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Abstract

Fabry disease is an X-linked inborn error of glycolipid metabolism caused by deficiency of
the human lysosomal enzyme, a-galactosidase A (aGal), leading to strokes, myocardial in-
farctions, and terminal renal failure, often leading to death in the fourth or fifth decade of life.
The enzyme is responsible for the hydrolysis of terminal a-galactoside linkages in various
glycolipids. Enzyme replacement therapy (ERT) has been approved for the treatment of
Fabry disease, but adverse reactions, including immune reactions, make it desirable to gen-
erate improved methods for ERT. One approach to circumvent these adverse reactions is
the development of derivatives of the enzyme with more activity per mg. It was previously
reported that carboxyl-terminal deletions of 2 to 10 amino acids led to increased activity of
about 2 to 6-fold. However, this data was qualitative or semi-quantitative and relied on com-
parison of the amounts of mMRNA present in Northern blots with aGal enzyme activity using
a transient expression system in COS-1 cells. Here we follow up on this report by construct-
ing and purifying mutant enzymes with deletions of 2, 4, 6, 8, and 10 C-terminal amino acids
(A2, A4, A6, A8, A10) for unambiguous quantitative enzyme assays. The results reported
here show that the k../K,,, approximately doubles with deletions of 2, 4, 6 and 10 amino
acids (0.8 to 1.7-fold effect) while a deletion of 8 amino acids decreases the kq./K,, (7.2-fold
effect). These results indicate that the mutated enzymes with increased activity constructed
here would be expected to have a greater therapeutic effect on a per mg basis, and could
therefore reduce the likelihood of adverse infusion related reactions in Fabry patients re-
ceiving ERT treatment. These results also illustrate the principle that in vitro mutagenesis
can be used to generate aGal derivatives with improved enzyme activity.

Introduction

Mutations in the aGal gene result in the sphingolipidosis named Fabry disease [1]. The enzy-
matic defect is inherited as an X-linked disorder and is associated with a progressive deposition
of the glycosphingolipids, including globotriaosylceramide, galabioasylceramide, and blood
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group B substance. In affected males this leads to early death due to occlusive disease of the
heart, kidney, and brain.

De Duve [2] first suggested that ERT might be a successful approach to the treatment of ly-
sosomal storage defects such as Gaucher’s and Fabry disease. For Gaucher’s disease, ERT pro-
duced unequivocal clinical responses [3, 4] that were subsequently confirmed by others [5-7].
Classical Fabry disease patients lack detectable levels of aGal [1] so it should not be surprising
that more than 80% of Fabry patients treated with agalsidase-beta [8] and more than 50% treat-
ed with agalsidase-alfa [9] developed an immune response. The antibodies produced are pri-
marily of the IgG class and a fraction of the antibodies appear to exhibit neutralizing
properties. These antibodies have been associated with an increase in urinary globotriaosylcer-
amide levels due to the uptake of immune-enzyme complexes by granulocytes in the blood-
stream and macrophages in the tissues [10-12].

ERT for Fabry disease patients was initially undertaken for males with the classic form of
the disease (no detectable aGal activity) in a variety of clinical trials [8, 9, 13-16], but therapy
is now also underway for heterozygous females with Fabry disease [17-19] and is under consid-
eration for children [20-22] and adults with atypical (low levels of enzyme) Fabry disease [23].
The two products used for ERT in Fabry disease patients have been compared [24]. The pattern
of glycosylation on aGal has been analyzed [25] and its importance for activity [26] and uptake
by cells has been established [27, 28]. The limitations of current approaches for ERT for Fabry
disease and the need for improved techniques have been discussed [10, 29, 30]. Efforts for gene
therapy for Fabry disease are underway [31-38] and molecular chaperones are under investiga-
tion for specific alleles [39-41]. Substrate reduction therapy as an augmentation to ERT has
been evaluated [42]. There are several reviews on the general topic of ERT for lysosomal stor-
age diseases [43-47].

Expression of the human aGal has been reported in Escherichia coli [48], baculovirus [49,
50] Chinese hamster ovary cells [51] and human foreskin fibroblasts [52]. The highest levels of
heterologous aGal expression was observed in Pichia pastoris [53]. Recombinant aGal has also
been produced in a modified strain of Saccharomyces cerevisiae that synthesized glycoprotein
lacking the outer chain of N-glycan, a structure that is specific to yeast but not humans [28,
54]. When this aGal was introduced into Fabry patient fibroblasts or a Fabry mouse model,
there was hydrolysis of accumulated substrates [28, 54].

The methylotrophic yeast P. pastoris is the most highly developed of a small group of alter-
native yeast species chosen for their advantages over S. cerevisiae as expression hosts [55, 56].
Two attributes critical in its selection are the existence of well-established fermentation meth-
ods and the presence of the tightly regulated methanol-inducible promoter. AOX expression is
undetectable by enzyme assay or mRNA production in cells cultured on carbon sources such
as glycerol, but constitutes up to 30% of total soluble protein in methanol-grown cells. Heterol-
ogous genes under the control of the P4ox; promoter can be maintained in an expression-off
mode on a non-methanolic carbon source in order to minimize expression of potentially toxic
heterologous proteins during cell growth. The P. pastoris expression system has now been suc-
cessfully used to produce a number of heterologous proteins at commercially useful concentra-
tions [57].

Lysosomal enzymes such as aGal are glycoproteins that are modified in the Golgi to contain
N- or O-linked carbohydrate structures [58]. The human aGal is glycosylated at Asp residues
139, 193, and 215 [26] with branched carbohydrate structures that vary in composition and se-
quence depending upon the host species and tissue type [25]. For example, the enzyme purified
from humans contains variable amounts (5-15%) of asparagine linked complex and high man-
nose oligosaccharide chains [1]. Consequently, multiple forms are present in SDS gels and in
isoelectric focusing experiments that correspond to the plasma and various tissue forms. The
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recombinant human aGal preparations used therapeutically are produced in human and CHO
cells and these have distinct glycosylation patterns and differ in levels of sialic acid and man-
nose-6-phosphate [24]. The recombinant aGal produced in insect cells [49, 50] and in P. pas-
toris [53] contain variable levels of mostly complex and high mannose side chains, respectively.
Glycoproteins produced in P. pastoris typically contain from 6 to 14 mannose units (Mang_
GlcNac, to Man;4GlcNac,) that sometimes produces a Gaussian-like distribution of oligoman-
nosides that may center near Man;,GlcNac, to Man;3GlcNac, [59].

