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The human lysosomal enzymes �-galactosidase (�-GAL, EC
3.2.1.22) and �-N-acetylgalactosaminidase (�-NAGAL, EC
3.2.1.49) share 46% amino acid sequence identity and have sim-
ilar folds. The active sites of the two enzymes share 11 of 13
amino acids, differing only where they interact with the 2-posi-
tion of the substrates. Using a rational protein engineering
approach, we interconverted the enzymatic specificity of �-
GAL and �-NAGAL. The engineered �-GAL (which we call
�-GALSA) retains the antigenicity of �-GAL but has acquired
the enzymatic specificity of �-NAGAL. Conversely, the engi-
neered �-NAGAL (which we call �-NAGALEL) retains the anti-
genicity of�-NAGALbut has acquired the enzymatic specificity
of the �-GAL enzyme. Comparison of the crystal structures of
the designed enzyme �-GALSA to the wild-type enzymes shows
that active sites of �-GALSA and �-NAGAL superimpose well,
indicating success of the rational design. The designed enzymes
might be useful as non-immunogenic alternatives in enzyme
replacement therapy for treatment of lysosomal storage disor-
ders such as Fabry disease.

Lysosomal enzymes are responsible for the catabolism of
metabolic products in the cell. Deficiencies in lysosomal
enzymes lead to lysosomal storage diseases, characterized by an
accumulation of undegraded substrates in the lysosome. In
humans, there are at least 40 different lysosomal storage dis-
eases (including, for example, Tay-Sachs, Sandhoff, Gaucher,
and Fabry diseases), each of which is caused by a lack of a spe-
cific enzymatic activity. Fabry disease is caused by a defect in
theGLA gene, leading to loss of activity in the enzyme �-galac-
tosidase (�-GAL,3 EC 3.2.1.22, also known as�-GALA)(1). The

�-GAL enzyme cleaves substrates containing terminal�-galac-
tosides, including glycoproteins, glycolipids, and polysacchar-
ides. Defects in the GLA gene in Fabry patients lead to the
accumulation of unprocessed neutral substrates (primarily glo-
botriaosylceramide (Gb3)), which then leads to the progressive
deterioration of multiple organ systems and premature death.
Fabry disease is an X-linked inherited disorder with an esti-
mated prevalence of�1 in 40,000male births butmay be highly
underdiagnosed (1, 2).
The human gene most closely related to the GLA gene is the

NAGA gene, encoding the enzyme �-N-acetylgalactosamini-
dase (�-NAGAL, EC 3.2.1.49, also known asNAGAand�-GAL
B) (3). The two genes are derived from a common ancestor (4),
encoding proteins that share 46% amino acid sequence identity
(Fig. 1A); they belong to glycoside hydrolase family 27 and clan
D (5). The�-NAGALenzyme recognizes and cleaves substrates
containing terminal �-N-acetylgalactosaminide (�-GalNAc)
sugars, and (less efficiently) substrates containing terminal
�-galactosides. Defects in theNAGA gene lead to the lysosomal
storage disease Schindler disease, characterized by the accumu-
lation of glycolipids and glycopeptides, resulting in awide range
of symptoms, including neurological, skin, and cardiac anoma-
lies (3).
The only approved therapy for the treatment of Fabry disease

is enzyme replacement therapy, where patients are injected
with recombinant enzyme purified from mammalian cell
expression systems (6, 7). One problem with this treatment is
that up to 88% of patients develop IgG antibodies against the
injected recombinant enzyme (6, 8). In patients who make no
functional �-GAL enzyme, the recombinant �-GAL used in
enzyme replacement therapy can be treated as a foreign anti-
gen. Because the GLA gene is located on the X-chromosome,
hemizygous males who inherit a non-functional copy of the
gene have no second copy to establish immunotolerance.
Previously, we determined the three-dimensional crystallo-

