GSLs for three untreated mice (—)
and three NB-DNJ-treated mice (+). (B) Scanning
densitometry on the G,,, species from (A) is ex-
pressed in arbitrary units. The mean values *
standard deviation are shown.
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untreated mice, in agreement with previous
findings, and the accumulation of G, pro-
gressively increased with increasing age of
the mice (8) (Fig. 2). However, in the
8-week-old mice that had been treated with
NB-DN]J for 4 weeks after weaning, there
was a reduction in the intensity of the Gy,
ganglioside band, relative to the untreated
age-matched controls, indicating that re-
duced amounts of storage were occurring in
the presence of the drug. The mice were
monitored for 12 weeks, and there was a
consistent reduction in stored G,,, ganglio-
side in all animals from the NB-DNJ-treated
group, irrespective of their age (Fig. 2). To
examine the generality of these data, we
evaluated a group of three untreated and
three NB-DNJ-treated mice at 12 weeks
(Fig. 3A). In all cases, the intensity of the
Gy, band was significantly reduced in the

Fig. 4. G,,, storage in the ventro-
medial hypothalamus of untreated
and NB-DNJ-treated mice (12
weeks of age). Frozen sections
were stained with PAS to allow the
visualization of G,,, storing neu-
rons. Sections shown are (A) un-
treated mouse, 10X magnification;
(B) NB-DNJ-treated mouse, 10X
magnification; (C) untreated mouse,
25X magnification; and (D) NB-
DNJ-treated mouse, 25X magnifi-
cation. The sections were selected
to ensure that sections from the two
animals were at comparable coro-
nal levels within the brain. The im-
ages shown are representative of
data derived from four different
pairs of mice. The reduction in PAS
staining in NB-DNJ-treated mice
was also observed in other storage
regions of the brain (78).

Fig. 5. Electron microscopy of
brains from untreated and NB-
DNJ-treated mice. Shown are (A)
Gy storage neurons from an un-
treated mouse brain and (B) a Gy,
storage neuron from an NB-DNJ-
treated mouse brain. Scale bar in
(A)and (B), 1 pm. Close-up of (C)an
MCB from an untreated mouse
brain and (D) an MCB from an NB-
DNJ-treated mouse brain. Scale
barin (C) and (D), 0.1 pm. The data
shown are representative on the
basis of analysis of multiple sec-
tions for multiple storage regions of
the brain from two untreated and
two NB-DNJ-treated animals, with
the analysis carried out by two inde-
pendent groups.

NB-DN]J-treated animals, relative to the un-
treated age-matched controls. When scan-
ning densitometry was performed on the
TLC profiles, it was found that there was a
~50% reduction in G,,, ganglioside in the
treated mouse brains relative to the untreat-
ed controls (Fig. 3B).

The neurons within the Tay-Sachs
mouse brains that are responsible for the
Gy, storage observed in whole brain lipid
extracts are confined to certain specific re-
gions of the brain (11). Therefore, we car-
ried out cytochemical analysis on tissue sec-
tions from untreated mice and mice treated
for 16 weeks with NB-DNJ, by means of
periodic acid-Schiff (PAS) staining to de-
tect the stored ganglioside within the stor-
age neurons (8, 15). It has previously been
demonstrated in these mice that the distri-
bution of neurons staining with PAS is

coincident with neurons that immunostain
with an antibody specific for G, ganglio-
side (8). In storage regions of the brain,
such as the ventromedial hypothalamic nu-
cleus, the NB-DNJ—treated mice had fewer
PAS-positive neurons, and the intensity of
staining in each neuron was reduced (Fig. 4,
B and D), relative to the brain sections of
untreated age-matched controls, which ex-
hibited extensive storage (Fig. 4, A and C).

In storage neurons from untreated Tay-
Sachs mouse brains (lateral septum and cor-
tex) examined by electron microscopy (16),
there were prominent regions of the cyto-
plasm containing large numbers of membra-
nous cytoplasmic bodies (MCBs) contain-
ing the stored lipid product (Fig. 5A). In
contrast, in the NB-DNJ-treated mice, it
proved difficult to find storage neurons.
However, when storage cells could be locat-
ed, they contained MCBs with greatly re-
duced electron-dense contents (Fig. 5B).
Because of extensive Gy, storage, section-
ing of neurons from untreated mice fre-
quently resulted in artifacts, with the stor-
age product detaching partially from the
surrounding membrane (Fig. 5A). In the
NB-DN]J-treated mouse brains, the storage
within neurons was always markedly re-
duced, relative to the untreated controls,
and as a result, no sectioning artifact was
observed (Fig. 5B). The NB-DNJ-treated
mice had MCBs that contained less elec-
tron-dense storage lipid (Fig. 5D) but also
did not have the prominent concentrically
arranged lamellae characteristic of the
MCBs in neurons from untreated mice (Fig.
5C). Instead, they exhibited a diffuse pat-
tern of storage with membrane-like struc-
tures only clearly discernible in the periph-
ery of the organelle (Fig. 5D). Taken to-
gether with the cytochemical data, this
demonstrates that NB-DN]J prevents lysoso-
mal storage and that the extent of storage
per cell and per MCB is strongly reduced, in
keeping with the biochemical data on
whole brain GSLs (Figs. 2 and 3).