These carbohydrate moieties serve a structural and functional role. For example, it has been
demonstrated that glycosylation, particularly at Asn-215, is required for enzyme solubility
[26]. Also, uptake of the enzyme by cells in vivo is affected by terminal mannose-6-phosphate
residues on the enzyme [27], and the 10-12 sialic acid residues on the plasma form of the en-
zyme accounts for the prolonged circulatory half-life of the enzyme compared to the tissue
form with only one or two sialic acid residues [60]. The identification of these multiple forms
as derivatives of the same protein in purified enzyme preparations can conveniently be moni-
tored by treatment with specific N-glycosidases or by Western blots.

Fabry disease patients with adverse reactions to the infusions are currently treated with anti-
histamines and antipyretics and the initial immune response has been manageable to date [61,
62], but it can be anticipated that life-long treatment required for these patients will lead to un-
acceptable levels of neutralizing antibodies. In this context it is reasonable to devise approaches
to circumvent these adverse reactions and the development of derivatives of the enzyme with
more activity per mg is a logical approach. Miyamura and coworkers [63] reported that carbox-
yl-terminal deletions of 2 to 10 amino acids of aGal led to an increase in activity of about 4 to
6-fold as compared to wild type (WT). However, this data was qualitative or semi-quantitative
and relied on comparison of the amounts of mRNA present in Northern blots to aGal enzyme
activity during transient infection of COS-1 cells. Here we use a P. pastoris expression system
for the construction and purification of mutant enzymes with C-terminal deletions. The quan-
titative results reported here with purified enzymes reveal that C-terminal deletions results in
an increase (A2, A4, A6, and A10) or decrease (A8) in enzyme activity.

Materials and Methods
Cell strains and plasmids

The P. pastoris host strain X-33 (No. K1740-01), E. coli strains TOP10 (Np. C4040-50) and
TOP10F (No. C665-11), plasmid pPICZaA (No. K1740-01), and TOPO™ XL PCR cloning kit
(No. K4700-10) were purchased from Invitrogen.

Bioreactor expression of recombinant aGal in P. pastoris

High-cell-density fermentation was carried out as previously described [53] with a modified
growth medium utilizing non-precipitating sodium hexametaphosphate as a phosphate source
[64] and modified for a 7 L Applikon bioreactor. Fermentation medium of 3.5 L (0.93 g/I
CaS04, 18.2 g/l K504, 14.9 g/l MgS0O,.7 H,0, 9 g/l (NHy) SO4, 40.0 g/1 glycerol) was auto-
claved at 121°C for 20 min in the vessel. After cooling to room temperature, filter sterilized so-
dium hexametaphosphate (25 g/l of fermentation basal salt medium dissolved in 500 ml of
deionized water) and 0.435% PTM!1 trace elements (CuSO,.5 H,O 6.0 g, Nal 0.08 g, MgSO,.
H,0 3.0 g, Na,M00,.2 H,0 0.2 g, H;BO; 0.02 g, CoCl, 0.5 g, ZnCl, 20.0 g, FeSO,.7 H,O 65.0
g, biotin 0.2 g, 5.0 ml H,SO, per liter) were added to complete the fermentation medium. The
pH was adjusted to 6.0 using ammonium hydroxide (28%).

Four frozen MGY cultures of 4 ml each were used to inoculate four 100 ml MGY cultures in
1-liter baffled flasks and grown at 250 rpm and 30°C until the OD600 reached 2 to 6. The

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 3/26



@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

cultivation was divided into three phases, the glycerol batch, glycerol-fed batch, and methanol-
fed batch. The glycerol batch phase was initiated with 400 ml of inoculum shake-flask culture
added to 4 L of the fermentation medium containing 4% glycerol and an initial value of 100%
dissolved oxygen until a spike was observed indicating complete consumption of glycerol.
Next, the glycerol-fed batch phase was initiated and a 50% w/v glycerol feed rate of 18.15 ml/h/
liter initial fermentation volume and maintained until a cell yield of 180 to 220 g/liter wet cells
was achieved. At this point the glycerol feed was terminated manually and a methanol-fed
batch phase was initiated by starting a 100% methanol feed containing 12 ml PTM1 trace salts
per liter. Methanol was initially fed at 3.6 ml/h/liter of initial fermentation volume, then in-
creased to 7.3 ml/h/liter and finally increased to 10.9 ml/h/liter of initial fermentation volume
for the remainder of the fermentation. Dissolved oxygen spikes were used during the glycerol-
fed batch phase and methanol-fed batch phase and to monitor substrate levels. A dissolved ox-
ygen level of 40%, pH of 6, and temperature of 25°C were maintained by an ADI 1030 regula-
tor. Sampling was performed at the end of each phase and at lease twice daily and analyzed for
cell wet weight and increased aGal activity over time. Cultivation was terminated once a pla-
teau in aGal activity was observed.

Construction of strains

Plasmid pMS118 [48] contains the aGal cDNA cloned as an EcoRI fragment to the EcoRI site
of plasmid pUC9. PCR primers (Fig. 1, 2) were used with plasmid pMS118 DNA and the PCR
system (Roche, No. 11732641001) according to the vendor’s instructions. This generated
cDNAs with a 5’ extension containing an Xhol site, Kex2 and Stel3 yeast signal cleavage sites,
a 3’ end with an Xbal site, and a deletion of C-terminal amino acids to generate A2to A10 mu-
tants (Fig. 1, 2). The PCR products were ligated to pCR-XL-TOPO to generate A2to A10 plas-
mids (Table 1). These plasmids were used for electroporation [53] into E. coli strain TOP10 or
TOP10F' (Table 1).