graphic structures of the human �-GAL and �-NAGAL
enzymes (9, 10). As expected for two structures that share 46%
sequence identity, the overall folds of the two enzymes are sim-
ilar (Fig. 1,B andC). Each enzyme is a dimerwhere eachmonomer
contains an N-terminal (�/�)8 barrel with the active site and a
C-terminal antiparallel � domain. The monomers of the two
enzymes superimpose with an r.m.s.d. of 0.90 Å for 378 � car-
bons. The active sites of the two structures are highly similar, as
11 of the 13 active site residues are conserved. The only differ-
ences in the active sites of the two structures correspond to
where the substrates are different: in �-GAL, the residues near
the 2-OHon the substrate include larger glutamate and leucine,
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whereas in �-NAGAL, the larger 2-N-acetyl on the substrate
interacts with the smaller serine and alanine residues on the
enzyme (Fig. 1, B and C). As we and others have noted, in gly-
coside hydrolase family 27, the two residues primarily respon-
sible for recognition of the 2-position of the ligand are both
located on the same loop in the structure, the�5–�5 loop in the
(�/�)8 barrel domain (9–13).
The similarities between the active sites of the enzymes in the

family and the proximity of the two residues responsible for the
recognition of the 2-position of the ligand led us and others to
hypothesize that interconversion of the enzyme specificities
would be possible (9, 14).We replaced two residues in the active
site of �-GAL (E203S and L206A), leading to a new protein
(�-GALSA) with the enzymatic specificity of an �-NAGAL
enzyme. Additionally, we replaced two residues in the active
site of �-NAGAL (S188E and A191L), leading to a new protein
(�-NAGALEL) with the enzymatic specificity of an �-GAL
enzyme. In this report, we show that the designed enzymes
maintain the antigenicity of the original protein, but have the
specificity of the other enzyme. X-ray crystallographic studies
of the �-GALSA protein provide a structural basis for ligand
specificity in the family of proteins.

EXPERIMENTAL PROCEDURES

Molecular Biology—Human �-GAL and human �-NAGAL
were expressed in stably transfected Trichoplusia ni (Tn5)
insect cells as described previously (10, 15). The �-GALSA var-
iant was generated from the wild-type �-GAL construct using
PCR-based site-directed mutagenesis (forward primer, 5�-G
TAC TCC TGT TCG TGG CCT GCT TAT ATG TGG-3�
(substitutions in bold), and reverse primer, 5�-CAC AAT GCT
TCTGCCAGTCCTATTCAGGGC-3�), ligated, transformed
into bacteria, and confirmed by sequencing. The �-NAGALEL

variant was derived from the wild-type �-NAGAL construct by
PCR (forward primer, 5�-CGG CCT CCC CCC AAG GGT
GAACTA-3�, and reverse primer, 5�-CCTTCATAGAGTGG
CCA CTCGCA GGA GAA-3�), ligated, transformed into bac-
teria, and sequenced.
Cell Transfection—Adherent Tn5 cells in SFX-Insect medium

(HyClone) were transfected with plasmid DNA, and selection
for stably transfected cells using 100 �g/ml blasticidin (added
after 48 h and every 48 h for 10 days) was carried out. Stable
adherent cells were re-suspended in SFX medium for larger
scale suspension cultures.
Protein Expression and Purification—One-liter cultures of

stable cells secreting �-GALSA and �-NAGALEL proteins were
grown to 3 � 106 cells/ml. The supernatant was clarified and
concentrated by tangential flow filtration (Millipore Prep/
Scale) and exchanged intoNi2� binding buffer (50mMNa3PO4,
pH 7.0, 250 mMNaCl, 20 mM imidazole, and 0.01% NaN3). The
retentate was loaded onto a Ni2�-Sepharose 6 Fast Flow col-
umn (Amersham Biosciences) and eluted with a gradient of
0–60% elution buffer (50 mM Na3PO4, pH 7.0, 250 mM NaCl,
250 mM imidazole, and 0.01% NaN3). Eluate fractions were
pooled, desalted, and concentrated before loading onto a
Source 15Q anion-exchange column (10). Fractions eluted by a
linear salt gradient were screened by activity assays and by

