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Abstract
Objective: To examine the relationship between types and locations of mutations of the enzyme
α-galactosidase (Gal) A in Fabry disease and the response to the pharmacological chaperone 1-
deoxygalactonojirimycin (DGJ).

Methods: T-cells grown from normal individuals or from patients with Fabry disease were tested
for response to treatment with DGJ by increased activity of α-Gal A.

Results: Cells from normal controls responded with a 28% increase in α–Gal A activity whereas
response in Fabry individuals was mutation dependent ranging from no increase to fully normal
activity. Nine truncation mutations (all non-responsive) and 31 missense mutations were tested.
Three groups of missense mutations were categorized: responders with activity more than 25% of
normal, non-responders, with less than 7% and an intermediate response group. In normal cells and
in responders an increase in the mature lysosomal form of α-Gal A was observed after DGJ treatment.
Non-responders showed little or no protein with or without DGJ. The intermediate response group
showed an increase in band intensity but incomplete processing of the enzyme to the mature form.

Conclusions: Mapping the missense mutations to the structure of α–Gal A identified several
factors that may influence response. Mutations in regions that are not in α-helix or β-sheets, nor
involved in disulfide bonds nor with an identified functional or structural role were more likely to
respond. However, predictability is not precise and testing each mutation for response to
pharmacological chaperone therapy is necessary for Fabry disease and related lysosomal storage
disorders.
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Introduction
Fabry disease (Mendelian Inheritance in Man 301500) [1] is the second most prevalent
hereditary metabolic storage disorder of humans. The disease is a multi-systemic disorder
characterized by kidney and heart pathology secondary to a vasculopathy and small fiber
neuropathy. The most common causes of death among Fabry patients are kidney failure or
premature stroke [2]. The prevalence of biologically significant mutations in α-galactosidase
(Gal) A from young people with cryptogenic strokes has been estimated to be 4%,

*Address correspondence to: Dr. Gary J. Murray, Building 10, Room 3D04, National Institutes of Health, Bethesda, MD 20891-1260.
Fax: (301) 496-9480. Email: murrayg@mail.nih.gov

NIH Public Access
Author Manuscript
Pharmacogenet Genomics. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
Pharmacogenet Genomics. 2008 September ; 18(9): 773–780. doi:10.1097/FPC.0b013e32830500f4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



corresponding to approximately 1.2% of all stroke patients [3;4]. Globotriaosylceramide (Gb3)
storage, identified from a specimen of a patient with Fabry disease [5], subsequently shown to
be primarily lysosomal, led to the demonstration of the defective enzyme α-Gal A as the cause
for this disease [6]. More than 417 different mutant alleles have been identified [7]. Diagnosis
is usually made by fluorimetric enzyme assay frequently followed by complete genotyping
[8].

Undigested Gb3 accumulates in the vascular endothelium, the kidney and the heart in affected
individuals. Enzyme replacement therapy has been approved as a treatment for Fabry disease;
however, inadequate distribution of administered enzyme to various organs and tissues due to
inequities in flow dynamics and receptor distribution in various tissues may limit its
effectiveness [9]. Pharmacological chaperone therapy offers a promising alternative that would
increase enzyme activity in all tissues and cell-types independently of these variables.

α-Gal A synthesis follows the secretory glycoprotein pathway common to most soluble
lysosomal enzymes [10;11]. A 31 amino acid N-terminal signal peptide is removed as the
protein enters the endoplasmic reticulum. Oligosaccharide transfer and glycan modification in
the Golgi results in the 46 kDa mature lysosomal form of α-Gal A [12]. Fibroblasts from classic
Fabry patients have no or low α-Gal A activity whereas patients with the late onset or cardiac
phenotypes may have somewhat higher residual α-Gal A activity and may have slower
processing of the mutant α-Gal A compared to the normal enzyme [11].