DNA sequence analysis using the universal M13 primers (Table 2) confirmed the expected
insert for these pCR-XL-TOPO derivatives. The modified cDNAs were excised from pCR-XL-
TOPO plasmids using Xhol and Xbal endonucleases and ligated into expression plasmid pPIC-
ZoA treated with the same two restriction enzymes to generate expression plasmids (Table 1)
that were subsequently used for electroporation [53] into strain TOP10 or TOP10F’ (Table 1).
The nucleotide sequence of mutant cDNAs in pPICZaA derivatives was analyzed (Genewiz)
using 5" AOX, 3 AOX and a-factor sequencing primers (Table 2). These pPICZaA derivatives
were used for electroporation of P. pastoris strain X-33 to generate yeast expression strains
(Table 1).

Purification of aGal using double affinity chromatography

Purification was as described [53, 65] with minor modifications (below). Bioreactor superna-
tant was passed through a 0.2 ym hollow fiber filter (Spectrum Labs, No. M22M-300-01N) and
subjected to diafiltration using a 50 kDa pore size hollow fiber filter (Spectrum Labs, No.
M258-300-01N) against wash buffer (0.1 M sodium acetate buffer, pH 6.0, 0.1 M NaCl, 1 mM
MgCl,, 1 mM CaCl,, 1 mM MnCl,). The resulting supernatant was applied to a Con A Sephar-
ose 4B (GE Healthcare No. 17-0440-01) column, pre-equilibrated with wash buffer, and
washed with 5 column volumes of wash buffer. It was observed that near-saturating sugar elu-
ent concentrations do not improve glycoprotein recovery as compared to lower concentrations
and that elution phase pauses improve recovery [66]. In accordance with these findings, elution
of aGal was carried out using modified elution buffer I (0.5 M methyl-a-D-mannopyranoside,
0.25 M methyl-a-D-glucopyranoside in wash buffer) over 1.5 column volume blocks separated
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Fig 1. Introduction of a C-terminal deletion of 2 amino acids into aGal. The strategy shown here for the A2 mutant was used to generate all five deletion
mutations (Fig. 2). Plasmid pMS118 [48] contains the aGal cDNA cloned as an EcoRI fragment to the EcoRl site of plasmid pUC9. Primers AAF and AARD2
(Fig. 2) were used as PCR primers for plasmid pMS118 DNA to generate cDNAs with a 5’ extension containing an Xhol site, Kex2 and Ste13 yeast signal
cleavage sites, a 3’ end with an introduced Xbal site, and a deletion of C-terminal amino acids to generate the A2 mutant. Primer AAF anneals to the cDNA at
the sequences encoding the N-terminal sequences of aGal and primer AARD2 anneals to the C-terminal sequences of aGal. Primer AARD2 anneals 12
nucleotides from the 3’ end of the cDNA and introduces a stop codon (UAA) after the aspartate codon three amino acids from the C-terminal end of the
coding sequences of aGal resulting in a deletion of the two C-terminal amino acids (Leu-Leu) of the human enzyme (right panel). Cloning to the Xhol and Xbal
sites of plasmid pPICZaA generates a protein fusion with the yeast signal peptide coding sequences in the vector. This signal peptide is removed by the Kex2
and Ste13 yeast signal peptidases through cleavage immediately upstream of the leucine corresponding the first amino acid of the mature form of aGal (left
panel). This strategy was generalized to create the other deletion mutants using the primers in Fig. 2. In the left panel, the N-terminal peptide LDNGLAR was
identified in mass spectrometric analysis while EALDNGLAR was not (Fig. 5).

doi:10.1371/journal.pone.0118341.9001

by 12-hour interval soaks. Elution was discontinued when the absorbance at 280 nm and en-
zyme assays showed negligible presence of protein and aGal activity. No substantial difference
in recovered enzyme was observed between purifications carried out with modified elution
buffer I versus sugar saturated elution buffer I (data not shown). The Con A pool was subjected
to diafiltration using a 50 kDa pore size hollow fiber filter (Spectrum Labs, No. M25S-300-
01N) against binding buffer (25 mM citrate-phosphate buffer, pH 4.8 containing 0.1 M NaCl).
The Con A pool was applied to an immobilized-D-galactose gel column (Thio-Gal, Pierce
No. 20372) pre-equilibrated with binding buffer. The column was washed with 5 column vol-
umes of binding buffer and aGal was eluted with elution buffer II (25 mM citrate-phosphate
buffer, pH 5.5, 0.1 M NaCl, 0.1 M D-galactose) over 1.5 column volume blocks separated by 12
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Fig 2. Primers and aGal cDNA used to generate A 2, A 4, A 6, A 8 and A 10 mutant cDNAs. DNA primers AAF, AARD2, AARD4, AARD6, AARD8 and
AARD10 corresponding to the A2, A4, A6, A8 and A10 mutants were annealed to the cDNA of mature aGal contained within pMS118 to generate 3’ end
truncated PCR products for carboxy-terminal deleted enzymes. Primer AAF and primers AARD2 to AARD10 (indicated above) were annealed to the 5" and 3’
ends of the cDNA, respectively. Primer AAF contains an Xhol site (indicated above) and partially encodes for a yeast signal peptide (see Fig. 1) to produce a
fusion protein targeted for secretion from P. pastoris. Primers AARD2 to AARD10 were used to introduce an Xbal site (indicated above) and a premature UAA
stop codon via an antisense ATT tripletimmediately downstream of nucleotides complementary to aGal (bold font) to produce cDNAs encoding for A2, A4,
A6, A8, A10 mutants. The boxed LDNGLAR and SHINPTGTVLLQLENTMQM protein sequences (indicated above) are peptide fragments that were
identified through mass spectrometry of the A6 mutant (Fig. 5).

doi:10.1371/journal.pone.0118341.9002

Table 1. Strains and Plasmids.