Western blots. Fractions containing pure protein were pooled
and concentrated to 1.0 mg/ml for storage.
Kinetic Assays—Hydrolysis of the synthetic substrates para-

nitrophenyl-�-galactose (pNP-�-Gal) and para-nitrophenyl-
�-N-acetylgalactosamine (pNP-�-GalNAc) (Toronto Research
Chemicals) at 37 °C were monitored by absorbance at 400 nm
using an extinction coefficient of 18.1mM�1 cm�1. 0.25–1.2�g
of enzyme in 10 �l of 100mM citrate/phosphate buffer (pH 4.5)
was added to 12 substrate concentrations (pNP-�-Gal from 0.1
to 50 mM, and pNP-�-GalNAc from 0.01 to 10 mM). Each
minute for 10 min, the sample absorbance was measured after
adding 200 mM Na3BO3 buffer, pH 9.8. Error bars were deter-
mined from triplicate measurements by two experimenters for
each data point. Km, Vmax, kcat, and error bars were determined
from a weighted fit of Michaelis-Menten hyperbola in Kaleida-
Graph. Substrate solubility limits prevented saturation in some
experiments. Substrate specificity ratios for each enzyme were
defined as (kcat/Km)pNP-�-GalNAc/(kcat/Km)pNP-�-Gal, indicating
the preference of an enzyme for galactosaminide substrates.
Crystallization and X-ray Data Collection—Crystals of

�-GALSA were grown as described for the D170A �-GAL var-
iant (15). Crystals were obtained from a 1:1mixture of reservoir
solution (12% polyethylene glycol 8,000, 0.1 M sodium cacody-
late, pH 6.5, and 22mMMg(CH3COO)2) and 7.0mg/ml protein
in 10 mM Na3PO4, pH 6.5. Crystals were transferred stepwise
into reservoir solution containing 200 mM ligand (GalNAc or
galactose) and then into cryoprotectant solution (15% polyeth-
ylene glycol 8,000, 0.1 M sodium cacodylate, pH 6.5, 22 mM

Mg(CH3COO)2, 20% glycerol, and 200 mM ligand). Crystals
were flash-cooled in liquid nitrogen, and x-ray data were col-
lected at 100 K at beamline X6A at the Brookhaven National
Laboratory or at the microfocus beamline NECAT 24-ID-C at
Argonne National Laboratory. X-ray images were processed
using HKL2000 (16) and phased by molecular replacement in
AMoRe (17) or by Fourier synthesis using human �-GAL coor-
dinates (PDB: 3HG3) (15). We selected the overall resolution
limits based upon I/�I criteria. Atomic models were built using
the program O (18), with refinement in REFMAC5 (17). Ram-
achandran plots were computed using PROCHECK (19). Coor-
dinates were superimposed using LSQMAN (20). Figures were
made inMolScript (21) and POVScript� (22). Coordinates and
structure factors are deposited in the Protein Data Bank under
accession codes 3LX9, 3LXA, 3LXB, and 3LXC.

RESULTS

Biochemical Characterization—We expressed the four en-
zymes (�-GAL,�-GALSA,�-NAGAL, and�-NAGALEL) in sta-
bly transfected Tn5 insect cells and purified protein from the
supernatant. SDS-PAGE analysis shows that the purified vari-
ant proteins migrate at the same size as their wild-type equiva-
lents, �50 kDa for �-GAL and �-GALSA and 52 kDa for �-
NAGAL and �-NAGALEL (Fig. 1D). To test the antigenicity of
thewild-type and variant proteins, we performedWestern blots
on all four proteins using antibodies against human �-GAL
and human �-NAGAL. �-GAL and �-GALSA cross-react only
with the anti-�-GAL antibody, whereas �-NAGAL and �-
NAGALEL cross-react only with the anti-�-NAGAL antibody
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(Fig. 1E), indicating that the variant proteins retain their origi-
nal antigenicity.
Enzymatic Activity—We tested the four enzymes against two

synthetic substrates, pNP-�-Gal and pNP-�-GalNAc. In the
wild-type enzymes, the larger active site of �-NAGAL allows
it to bind and cleave both substrates, although the pNP-�-
Gal less efficiently. The smaller active site of �-GAL allows
for efficient catalysis of pNP-�-Gal, but no detectable activ-

ity on pNP-�-GalNAc due to steric clashes between the
N-acetyl group on the 2-position of the sugar and the larger
Glu-203 and Leu-206 side chains of �-GAL. Table 1 summa-
rizes the enzyme kinetic data.
The variant enzymes �-GALSA and �-NAGALEL show the

opposite substrate specificity compared with their starting
wild-type enzymes. The �-NAGALEL enzyme shows the cata-
lytic properties of wild-type �-GAL: it has no activity against