Our data here confirm our previous ob-
servation in normal mice (7) that oral treat-
ment of mice with NB-DN]J is well tolerated
and that it results in the predicted inhibi-
tion of GSL biosynthesis. Furthermore, we
have been able to prevent storage of Gy,
ganglioside in the Tay-Sachs mouse, as a
consequence of reducing GSL biosynthesis.
This indicates that NB-DNJ can cross the
blood-brain barrier to an extent that can
prevent storage. Because several of the hu-
man GSL storage diseases also involve the
storage of GlcCer-based GSLs, theoretical-
ly, this therapeutic strategy could be applied
to all of these disease states, irrespective of
the specific storage product. This would
include Gaucher (types 1, 2, and 3), Fabry
disease, Tay-Sachs disease, Sandhoff dis-
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ease, Gy, gangliosidosis, and fucosidosis.
Because this approach depends on the pres-
ence of residual enzyme activity, it would be
anticipated to be most effective in juvenile,
adult, and chronic forms of these diseases,
rather than the infantile forms in which
there is little or no residual enzyme activity.
The current application of enzyme replace-
ment to Gaucher disease is limited by the
fact that the enzyme cannot cross the
blood-brain barrier; hence, this therapy is
only efficacious in type 1 disease where
there is no neuropathology involved. NB-
DNJ would not be anticipated to show ef-
ficacy in the treatment of Krabbe’s disease
and metachromatic leukodystrophy because
both of these diseases involve the storage of
galactosylceramide (GalCer)-based GSLs
(GalCer and sulfatide, respectively). NB-
DNJ fails to inhibit the galactosyltrans-
ferase that initiates the biosynthesis of this
pathway (17). This is important when con-
sidering the use of this compound in hu-
mans because the formation of GalCer and
sulfatide, which are both important constit-
uents of myelin, will not be affected by
NB-DNJ treatment, and therefore myelina-
tion and myelin stability should not be
impaired. It will be of interest to determine
which aspects of the various disease symp-
toms can be prevented or reversed with this
approach. This will await testing of NB-
DNJ in symptomatic mouse models of these
diseases (10) and evaluation of NB-DNJ in

the clinic.
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Crystal Structure of the Nucleotide Exchange
Factor GrpE Bound to the ATPase Domain
of the Molecular Chaperone DnaK

Celia J. Harrison, Manaijit Hayer-Hartl, Maurizio Di Liberto,
F.-Ulrich Hartl, John Kuriyan*

The crystal structure of the adenine nuclectide exchange factor GrpE in complex with
the adenosine triphosphatase (ATPase) domain of Escherichia coli DnaK [heat shock
protein 70 (Hsp70)] was determined at 2.8 angstrom resolution. A dimer of GrpE binds
asymmetrically to a single molecule of DnaK. The structure of the nucleotide-free ATPase
domain in complex with GrpE resembles closely that of the nucleotide-bound mam-
malian Hsp70 homolog, except for an outward rotation of one of the subdomains of the
protein. This conformational change is not consistent with tight nucleotide binding. Two
long « helices extend away from the GrpE dimer and suggest a role for GrpE in peptide

release from DnaK.

Molecular chaperones play an essential
role in protein folding by preventing the
misfolding and aggregation of folding inter-
mediates (1-3). Several classes of molecular
chaperones have been conserved in evolu-
tion, including the members of the Hsp70,
Hsp90, and Hsp60 (chaperonin) families.
Whereas the chaperonins form large oligo-
meric ring structures, members of the Hsp70
and Hsp90 families function as monomers
or dimers.

DnaK, the Escherichia coli homolog of
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Hsp70, and the various eukaryotic Hsp70s
act by binding and releasing extended pep-
tide segments enriched in hydrophobic side
chains. DnaK and its homologs are com-
posed of an NH,-terminal 42-kD ATPase
domain and a COOH-terminal 25-kD pep-
tide binding domain, the structures of which
are known (4, 5). The binding and release of
peptides from DnaK is controlled by confor-
mational changes induced by adenosine
triphosphate (ATP) binding and hydrolysis
in a mechanism that is not understood. In
this reaction DnaK does not act alone but
cooperates with two other factors, the chap-
erone DnaJ and the nucleotide exchange
factor GrpE (6), in a manner that is analo-
gous to the regulation of many guanosine
triphosphate binding proteins.

The following model of the DnaK reac-
tion cycle in protein folding is now emerg-
ing (7): ATP-bound DnaK is characterized
by rapid peptide binding and release (8).
Dna] stimulates the hydrolysis of ATP by
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