Strain Species Plasmid Description
CC878 E. coli pCC248 pCR-XL-TOPO derivative plasmid a modified cDNA using primers AAF and AARD4 to generate C-terminal deletion of 4 amino
acids (A4)
CC892 E. coli pCC262 pPICZaA derivative plasmid with A4 cDNA insert
CC970 E. coli pCC278 pCR-XL-TOPO derivative plasmid a modified cDNA using primers AAF and AARDS to generate C-terminal deletion of 6 amino
acids (A6)
CC973 E. coli pCC281 pCR-XL-TOPO derivative plasmid a modified cDNA using primers AAF and AARD10 to generate C-terminal deletion of 10
amino acids (A10)
CC983 E. coli pCC291 pPICZaA derivative plasmid with A6 cDNA insert
CC990 E. coli pCC298 pPICZaA derivative plasmid with A10 cDNA insert
CC993 E. coli pCC301 pCR-XL-TOPO derivative plasmid a modified cDNA using primers AAF and AARD2 to generate C-terminal deletion of 2 amino
acids (A2)
CC994 E. coli pCC302 pCR-XL-TOPO derivative plasmid a modified cDNA using primers AAF and AARDS to generate C-terminal deletion of 8 amino
acids (A8)
CC995 E. coli pCC303 pPICZaA derivative plasmid with A2 cDNA insert
CC997 E. coli pCC305 pPICZaA derivative plasmid with A8 cDNA insert
PC626 P. pCC106 Integrated pPICZaA derivative with WT cDNA insert [53]
pastoris
PC897 P. pCC262 Integrated pPICZaA derivative with A4 cDNA insert
pastoris
PC958 P. pCC291 Integrated pPICZaA derivative with A6 cDNA insert
pastoris
PC960 P. pCC298 Integrated pPICZaA derivative with A10 cDNA insert
pastoris
PC971 2 pCC303 Integrated pPICZaA derivative with A2 cDNA insert
pastoris
PC973 P. pCC305 Integrated pPICZaA derivative with A8 cDNA insert
pastoris
TOP10 E. coli None E. coli host for modified A2, A6, A8, A10 cDNA plasmids
TOP10F'  E. coli None E. coli host for pCC106 and modified A4 cDNA plasmid
X-33 P. None Expression host for aGal expression
pastoris

doi:10.1371/journal.pone.0118341.t001
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Table 2. Primers Used for DNA Sequence Analysis.

Primer Sequence Function

5" AOX 5 GACTGGTTCCAATTGACAAGC 3 DNA sequencing primer for pPICZaA

3 AOX 5 GCAAATGGCATTCTGACATCC & DNA sequencing primer for pPICZaA
a-factor 5’ TACTATTGCCAGCATTGCTGC 3 DNA sequencing primer for pPICZaA

M13: forward 5 GTAAAACGACGGCCAG 3 DNA sequencing primer for pCR-XL-TOPO
M13: reverse 5 CAGGAAACAGCTATGAC & DNA sequencing primer for pCR-XL-TOPO

Note. Primers were HPLC purified, 50 nmoles from Invitrogen

doi:10.1371/journal.pone.0118341.t002

hour soaks. Fractions were assayed for enzyme activity and protein concentration and a peak
tube with high specific activity was chosen as the sample to be used in a substrate
saturation curve.

Electrophoresis analysis

Samples (8 pg) were mixed with an equal volume of reducing sample buffer (Bio-Rad Laemmli
sample buffer with 5% B-mercaptoethanol) and heated for 5 minutes at 95°C before loading on
a Mini-Protean TGX Precast Gel 4-20% (w/v) (Bio-Rad No. 456-1094). Bands were visualized
by Coomassie blue staining via the modified Fairbanks protocol [67].

Western blot analysis

Western blot analysis was performed using an anti-aGal polyclonal antibody produced in
chicken (Pierce/ThermoSci #PA1-9528) and horseradish peroxidase-conjugated anti-Chicken
IgY antibody (Sigma #A9046). After SDS-PAGE (2 ug of samples loaded), the gel was incubat-
ed with a nitrocellulose membrane (Whatman, No. 10402594) for 15 minutes at room temper-
ature in Transfer Buffer (48 mM Tris, 39 mM glycine, 20% MeOH, pH 9.2) and the proteins
were then transferred to the nitrocellulose membrane using a Bio-Rad Trans Blot SD Semi-Dry
Transfer Cell. The membrane was blocked with 8% (w/v) non-fat dried milk in PBST [10 mM
Na,HPO,, 1.8 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl and 0.2% Tween 20 (pH 7.4)] at
room temperature for 20 minutes. The membrane was then treated with primary antibody di-
luted in a milk/blot solution [1% (w/v) non-fat dried PBST] for 2 h at room temperature with
mild shaking. After rinsing with PBST solution, the membrane was treated for 1 h at room
temperature with secondary antibody diluted in the milk/blot solution. Protein bands were vi-
sualized on Kodak BioMax XAR film (VWR #IB1651454) with a Konica SRX-101A processor.

Enzyme and protein assays

Activity of aGal was assayed using the synthetic substrate, 4-methylumbelliferyl-a-D-galacto-
pyranoside (MUG) as described [53] with modifications to a microtiter plate format (below).
Enzyme activity is measured in units/ml where one unit is defined as the amount of enzyme re-
quired to convert 1 nmole of MUG to 4-methylumbelliferone in one hour at 37°C. An aliquot
of 3 ul was added to 27 ul of enzyme assay buffer (5 mM MUG in 40 mM sodium acetate buffer,
pH 4.5). This mixture was incubated at 37°C and 10 pl aliquots were taken at two time points
and added to 290 pl of 0.1 M diethylamine in a microtiter plate to stop the reaction. Typically
time points were chosen as 1-4 minutes and values that were proportional to time were consid-
ered valid. The fluorescence of each sample was measured at an excitation wavelength of 365
nm and an emission wavelength of 450 nm using a Tecan Infinite F200 microtiter plate reader.
A standard curve of 10 pl of 0 - 0.5 nmol 4-methylumbelliferone dissolved in MeOH in 290 ul
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of 0.1 M diethylamine was used to quantitate MUG cleavage at specific time intervals. Analysis
of the effects of MeOH indicated no effect on the 4-methylumbelliferone standard curve.