FIGURE 1. �-GAL and �-NAGAL structural and biochemical analyses. A, sequence alignment of the �-GAL and �-NAGAL proteins. Active site residues are red,
and identities have yellow backgrounds. The two active site residues that differ are boxed. B and C, ribbon diagrams of �-GAL (green) and �-NAGAL (cyan) with
attached carbohydrates. Insets show the active sites of �-GAL and �-NAGAL with their catalytic products �-galactose and �-GalNAc, respectively (gray). 11 of
the 13 active site residues are conserved between the enzymes, although the overall sequence identity is 46%. The two residues that differ (Glu-203 and
Leu-206 in �-GAL; Ser-188 and Ala-191 in �-NAGAL) select for the substituent on the 2-position of the ligand. D, the four purified proteins are shown on a
Coomassie-stained SDS gel. �-GAL and �-GALSA (with three N-linked glycosylation sites each) run smaller on the SDS gel than �-NAGAL and �-NAGALEL (with
five N-linked glycosylation sites each). E, Western blots of the four proteins, detected with polyclonal anti-�-GAL (top) and polyclonal anti-�-NAGAL antibodies
(bottom). The variant proteins retain the antigenicity of the original proteins.

TABLE 1
Enzymatic parameters

Enzyme
pNP-�-Gal pNP-�-GalNAc

Km kcat kcat/Km Km kcat kcat/Km

mM s�1 mM�1 s�1 mM s�1 mM�1 s�1

�-GAL 6.88 � 0.07 37.8 � 0.2 5.49 � 0.06 No activity detecteda
�-NAGALEL 7.58 � 0.07 13.7 � 0.1 1.81 � 0.02 No activity detecteda
�-NAGAL 27.5 � 4.7 10.7 � 0.9 0.39 � 0.07 0.68 � 0.01 15.1 � 0.1 22.4 � 0.1
�-GALSA 49.1 � 7.2 1.20 � 0.14 0.024 � 0.005 21.0 � 0.8 21.5 � 0.7 1.03 � 0.03

a kcat � 0.01 s�1.
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the pNP-�-GalNAc substrate, but shows high activity against
pNP-�-Gal. The �-GALSA enzyme has the catalytic properties
of wild-type �-NAGAL: it has activity against pNP-�-
GalNAc and reduced activity against pNP-�-Gal.
Because the enzymes in this family have overlapping sub-

strate specificity, we used the ratio of the specificity constant
kcat/Km for the two substrates as a measure of the ability of the
enzymes to discriminate between the two related substrates.
The substrate specificity ratios (kcat/Km)pNP-�-GalNAc/(kcat/
Km)pNP-�-Gal for �-GAL and �-NAGALEL are zero, because
those enzymes show no activity toward the pNP-�-GalNAc
substrate. The substrate specificity ratios for �-NAGAL and
�-GALSA are similar: 57.3 � 10.3 for �-NAGAL and 42.9 � 9.0
for �-GALSA, showing they have comparable ability to distin-
guish between the two substrates.
Comparison of the enzymatic parameters of �-GAL and of

�-NAGALEL (the enzyme engineered to have �-galactosidase
activity) shows that the Km values of the two enzymes are sim-
ilar (6.9 and 7.6mM, respectively, for the pNP-�-Gal substrate).
The engineered enzyme has a turnover number kcat that is
�one-third that of the native �-GAL enzyme (13.7 s�1 versus
37.8 s�1, respectively).
Comparison of the enzymatic parameters of �-NAGAL and

of�-GALSA reveals that theKm value of the engineered enzyme
against the pNP-�-GalNAc substrate is 30-fold larger than that

of the wild-type enzyme (21.0 and 0.68 mM, respectively) and
2-fold larger against the pNP-�-Gal substrate (49.1 and 27.5
mM, respectively). The turnover numbers kcat of�-NAGAL and
�-GALSA are similar against the pNP-�-GalNAc substrate
(15.1 and 21.5 s�1, respectively) and differ 9-fold against the
pNP-�-Gal substrate (10.7 versus 1.2 s�1).