X-ray crystallography [13] resolved to 3.25 Å demonstrates the α-Gal A to be a glycoprotein
homodimer, each monomer containing two domains. Domain 1, comprising amino acids 32 to
330, including the active site is a (β/α)8 barrel structure. Domain 2 containing amino acids 331
to 429, is composed of 8 antiparallel β sheets and is remote from the active site. Despite the
absence of any known functional role, many mutations in domain 2 also result in the loss of
α-Gal A activity and the Fabry phenotype [14].

Stabilization of α-Gal A by the use of sub-inhibitory concentrations of 1-
deoxygalactonojirimycin (DGJ) forms the basis of pharmacological chaperone therapy (PCT)
[12;15;16]. At high concentrations DGJ is an active site-specific inhibitor of α-Gal A; however,
at lower concentrations DGJ has been demonstrated to stabilize many mutated forms of α-Gal
A [16] resulting in higher total cellular activity despite any change in specific activity as a
result of the altered configuration of the mutated enzyme. We have previously reported an
assay system that demonstrates a positive response to DGJ following testing of homogeneous
populations of T-cells derived from individual Fabry patients[16].

Our previous report of drug response for 11 mutations has been extended here to include 29
additional mutations. We have identified an “intermediate” response group, and discuss these
results with reference to the locations of the mutations within the three-dimensional α-Gal A
structure. We have mapped the sites of the mutations for the three categories of responders to
highlight the importance of the location of individual mutations within the 3-dimensional
structure of α-Gal A in predicting the probability that any mutation might respond to the drug.
Here we identify three different response categories representing various levels of enzyme
activity and differing in physical properties as demonstrated by Western blots.

Experimental Procedures
Materials

Reagents were purchased from the following sources: DGJ (Cambridge Major Laboratories,
Inc., Germantown, WI); 4-methylumbelliferyl-α-D-galactopyranoside (Research Products
International, Mount Prospect, IL); N-acetylgalactosamine (Sigma Chemical Co., St. Louis,
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MO); RPMI-1640 medium, Dulbecco's Modified Eagle's medium (DMEM), and
Phytohemagglutinin M (Life Technology, Gaithersburg, MD); Cosmic calf serum (CCS)
(Hyclone Laboratories, Logan, UT); Interleukin-2 (IL-2) (PreProTECH, Rocky Hill, NJ).

Cell Cultures and DGJ Treatment
Fresh blood from hemizygous male Fabry patients and normal controls was collected and
cultured as has been previously reported [16]. Lymphocytes were counted and ∼2.5 × 106 cells
were grown in the absence or presence of 20 μM DGJ for 3 days prior to measurement of
enzymatic activity.

α-Gal A Assays
At the end of the DGJ treatment period, cells were rinsed twice with phosphate-buffered saline,
centrifuged, homogenized and α-Gal A activity was assayed fluorimetrically as described
[17] with modifications necessary for the 96 well microplates [16]. Protein was determined
using a Micro BCA Protein Assay kit (Pierce, Rockford, IL) with bovine serum albumin (BSA)
as a standard as described [18]. For each patient sample at least three normal samples were
tested concurrently. Different levels of response from various mutations were calculated by
comparison with the mean value of normal α-Gal A activity tested on the same day.

Western Blot Analysis
For gel electrophoresis prior to Western blotting, proteins were separated by using Novex Tris-
glycine native or SDS-PAGE in 8-16% gradient gels from Invitrogen. Western blots were
developed using rabbit polyclonal antibody against α-Gal A was performed as described
previously [19].