For samples containing higher protein concentrations, the BioRad DC Protein Assay (No.
500-0116) with a standard curve of (0.2 - 1.5) mg/ml was used according to the manufacturer’s
specifications. For dilute samples of purified aGal, a more sensitive fluorescence-based fluores-
camine assay [68] with a standard curve containing lower protein concentrations of (4.0-160)
ug/ml was used. Briefly, 150 ul of 0.05 M sodium phosphate buffer and 50 ul of 1.08 mM fluor-
escamine dissolved in acetone were added to an aliquot of 50 yl of the sample and standards,
mixed and incubated for 12 minutes. The fluorescence of each sample was measured at an exci-
tation wavelength of 400 nm and an emission wavelength of 460 nm. Bovine serum albumin
(Bio-Rad No. 500-0112) was used as the standard in both assays. Absorbance and fluorescence
measurements were conducted on a Tecan Infinite F200 microplate reader using 96-
well plates.

Mass spectrometry of a purified mutant enzyme

The A6 mutant was selected for mass spectrometry analysis conducted at the Rockefeller Uni-
versity Proteomics Resource Center in collaboration with M.T. Mark. SDS-PAGE gel slices
were washed, de-stained, reduced using 10 mM dithiothreitol, alkylated using 100 mM iodoa-
cetamide, and digested using trypsin. Peptides were then extracted from the gel two times,
dried, and re-suspended in a 5% acetonitrile and 2% formic acid mixture. One third of each
sample was loaded onto a C18 PepMap1000 micro-precolumn (300 ym I.D., 5 mm length, 5
um beads, Thermo Scientific) at a flow-rate of 5 ul/min, and subsequently onto an analytical
C18 column (75 ym I.D., 3 ym beads, Nikkyo Technos Co.) at a flow rate of 300 nl/min. The
gradient was 40 min long in the range 5 to 45% B (buffer A was 0.1% formic acid in water, and
buffer B was 0.1% formic acid in acetonitrile). Eluted peptides were applied by electrospray di-
rectly into the LTQ-Orbitrap XL mass spectrometer from Thermo Scientific, operating in a 300
to 1800 m/z mass range. Tandem mass spectrometry was performed by collision induced disso-
ciation using nitrogen as a collision gas. The resulting spectra were analyzed using Mascot and
Proteome Discoverer 1.3 (Thermo Scientific) to identify the peptides in the sample.

Thermostability and pH optimum of WT and mutant aGal

Purified enzyme samples were diluted in 25 mM citrate-phosphate buffer, pH 5.5, 0.1 M NaCl,
0.01 M D-galactose. Samples of 50 ul were incubated in triplicate at 50°C, 30°C and 40°C. Ali-
quots of 3 ul were removed for enzyme assays every 15 minutes for two hours. Samples were as-
sayed in 0.02 M citrate buffer, pH 3.0—pH 6.5, containing 2 mM MUG.

Characterization of kinetic properties

Substrate saturation curves for aGal have been reported using MUG at concentrations up to 2
mM, 5 mM, and 10 mM (in the presence of 0.1% BSA and 0.67% EtOH [24]). We noted that
under our experimental conditions MUG is fully soluble at 2 mM, partially soluble at 5 mM,
and chemically oversaturated at higher concentrations. Other investigators reported the use of
sonication or detergent treatment to increase the solubility of MUG (e.g., [69]) but we avoided
this approach in order to avoid potential artifacts due to the use of these techniques. Substrate
saturation curves using 2 mM and 5 mM MUG as the highest concentrations were carried out
and the kinetic parameters for aGal were calculated separately obtaining similar values. The
values reported here (Table 3a) were obtained using a substrate saturation curve of 0.3 to 2
mM MUG since this is the highest concentration that is fully soluble under our experimental
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Table 3. Values of K,,,, V,ax, kcat and and the specificity constant (k..+/K,,,) for WT and C-Terminal Deletion Mutants of aGal.

A) MUG

Comments K., (mM) Vnax (Mmole/hr/mg) Keat (s7') Keat/Km (MM~ s71)
WT 2.44 + 0.44 3.36 £ 0.29 84.0 34.4

A2 452 + 0.62 5.56 + 0.73 139 30.8

A4 3.51+0.29 729 +0.74 182 51.9

A6 421 +0.52 4.89 +0.32 122 29.0

A8 3.89 +0.27 0.742 £ 0.21 18.6 478

A10 2.96 + 0.29 6.90 £ 0.71 173 58.3

B) PNPaGal

Comments K., (mM) Vinax (Mmole/hr/mg) Keat (571) Keat/Km (MM~ s77)
WT 15.0£ 2.0 2.51+£0.17 62.8 418

A2 1833+1.2 5.14 £ 0.82 128 9.65

A4 15.7+1.0 5.74 £ 0.39 143 9.18

A6 1834 +£1.1 1.89+£0.23 47.3 Bio3

A8 183.0+£15 0.68 + 0.08 17.0 1.31

A10 17.0+£ 3.0 6.24 £ 0.12 156 9.18

Note. The values given are for the human enzyme purified from P. pastoris and assayed in triplicate followed by Lineweaver-Burk and non-linear
regression analysis. Comparison of both Lineweaver-Burk and non-linear regression kinetic parameters show good general agreement (data not shown).
Non-linear regression results are displayed above. The k.,; was calculated using 90 kDa as the MW of aGal. A) MUG was used as the substrate for
enzyme assay. Mean and standard deviation measurements are from multiple assays of three independent enzyme preparations for the A8 enzyme, two
independent enzyme preparations for the WT enzyme, and single enzyme preparations for the other mutant enzymes. B) PNPaGal was used as the

substrate for enzyme assay.

doi:10.1371/journal.pone.0118341.t003

conditions. The K,,, and V,,,,, values were calculated using Lineweaver-Burk and non-linear re-
gression through the program Sigma-Plot (Systat Software, San Jose, CA).