Overall the kinetic parameters show that, although the engi-
neered enzymes are not as efficient as their wild-type counter-
parts, they have the same ability to discriminate among differ-
ent substrates as their wild-type equivalents. In particular, the
�-GALSA-engineered enzyme is somewhat less effective at cat-
alyzing the turnover of substrate compared with its wild-type
equivalent, �-NAGAL.
Crystal Structures—To examine the structural basis for the

reduced catalytic efficiency of the �-GALSA enzyme, we deter-
mined four crystal structures of �-GALSA in complex with
three different ligands, N-acetylgalactosamine (GalNAc), ga-
lactose, and glycerol (Table 2 and Fig. 2,A–C). Superposition of
�-GALSA and �-NAGAL by their (�/�)8 barrel domains results
in an r.m.s.d. of 0.58 Å for 290 C� atoms in the domain.
Remarkably, the superposition of the entire (�/�)8 domains
shows that the GalNAc ligands and the active site residues
superimpose nearly exactly (Fig. 2D). Although 54% of the res-
idues differ between �-NAGAL and �-GALSA, the ligands

TABLE 2
�-GALSA data collection and refinement statistics

Ligand
GalNAc Galactose Glycerol Glycerol

PDB ID 3LX9 3LXA 3LXB 3LXC
Data collection
Beamline APS 24-ID-C NSLS X6A NSLS X6A APS 24-ID-C
Wavelength (Å) 1.07188 0.98010 0.98010 1.07188
Space group C2221 P212121 P212121 C2221
Resolution (Å) 50-2.05 50-3.0 50-2.85 50-2.35
(last shell) (2.09-2.05) (3.11-3.0) (2.90-2.85) (2.39-2.35)

Cell parameters 89.95, 139.49, 182.58 59.50, 105.85, 181.85 59.57, 106.92, 181.51 89.75, 139.77, 182.45
a, b, c (Å)

No. of observations 481,042 172,299 136,330 193,566
No. of unique observations 72,009 23,638 27,897 47,535
(last shell) (3,354) (2,309) (1,334) (2,335)

Multiplicity 6.7 7.3 4.9 4.1
(last shell) (3.6) (7.2) (4.9) (4.0)

Completeness (%) 99.4 100.0 99.3 98.6
(last shell) (93.3) (99.9) (99.9) (98.7)

Rsym
a 0.120 0.271 0.177 0.153

(last shell) (0.701) (0.851) (0.616) (0.862)
I/�I 18.6 7.6 9.1 12.3
(last shell) (1.6) (1.8) (2.2) (2.0)

Refinement
Rwork/Rfree

b (%) 17.62/21.82 21.45/24.39 22.50/26.38 18.35/23.68
No. of atoms 7,057 6,557 6,657 7,032
Protein 6,241 6,303 6,320 6,241
Carbohydrate 257 218 170 227
Water 559 36 131 552
Other 0 0 36 12

Average B, Å2 37.5 34.5 32.5 45.3
Protein average B, Å2 36.3 33.9 31.8 44.4
Ramachandran plotc
Favored (%) 91.4 89.5 89.5 89.7
Allowed (%) 8.0 9.6 9.6 9.5
Generous (%) 0.3 0.6 0.9 0.7
Forbidden (%) 0.3 0.3 0.0 0.1

r.m.s.d.
Bonds (Å) 0.0053 0.0150 0.0088 0.0081
Angles (°) 1.056 1.502 1.222 1.172

aRsym � 	h	i�Ih,i � 
Ih��/	h	i�Ih,i�, where Ih,i is the ith intensity measurement of reflection h and 
Ih� is the average intensity of that reflection.
bRwork/Rfree � 	h�FP � FC�/	h�FP�, where FC is the calculated and FP is the observed structure factor amplitude of reflection h for the working or free set, respectively.
cRamachandran statistics were calculated in PROCHECK.
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superimpose with an r.m.s.d. of 0.38 Å for the 15 atoms in the
ligand.
Superposition of the (�/�)8 barrel domains of �-GALSA and