Protein Structure Visualization
Protein sequences were downloaded from NCBI PubMed site and visualized by the application,
Cn3D, from the same site: http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml

Results
The mean α-Gal A activity in T-cells from normal individuals cultured in the absence or
presence of DGJ was determined using a number of independently derived cultures obtained
from 24 healthy control subjects. α-Gal A enzyme activity in normal controls T-cells following
DGJ treatment was 128 % (n=162, P < 1 × 10 −8) of the mean normal activity in the absence
of DGJ. Included in this group were cultures from 7 females and 17 males. There were no
gender specific differences in α-Gal A response to DGJ (Table 1). In some instances the residual
enzyme activity in cells derived from patients with Fabry disease were near zero, resulting in
excessive variability in the response ratio (RR) calculated between activity in the presence of
DGJ and that in the absence of DGJ. Therefore, we elected to use percent of normal activity
in the presence of DGJ compared with that in untreated normal cells as an indicator of response.
This serves the dual purpose of providing a reference point for comparison with normal
endogenous activity.

Table 1 reports response to DGJ of 40 mutations in the gene for α-Gal A in 55 patients. Eleven
of these were previously reported and 29 mutations are new. Four of the previously reported
mutations have been repeated and confirmed with cultures obtained from additional patients
bearing the same mutation. Nine mutations (one splice mutation, 4 frameshift, one large (26
bp) deletion and 3 nonsense mutations) cause truncation of the protein and are characteristic
of patients with the classic presentation of Fabry disease. These mutations result in polypeptide
chains missing from 83 to 419 residues of the wild-type polypeptide chain, the effect of which
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results in an absence of response to DGJ as determined by enzyme measurement and confirmed
by the absence of additional protein on Western blots (data not shown). Quantitative results
for S201F, P205T, and N272K, and 256del1 were reported with only a single experiment for
each. Repeat assays were qualitatively similar but failed to yield quantitative results due to low
cell numbers. Similarly R356W#1 and del26bp21 are also only reported once, but additional
subjects bearing the same mutation are also reported.

Historical data on α-Gal A activity from peripheral white blood cells has established a
maximum value for an affected hemizygous male Fabry patient (n= 102) of 12% of normals
(Jane Quirk, Unpublished). Thus the various mutations reported here (Table 1) were assigned
to three categories: Responders (R) with increases in enzyme activity > 25 % of normal include
14 mutations: T41I, M51K, A97V, R112C, R112H, A143T, S201F, P205T, N215S, P259R,
F295C, L300P, R301Q, and G328A (Tables 1 and 2). The 14 mutations C94S, G128E, G132R,
A143P, H225R, R227Q, W236R, G261D, G271C, N272K, W287C, R356W, ΔE358, and
L415P were non-responders (NR) with activity < 7% of normal. Three mutations were in the
intermediate group (IR) between 7% and 25% of normal: R49C, Y207S and S276G.

Different individuals with the identical mutation, either from the same family or from unrelated
patients, were qualitatively consistent (Table 1). Among the responders, two patients were
tested with each of the mutations T41I, R112C, A143T, and P259R, and three patients each
with the R112H and R301Q mutations. Although untreated enzyme activity levels vary and
the percentage change after treatment with DGJ varies, increased α-Gal A activity to more than
25% of normal was uniformly observed. This is also the case for the single intermediate
responder (S276G) for which two patients were available for testing. Two individuals for each
of the G128E, A143P, G271C, W287C, R356W, and del26bp21 mutations (NR) were available
for testing and were equally non-responsive. These findings demonstrate that increases in α-
Gal A activity by DGJ depends on the α-Gal A genotype.

Cells obtained from a single individual with the mutation R49C demonstrate increased α-Gal
A activity in the intermediate response range from 2.5 % to 11 % (n=9, P < 0.01) of normal
(Table 1). Varying the DGJ concentration demonstrated that for R49C the highest level of
response was obtained using 20 μM of DGJ (data not shown) similar to the results for the
responders [16].