Kinetic parameters were also determined using the colorimetric substrate, para-nitrophe-
nyl-a-D-galactopyranoside (PNPaGal) [70]. Purified enzymes were diluted to approximately
20,000 units/mL as determined by fluorescent MUG assay. These diluted samples were then
added at a proportion of 1:9 citrate-phosphate buffer (0.1 M) containing 7 - 50 mM PNPaGal.
Aliquots of 20 yl of the enzymatic reaction were removed at 15 minute intervals to terminate
the reaction over the course of an hour and added to 320 pul of borate buffer (pH 9.8) ina
microplate [71]. Product formation was monitored by absorbance at 400 nm. Linear reaction
velocities were observed for all measurements. A standard curve of 0-150 yuM p-nitrophenylate
in borate buffer (pH 9.8) [71] was used to quantitate product formation. K,,, and V,,,, parame-
ters were determined through non-linear regression using Sigma-Plot (Systat Software, San
Jose, CA).

Protein structure analysis

The crystal structure of aGal (PDB 1R47) was viewed and analyzed in PYMOL (Delano Scien-
tific). The MSLDKLL and QMSLKDLL peptides corresponding to the last 7 or 8 C-terminal
amino acids of aGal were built in PyRosetta [72] and visualized in PyMOL [73]. Interatomic
distances were measured using the PyMOL wizard distance command.

A homology model of the coffee bean a-galactosidase was generated on the Phyre2 server
[74]. The primary sequence of coffee bean a-galactosidase (GenBank No. AAA33022.1) was
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set as the query. The crystal structure of rice a-galactosidase (73% sequence identity to coffee
oa-galactosidase, PDB# 1UAS) was set as the template. Superposition of the coffee homolog and
human crystal structure of oGal (PDB# 1R47) was conducted in PyMOL [73]. Primary se-
quence alignments were carried out in ClustalOmega (EMBL-EBI).

Results
Purification of WT and mutant aGal

The WT and mutant enzymes were obtained from a 7 L bioreactor and purified (Table 4,

Fig. 3) using Con A and Thio-Gal tandem affinity chromatography. This two column purifica-
tion is simpler and faster than our previous purification methods that used three [50] or four
[49, 53] columns and the yield, degree of purity, and final specific activities were similar for all
three methods.

The non-glycosylated form of aGal (41.8 kDa) is isolated from cells as multiple glycosylated
species with a predominant band of about 50 kDa and multiple higher molecular weight forms
that differ in extent of glycosylation (Fig. 3; See Introduction). We have previously demonstrat-
ed that high molecular weight glycoforms produced in insect cells and P. pastoris can be identi-
fied as derivatives of aGal rather than contaminants and these glycoforms are converted to a
single band on SDS gels of about 41.8 kDa with endoglycosidase treatment [49, 50, 53]. In this
report we also use a Western blot (Fig. 4) to confirm that the high molecular weight forms seen
on SDS gels for the WT and deletion mutants are all glycoforms of aGal. In some cases lower
molecular weight species present in purified enzyme preparations can be identified as aGal
fragments in Western blots (e.g., Fig. 4, lane 2). We quantitated the distribution of glycoforms
in (Fig. 3, S1 Fig, online supplement) and there is no obvious correlation between the glycosyla-
tion pattern and catalytic activity. It is well established that glycosylation affects enzyme stabili-
ty and enzyme uptake (above) but to our knowledge there is no evidence that the glycosylation
pattern affects the catalytic properties of this enzyme.

Mass spectrometry of a purified mutant enzyme

Two possible amino terminal amino acids, glutamate or leucine, could be produced in P. pas-
toris depending upon the selection of the signal peptidase, Kex2 or Stel3 (Fig. 1). Due to the
fact that potential improper amino terminal processing may have an effect on kinetics, we se-
lected one of the purified mutant enzymes (A6) for mass spectrometry analysis in order to
identify the amino terminal sequence of this enzyme. This analysis also made it possible to pro-
vide independent verification of the expected changes in the C-terminal amino acid sequence
predicted by in vitro mutagenesis (Fig. 1, 2).

The mature form of the enzyme (signal peptide removed; [75]) produced in humans begins
with a leucine codon (Fig. 1, 2). Therefore, tandem mass spectrometry following tryptic diges-
tion of the A6 aGal purified from P. pastoris could produce tryptic peptides EALDNGLAR or
LDNGLAR, depending upon the use of the Kex2 or Stel3 protease sites (Fig. 1, 2). A putative

Table 4. Purification Table for WT aGal Expressed in P. pastoris.

Step Total Protein (mg) Total Activity Units x 10°) Specific Activity Units/mg x 10°%) Purification (Fold) Yield (%)
Supernatant 10,928 134 610 1.0 100
Con A Pool 138 30.4 221 18.1 22.8
Thio-Gal Pool 4.18 15.7 3,771 309 11.8

Note. 5 mM MUG was used as the substrate for enzyme assay.

doi:10.1371/journal.pone.0118341.t004
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Fig 3. SDS-PAGE for purification of aGal. Purified samples were run on a 4-20% polyacrylamide gel, under reducing conditions, and stained with
Coomassie Brilliant Blue. The contents of the lanes are as follows: molecular weight marker (lane 1 and 8), WT(PC626) (lane 2), A2 (PC995) (lane 3), A4
(PC897) (lane 4), A6 (PC958) (lane 5), A8 (PC973) (lane 6), A10 (PC960) (lane 7). The minor bands present in the purified fraction are consistent with high
molecular weight glycoforms seen previously when WT enzyme was purified from the same P. pastoris expression system [53].

doi:10.1371/journal.pone.0118341.g003

LDNGLAR peak was identified in the MS spectra with an m/z of 379.71, consistent with the
(M+2H)** state of this peptide, while no peaks consistent with an EALDNGLAR peptide were
found. We cannot eliminate what we consider to be the less likely possibility that the failure to
detect the EALDNGLAR peptide may be due to the failure of the peptide to ionize in this MS
experiment. Further fragmentation of the m/z = 379.71 associated peptide peak produced an
MS/MS spectrum containing 4 of 7 possible y-ions and 4 of 7 possible b-ions from the expected
fragmentation pattern of a hypothetical LDNGLAR peptide (Fig. 5a). This result indicates that
the Stel3 signal peptidase of P. pastoris generates an enzyme with an amino terminus identical
to the enzyme produced in humans.