�-GAL shows that the active site residues and ligands superim-
pose closely, except for Glu-203 and Leu-206 in �-GAL, which
are replaced with Ser and Ala in �-GALSA (Fig. 2E). The struc-
ture of�-GALSAwith galactose bound shows a shift in the loca-
tion of the catalytic nucleophile Asp-170 relative to its location
in other structures in the family. The Asp-170 nucleophile
shifts into the empty space produced by the reduction in size of
the side chain in the E203S substitution. This shift affects the
hydrogen bonding of Asp-170 to Tyr-134 and Tyr-207, and
likely contributes to the reduced catalytic efficiency of the
�-GALSA variant protein.
The crystallographic experiments used the cryoprotectant

glycerol, which appeared in the active site of �-GALSA. We
determined two structures of glycerol-soaked �-GALSA in
space groups C2221 and P212121. Because each crystal has two
monomers of the protein in the asymmetric unit, we have four
crystallographically independent active site complexes with
glycerol. One of the four glycerol-soakedmonomers shows sig-
nificant changes in the active site: the glycerol binds in a differ-
ent orientation, the Arg-227 side-chain rotamer changes, and
the �6–�6 loop containing the catalytic acid/base Asp-231
shifts as well (Fig. 2F). This large rearrangement in the active

site is unique to �-GALSA among the glycosidase family 27
structures andmay also contribute to the reduced catalytic effi-
ciency of �-GALSA.

DISCUSSION

The active site of human �-GAL is unable to accommodate
2-N-acetylated ligands due to steric clashes between the protein
and theN-acetyl group on the ligand. Here, we have engineered
�-GALSA, the first �-GAL enzyme capable of binding �-
GalNAc ligands. In the reciprocal experiment, the engineered
�-NAGALEL enzyme has lost all of its activity against �-GalNAc
ligands and has enhanced activity against �-galactosides.
Enzyme Replacement Therapy—Enzyme replacement ther-

apy can successfully treat Fabry disease. However, up to 88% of
male patients develop an immune response to the injected
recombinant enzyme, including both IgG- and IgE-based reac-
tions (6, 8, 23). The antigenicity of the glycoproteins used in
enzyme replacement therapy for Fabry disease patients might
limit the effectiveness of the treatment by reducing the amount
of enzyme effectively delivered to the lysosomes. We envision
the �-NAGALELmolecule would have little immunogenicity in
Fabry disease patients (who make typical amounts �-NAGAL
glycoprotein and are thus immunologically tolerant toward
�-NAGAL). Consistent with this, heterozygous female Fabry
disease patients (with one wild-type copy of the GLA gene) do

FIGURE 2. �-GALSA crystal structures. A–C, �A-weighted 2Fo � Fc total omit electron density maps of �-GALSA calculated in SFCHECK (17). A, GalNAc-soaked
crystal contoured at 2.0�. B, galactose-soaked crystal contoured at 1.8�. C, glycerol-soaked crystal soaked at 1.0�. Maps have a cover radius drawn around
ligands and/or waters in the active site. Active site residues are labeled in A. D, a superposition of crystal structures of the active sites of �-GALSA and �-NAGAL,
each with �-GalNAc bound in the active site. When the structures are superimposed by their (�/�)8 barrels, the ligands superimpose nearly exactly. E, a
superposition of crystal structures of the active sites of �-GALSA and �-GAL, each with �-galactose bound in the active site. F, a superposition of the four
monomers of glycerol-soaked �-GALSA, with glycerol bound in the active site. In one of the four structures (green), the glycerol binds in a vertical orientation,
and shows differences in Arg-227 and the loop containing Asp-231 (arrows).
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not make the comparable immune responses as their hemizy-
gousmale counterparts against injected enzymeduring enzyme
replacement therapy (24, 25).
Although patients with the severe form of Fabry disease have

little or no �-GAL enzyme activity, patients with the variant
forms of Fabry disease can have from 5 to 35% of wild-type
enzyme activity (26, 27). This suggests that the threshold level
of�-GAL enzymatic activity necessary to prevent Fabry disease
symptoms is�100%wild-type activity. Although the enzymatic
activity of the engineered proteins is lower than their wild-type
equivalents, in enzyme replacement therapy, the reduced
immunogenicity of the designed proteins might compensate
for their reduced activity.
Sakuraba and colleagues have also tested this hypothesis by