Increased activity of α-Gal A following DGJ treatment is also consistent with the increased
intensity of α-Gal A specific bands by Western blot [16]. Using extracts from normal cells and
cells representing each of the three different response groups, T41I (R), R49C (IR), and R356W
(NR), demonstrates differences in the distribution of molecular weights for the α-Gal A
produced in the absence or presence of DGJ for each of the response groups. In extracts from
normal cells, a small amount of the 50 kDa precursor form of α-Gal A was seen with a more
intense 46 kDa band representing the mature, fully processed lysosomal species [11] (Fig. 1,
lanes 1 and 2). In the absence of DGJ the responders and intermediate response groups, T41I
and R49C, contain primarily the 50 kDa immature form of α-Gal A, (Fig. 1, lanes 3 and 5).
After growth in DGJ for 3 days, both the responders and the intermediate group demonstrate
an increase in the intensity of the 46 kDa mature enzyme although the band is more intense in
the responders than in the intermediate group (Fig. 1, lanes 4 and 6) [11]. Cells from normal
individuals grown with DGJ show greater than a 5-fold increase in band intensity but only 118
to 133% of the control activity. This discrepancy is more pronounced if band intensity is
compared enzyme activities in normals and in the responders (e.g. T41I). These results may
indicate some inhibitory effect of residual DGJ at 20 μM on normal α-Gal A activity masking
the full effect on activity. In the non-responders, e.g. R356W, no protein bands corresponding
to α-Gal A were detectable in the absence or presence of DGJ (data not shown), except by use
of a longer exposure which permits detection of the 50 kDa band (Fig. 1, lane 7 and 8). We
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conclude that α-Gal A produced by the R356W mutation is present at a low concentration but
is not stabilized in the presence of 20 μM DGJ. Additional samples from other responders
showed a consistent increase in the intensity of the 46 kDa form of α-Gal A following DGJ
treatment. No α-Gal A specific bands were found in any of the non-responder samples (data
not shown).

Discussion
Using a T-cell based system for the determination of the response of catalytic activity to DGJ
we report results for 40 different mutations of the α-Gal A gene. Since the response to the
pharmacological chaperone is expected to be a property of the individual mutation, multiple
individuals with the same mutation resulted in qualitatively similar results.

Predicting clinical efficacy of chaperone therapy for patients with Fabry disease is imprecise.
However, we suggest here that those individuals in the non-responders group, i.e. with
mutations achieving a level of activity in the presence of DGJ at or below that of affected
individuals with Fabry disease may be unlikely to benefit from this therapy. Responders, i.e.
individuals for whom enzyme activity can be increased to twice the affected level, are more
likely to develop sufficient activity for a strong therapeutic response. Patients in the
intermediate response class may also benefit from the demonstrated increases in enzyme
activity, however, the outcome is less certain and needs to be tested in controlled clinical trials.
Finally, the increase in activity seen for normal individuals seen by us and by others [20] may
be an indication that chaperone therapy may also be a useful therapy for heterozygotes.

Our conclusions are based on data generated using cells derived from individual patients. Some
investigators have performed similar testing using transient expression using strong viral
promoters in COS-7 cells [20;21]) which may result in artifacts due to overexpression of the
mutant proteins and even near normal enzyme levels in the absence of the chaperone[16;20].
The elevated activity in the absence of chaperone compels the authors to use the enhancement
ratio (response ratio) as a measure of response which may not represent the true potential
efficacy in vivo. A response ratio of two, i.e. the doubling of enzyme activity, may be an
effective enzyme level if the starting activity is quite high but may still be inadequate for most
patients for whom endogenous enzyme activity is less than 10% of normal. Despite this
concern, Shimotori et al. [20] have been able to demonstrate definitive increases in enzyme
activity meeting our criteria for positive responders for the mutations R112H, P205T, G260A,
K208N, Q312R and L403S and one mutation, M42V in the intermediate response group. One
additional mutation E66Q reported by these investigators reaches 60% of normal but also
shows unusually high activity in the absence of DGJ.