A search for a A6 C-terminal tryptic peptide of SHINPTGTVLLQLENTMQM (Fig. 2)
yielded a matching MS m/z = 1064.03 peak consistent with its (M+2H)>" state. Further frag-
mentation also produced an MS/MS spectrum containing 4 of 19 possible y-ions and 9 of 19
possible b-ions consistent with the anticipated sequence (Fig. 5b). This result confirms the pre-
dicted C-terminal deletion of 6 amino acids and confirms the efficacy of the mutagenesis pro-
tocol used to produce this mutant enzymes.

Thus, the purified A6 aGal mutant possesses an N-terminal sequence corresponding to the
mature form of Gal and a C-terminal sequence truncated by six amino acids.
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o ®
@ : PLOS | ONE Carboxyl-Terminal Truncations of the Human a-Galactosidase A

a
kDa WT A2 A4 A6 A8 A10

97.4—

66.2— ~
45 — .

31—
21—
14.4—

kDa WT A2 A4 A6 A8 A10

-8

97.4—
66.2—

45 —
31—

21.5—
14.4— S

Fig 4. Western Blot of purified WT and mutant aGal. Purified WT and mutant enzymes were subjected to Western blotting using a polyclonal antibody
raised against residues 55-64 and 396—407 of aGal. (a) Blot at shorter and (b) longer exposure.

doi:10.1371/journal.pone.0118341.g004
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Thermostability and pH optima of WT and deletion mutants of aGal

Preparations of purified WT and mutant aGal show similar thermostability profiles at 30°C,
40°C, and 50°C, with activity half-lives of 30, 25 and 17 minutes, respectively (Fig. 6). The gen-
eral trend of these profiles agree with previous results [76]. All enzymes show optimal activity
near pH 4.5 (Fig. 7) in accord with previous reports for WT aGal [70, 77-79], and there is no
significant difference in the activity optima of purified WT and mutant aGal.

Kinetic analysis of WT and C-terminal deletion mutants

The values for K,,, and V,,,,, for WT enzyme (Table 3a) are in accord with published values
(Table 5). The range of K,,, and V/,,,, values for the enzymes purified from several sources in
various laboratories over a period of more than 30 years (Table 5) are in good agreement and
the observed subtle variations are in the range expected. However, more precision is expected
for measurements recorded for enzymes purified from the same source in a single laboratory at
one given time (Table 3a). Substrate saturation curves (Fig. 8a) and the calculated values for
K> Vinaxs keap and k i/ K, using the MUG substrate (Table 3a) reveal differences in the en-
zyme activity of the mutants compared to WT. Deletions of 2, 4, 6 and 10 amino acids approxi-
mately double the k.,/K,, (0.8 to 1.7-fold effect; 29/34.4 = 0.8 and 58.3/34.4 = 1.7) while a
deletion of 8 amino acids decreases the k.,,/K,, (7.2-fold effect; 34.4/4.78 = 7.2). There are cor-
responding changes in the V,,,,, values and deletions of 2, 4, 6 and 10 amino acids approxi-
mately double the V,,,,, (1.5 to 2.2-fold effect; 4.89/3.36 = 1.5 and 7.29/3.36 = 2.2) while a
deletion of 8 amino acids decreases the V,,,,. (4.5-fold effect; 3.36/0.742 = 4.5). There are also
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Fig 6. Thermostability profiles of WT and mutant aGal. Stability of recombinant WT and A2 to A10 mutant
aGal at 30°C (a), 40°C (b), and 50°C (c) at pH 5.5 as monitored by fluorescent enzyme assay. Initial activities
ranged from approximately 300 to 1,900 units/mL for all enzymes assayed. % Activity is normalized against
activity at t = 0 mins. Data points for (a) and (c) are the mean of a triplicate measurement with error bars
equivalent to + 1 standard deviation. Data points for (b) are the results of a single measurement. MUG was
used as the substrate for enzyme assay.

doi:10.1371/journal.pone.0118341.g006
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peak activity. Data points are the mean of a triplicate measurement and error bars are + 1 standard deviation. MUG was used as the substrate for
enzyme assay.

doi:10.1371/journal.pone.0118341.g007

Table 5. Literature Values for K,,, and V,,,,, for the WT Human aGal.

K (mM) Vimax (mmole/hr/mg) Source Reference year
1.6 NA Placenta [80] 1978
2.9 1.7 Liver [78] 1979
1.9 NA Plasma [60] 1979
2.5 NA Spleen [60] 1979
2.0 2.8 Spleen [69] 1981
2.3 2.3 Sf9 insect cells [81] 2000
2.0 4.8 Replagal [24] 2003
2.0 4.8 Fabrazyme [24] 2003
4.0 353 Fabrazyme [82] 2009
2.8 2.6 COS-7 cells [83] 2007
45 3.3 COS-7 cells [84] 2011

Note. The values given are for the human enzyme purified directly from human tissues or from the indicated recombinant sources. Replagal is produced in
human foreskin fibroblasts and Fabrazyme is produced in CHO cells. The average from these literature values are 2.6 + 0.9mM (K,,,) and 3.2 + 1.1mmole/
hr/mg (V;,ax)- NA: not available. MUG was used as the substrate to determine the K,,, and V,,,,, values.

doi:10.1371/journal.pone.0118341.t005
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Fig 8. Substrate saturation curves of WT and mutant aGal. Purified WT, A2, A4, A6, A8and A10 aGal were enzyme assayed in 0.3 to 2.0 MM MUG

(Fig. 8a) and in 7 mM to 50 mM PNPaGal (Fig. 8b) to measure initial velocities (mmol product per hr/mg enzyme). K,,, and V., parameters were extracted
and compiled in Table 3. The figure indicates fits of Michaelis-Menten hyperbolas to experimental data indicated as mean + one standard deviation.

doi:10.1371/journal.pone.0118341.g008
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smaller differences in the K, values of the C-terminal deletion mutants compared to the WT
(Table 3a). The V,,,,, data presented for the A8 (0.742 + 0.21) and WT (3.36 + 0.29) are derived
from multiple assays from three and two independent enzyme samples, respectively, and this
indicates the reliability of this data and adds strength to the interpretations of the data from the
single enzyme preparations used for the other deletion mutants.