reporting a protein similar in design to �-NAGALEL, but
expressed in Chinese hamster ovary cells, leading to a different
glycosylation pattern (14). When injected in a mouse model of
Fabry disease, the mammalian-expressed protein led to a
reduction in the amount of Gb3 in the tissues of the mouse.
This further suggests that the designed enzyme might act as a
useful tool for the treatment of Fabry disease.
Properties of the Engineered Enzymes—Western blottingwith

anti-�-GAL and anti-�-NAGAL antibodies shows that the for-
mer reacts only with �-GAL and �-GALSA, whereas the latter
reacts only with �-NAGAL and �-NAGALEL. The sequence
divergence between�-GAL and�-NAGAL is sufficient to show
no immunological cross-reactivity. Thus, engineering the
active sites of �-GAL and �-NAGAL to have novel substrate
specificities leads to new enzyme activities without altering
antigenicity. This approach may be useful as a general strategy
for protein-based therapeutics where reducing immunogenic-
ity is an issue, such as Gaucher disease, where 15% of patients
on enzyme replacement therapy develop IgG antibodies to the
recombinant enzyme (28).
The diverse sequences in glycoside hydrolase family 27

(which includes human�-GAL and�-NAGAL) showhigh con-
servation of the active site residues, indicating strong evolu-
tionary pressure on the active site. One modular component of
ligand binding in the family is the recognition of the 2-position
of the sugar ring. In this family, a single loop on the protein, the
�5–�5 loop in the N-terminal domain, interacts with the sub-
stituent on the 2-position of the sugar. The similarity across the
members of the family allowed us to interconvert the ligand
recognition through substitution of two residues in the loop.
Themodularity of the loop is also seen in the structures of other
members of the family, including the rice and Hypocrea jeco-
rina �-GAL structures, where one turn of helix in the �5–�5
loop is replaced with a shorter loop and a longer �5 strand (12,
29). In those structures, Cys and Trp residues fill the space of
the Glu-203 and Leu-206 residue of �-GAL or the Ser-188 and
Ala-191 residues in �-NAGAL.
The newly engineered enzymes �-GALSA and �-NAGALEL

are not as catalytically efficient as their wild-type equivalents.
The structures of �-GALSA suggest that there is considerably
more flexibility in the active site of the �-GALSA enzyme when
compared with �-NAGAL, the enzyme with an identical active
site constellation.

The glycerol-soaked structures of �-GALSA provide a struc-
tural explanation for the reduced catalytic efficiency of the
engineered enzyme.When the larger Glu-203 and Leu-206 res-
idues of �-GAL are replaced with smaller Ser and Ala residues
in �-GALSA, the active site has more open space in it. This
allows theArg-227 side chain tomove toward the space vacated
by the shortening of the Glu-203 side chain, and the �6–�6
loop containing Asp-231 moves toward the space vacated by
the shortening of the Leu-206 side chain. The crystal structures
indicate that the active site of �-GALSA is more dynamic than
the active sites of the wild-type enzymes �-GAL and �-
NAGAL, which might explain the reduced catalytic efficiency
of the designed �-GALSA enzyme. Another indication of the
higher mobility of the active site of �-GALSA appears in the
glycerol-soaked �-GALSA structure, which has higher atomic
B-factors in the rearranged �6–�6 loop.

In this report, we describe the first instance of bidirectional
interconversion of the enzymatic activities of two human lyso-
somal enzymes. Rational design of enzymatic function is a chal-
lenging task and generally requires large changes in the active
site: for example, the classic case of conversion of trypsin activ-
ity into that of chymotrypsin required 11 substitutions in 4 sites
on the protein (30). In general, changing substrate specificity is
easier than changing the reaction mechanism of an enzyme
(31). The family of lysosomal glycosidases might prove to be a
fruitful target for further enzyme engineering, because many
glycosidases use a similar mechanism with an arrangement of
two carboxylates located on opposite sides of the glycosidic
linkage to be cleaved.
In conclusion, we have shown the viability of a rational

design approach to engineering new functionality into human
lysosomal enzymes. This approach allows for encoding new
enzymatic functions into existing protein scaffolds. By reusing
existing proteins in new ways, our approach avoids the immu-
nogenicity problems that are frequently seen in enzyme
replacement therapies. This approach might also be used for a
wide range of protein-based therapeutics when immunogenic-
ity problems exist.
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