The nature of each mutation, i.e changes in polarity, charge, and side chain (length, surface
area and volume), may all influence the nature of the response to the pharmacological
chaperone but each must also be considered individually with respect to the location within
the molecular structure. For instance, comparing A143T and A143P, the former is a non-
conservative change (from a non-polar to a polar residue) with only one carbon atom increase
in side chain length that responds positively to DGJ. In contrast, A143P is a conservative (non-
polar to non-polar) substitution with a similar increase in side chain volume and is a non-
responder. The introduction of a significant structural change such as a turn forced by the Pro
substitution may be more significant than the small change in hydrophobicity as a result of the
addition of the polar Thr residue.

Responders appear to be more likely to be conservative with respect to size. Overall 6 of 8
mutations that resulted in a significant increase in size (by 3 or more side chain atoms), were
non-responders and 15 of 23 that were smaller or unchanged showed a positive response to the
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drug. Thus, absence of steric influence may contribute to a positive response, but the type of
mutation does not appear to be the sole determinant for response.

Mutations in the interdomain, dimer interfaces, and catalytic residues are less likely to be fully
responsive i.e. 9 of 10 are either non-responders or intermediate responders (Table 2). The
absence of response with mutations R356W and ΔE358 support the need to preserve the
interdomain interface. R356 plays an essential role in stabilizing the interdomain interface of
α-Gal A as does E358 and W236 [13] (Fig. 2a). Disruption of these bonds at the interdomain
interface by mutations of either Domain 1 (W236R) or Domain 2 (R356W and ΔE358) results
in the degradation of α-Gal A that cannot be rescued by DGJ treatment. In addition to the effect
of ΔE358 on the disruption of the interdomain interface, deletion of a single amino acid from
a protein structure changes the register of the peptide chain and may result in significant
changes in the tertiary structure remote from the site of the mutation. Yam et. al.[22], using a
different assay system based on a reduction of storage of Gb3 in fibroblasts, have reported that
the activity of the truncated mutation Q357X responds to the presence of DGJ. Q357X would
be expected to eliminate E358 and all downstream amino acids, a truncation that we would not
expect to produce an enzyme responsive to DGJ treatment.

Although the intact structure of the dimer interface is clearly important for enzyme activity, a
group of mutations located at or near the dimer interface [13] vary in their response to DGJ.
M51K is a responder, while R49C and S276G are intermediate, and G271C and N272K are
non-responders. Proximity to the active site as in M51K may explain the greater positive
influence of the chaperone on activity in this mutation.

R227Q, an active site residue, and C94S (adjacent to two consecutive catalytic residues) are
non-responders, however, Y207S, also at the active site, is in the intermediate response group.
The loss of the polar interaction of R227 with the 2-hydroxyl group of both substrate and
inhibitor[21] prevents a positive response to DGJ (Fig. 2c). Disruption of the disulphide bond
by the C94S mutation, leads to a significant structural change, possibly also affecting the H-
bonding of the active site aspartic acid residues D92 and D93, with DGJ resulting in the absence
of response. Although Y207S (Fig. 2c) causes a change in an active site residue, the mutation
results in a smaller residue, retention of the polar hydroxyl group results in an intermediate
response.

Without including any other structural or functional considerations, we found that that 9 of the
14 non-responders occur within α-helical regions or β-sheets (Fig. 3 and Table 2). Additionally,
12 of the 17 mutations that are responders or intermediate responders are Non-α and Non-β
(Table 2). Fig. 3 shows a 3 dimensional representation of α-Gal A with the location of mutations
for both responders (Fig. 3a) and non-responders (Fig. 3b). Examining all regions of α-helices,
β-sheets, interdomain, dimer interfaces, or active sites, termed collectively as structurally
significant elements (SSE), we find 9 of 21 are responders or intermediate and 12 of 21 are
non-responders. Eight of the ten mutations that are not involved in any of the above mentioned
SSE are responders. The preponderance of responders in areas of the molecule with less
restricted geometry suggests that the intervening sequences have more structural freedom and
that mutations in these regions are less likely to result in a non-recoverable effect on the protein.
Thus, mutations from the less structurally constrained areas may be more amenable to the
stabilizing force provided by the pharmacological chaperone.

The exceptions to this generalization are of interest. The mutations T41I, S201F, N215S,
F295C, and G328A, each of which occurs within the α-helices and β-sheets but have no other
functional or structural role (Table 1), are responsive to the chaperone. In addition, T41I,
N215S, F295C and G328A are all conservative mutations with respect to hydrophobicity and
polarity. Although S201F and T41I each result in loss of enzyme activity due to the introduction
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of a bulkier side chain, the proximity to the active site may allow the chaperone to
counterbalance and stabilize the enzyme. Only two non-responders have no structural or
functional roles. A143P introduces a severe turn in the structure as previously discussed and
Gly128 occurs at a restricted psi-phi turn with little room for any increase in size of the side
chain. The failure to respond in each of these mutations may thus be explained as interference
with nearby important structural elements. Just as the positive response of the M51K, T41I
and S201F mutations may be partially attributed to the proximity to the active site, mutations
that are remote from the active site may be less likely to respond to pharmacological
chaperones. The failure to respond for G128E may also be primarily due to the distance, more
than 25 Å, from the substrate/chaperone binding site. L415P is unchanged in size, polarity or
charge but is located in Domain 2 more than 25 Å away far from the active site and is non-
responsive.

Fabry disease is an important risk factor for stroke[4] and attempts at enzyme replacement
therapy have not decreased the incidence of stroke. The current study provides criteria for
screening and inclusion of patients in clinical trials for pharmacologic chaperone therapy. Our
observations of differing levels of response in various genotypes in combination with mapping
of the non-responders onto the crystal structure of α-Gal A suggest that the response of mutated
α-Gal A activity to DGJ is not easily predicted but may be more likely to occur in mutations
that are located in regions outside of the α-helical regions or β-sheets in the protein.
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Fig. 1. Western blot of normal controls, responders, intermediate responders and non-responders
Upper panel: Measurement of α-Gal A activity. Lower panel: Western blots corresponding to
upper panel data. Westerns were developed using polyclonal rabbit antisera raised against
normal α-Gal A.
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Fig. 2. Three domains important for the response of α-Gal A to DGJ
a. Mutation of any of W236, R356, or E358, disrupts the interface between Domain 1 and
Domain 2. E358 (charged acidic, red) forms an ionic bond with K240 (charged basic, blue)
and an H-bond with W236 (gray). R356 (charged basic, blue) forms an additional ionic bond
with D244 (charged acidic, red).
b. Five mutations found in the dimer interface show variable response to DGJ treatment. M51K:
Responder (green); R49C and S276G: Intermediate Responder (aqua); G271C and
N272K:Non-Responder (red). Y207S: intermediate Responder (aqua) is located at the active
site (not in the dimer interface). F273 (essential for dimer formation) is shown in white for
reference only.
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c. Mutations Y207S (aqua, Intermediate Responder), R227Q (red, Non-responder) are all
located within the α-Gal A active site. Active site residues are shown in yellow. C94S (red,
Non-responder) is located next to D92 and D93 which is within the active sites.
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Fig. 3. Structural mapping of responders and non-responders
a. Responders are shown in monomeric α-Gal A. Eight mutations at 7 loci are located outside
of α or β structures (green) and 5 mutations (pale yellow) occur within these structures.
Disulfide bonds are shown in orange. M51K (purple) responded to DGJ and located in the
dimer interface. Intermediate responders located outside of α or β structures are also shown:
Y207S (red) in the active site and R49C and S276G (purple) in the dimer interface.
b. Non-Responders are shown in monomeric α-Gal A. Two non- responders are found outside
all significant structural elements (yellow). Six non-responders are found within α or β
structures (green), two are in the dimer interface, one in the interdomain interface (purple) and
two are in both the interdomain interface and also located within α or β structural elements
(blue with orange numbers). One non-responder is in the active site (red).
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