The effects of the C-terminal deletions on the kinetic properties of the enzyme using the ar-
tificial substrate MUG (Table 3a) could be due to alterations in the inherent catalytic mecha-
nism of the enzyme [85]. Alternatively, the altered kinetic properties could be due to changes
in the affinity of the enzyme for specific structural components of the artificial substrate,
MUG. In this context, it is of interest to measure these kinetic parameters with an alternative
substrate such as PNPaGal. The results (Table 3b, Fig. 8b) indicate that there are similar
changes in kinetic parameters using PNPaGal as the substrate, including increases (2.2-fold ef-
fect; 9.18/4.18 = 2.2) and decreases (3.2-fold effect; 4.18/1.31 = 3.2) in the k.,/K,, for the specif-
ic C-terminal deletion mutants (A10 and A8, respectively). Taken together, these results
suggest that the C-terminal deletions likely affect some aspect of the inherent catalytic mecha-
nism of the enzyme.

Discussion

This is the first report to establish in a quantitative manner that the C-terminal residues of
aGal act as a modulator of catalytic activity. Our results confirm the general results of Miya-
mura et al. [63] that C-terminal deletions of 2, 4, 6 and 10 amino acids increase the k.,/K,,
compared to WT. However, our results differ in that we find that a deletion of 8 amino acids re-
sults in a decrease of k.,,/K,,. It should be noted that there are numerous experimental differ-
ences between these two reports. For example, our analysis used purified enzymes expressed in
P. pastoris and their experiments measured aGal enzyme activity during transient infection of
COS-1 cells. There could be differences in aGal mRNA or protein stability between P. pastoris
and COS-1 cells, and other proteins in the cytoplasm of P. pastoris or COS-1 cells could inter-
act directly or indirectly with the aGal protein to affect its catalytic activity.

It is of interest that the two recombinant protein therapeutics, Fabrazyme (agalsidase-beta)
and Replagal (agalsidase-alfa) contain C-terminal heterogeneity with truncated species lacking
either one or two C-terminal residues [24]. Fabrazyme contains 69.7% full length protein with
7.6% Al and 22.8% A2, while Replagal contains only 5.7% full length, with 73.2% Al and 21.1%
A2. These authors attribute the C-terminal heterogeneity to in vivo proteolytic processing of an
undefined nature. These commercial enzymes do not differ significantly from the WT in K,,,
and V., (Table 5) in spite of this degree of protein heterogeneity [24]. The significantly in-
creased V,,,,, of some of the mutants with C-terminal deletions suggests the basis for an im-
proved treatment for Fabry disease.

These results also illustrate the principle that in vitro mutagenesis can be used to generate
aGal derivatives with improved enzyme activity. The potential for improved catalytic activity
for this enzyme is illustrated by the existence of closely related enzymes with 3-fold to 250-fold
higher activity (Table 6). A direct comparison of relevant amino acid residues between the
human and related enzymes suggests the basis for rational in vitro mutagenesis to improve cat-
alytic activity of the WT human enzyme. In this context it is likely that mutants which show al-
tered catalysis against the MUG substrate used here also have a correspondingly higher rate of
catalysis against the natural substrate, but this possibility needs to be tested directly.

Clinical trials for ERT show seroconversion frequencies of more than 50% for males treated
with 0.2 mg/kg agalsidase-alfa [9] and 88% for 1.0 mg/kg agalsidase-beta [8, 86]. Increasing the
dose of administered enzyme in seroconverted patients raised antibody titers in some patients
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Table 6. Literature Values of K,,,, k..:, and the specificity constant (k.,/K,) for Glycosyl Hydrolase Family 27 aGal Enzymes.

Pubmed Accession code  Genus and species Colloquial name Ky (MM)  keat (™) Kea/Km (M™'s™')  Relative ke./Km  Ref.
NP_000160 Homo sapiens Human 6.88 37.8 5.49 x 10° 1 [95]
NP_038491 Mus musculus Mouse 1.40 N/A N/A N/A [96]
WP_004844583.1 Ruminococcus gnavus Bacteria 1.80 30.1 1.67 x 10* 3 [97]
AAC99325 Saccharopolyspora erythraea Bacteria 0.650 28%8a 3.58 x 10* 6 [98]
P41947 Saccharomyces cerevisiae Yeast 4.50 286 6.36 x 10* 12 [99]
BAB83765 Clostridium josuil (Catalytic Domain)  Bacteria 0.810 61.9*% 7.64 x 10* 14 [100]
AAG24511 Phanerochaete chrysosporium Fungus 0.198 272 1.37 x 10° 250 [101]

Note. PNPaGal substrate was used to calculate kinetic values. Family 27 enzymes include the human aGal and related enzymes in the CAZy database
[102] that are most closely related as indicated by BLAST analysis [94]. *k., values for S. erythraea and C. josuil were calculated based on the reported

Vmax, @nd molecular weights.

doi:10.1371/journal.pone.0118341.t006

[86, 87]. IgG antibody status shows a strong association with serious infusion associated adverse
reactions [87]. IgG positive serum from Fabry patients exhibits in vitro neutralization of enzyme
activity [88] and lessens targeting to key disease organs in a Fabry mouse model [89]. The dis-
ease marker of urinary globotriaosylceramide levels is increased in seropositive patients as com-
pared to seronegative patients [86, 88]. It has been proposed that higher doses of administered
enzyme could overcome the inhibitory effect of antibodies on treatment effectiveness [86]. By
using an enzyme that is more active on a per mg basis, a therapeutic effect equivalent to WT is
achievable through administration of a lower dose. Future studies should include examination
of these mutant enzymes relative to WT in cultured cells [90] and in mouse models [91, 92].

The specificity constant (k.,/K,,) has a maximum possible value determined by the fre-
quency at which enzyme and substrate molecules collide in solution [93]. If every collision re-
sults in formation of an enzyme-substrate complex, diffusion theory predicts that k,,/K,,, will
attain a value of 10% - 10°M~'s™! [93]. The k.,/K,,, of WT human aGal is approximately 5.49 x
10°M™'s™" (Table 6) suggesting the possibility that altered forms of the human enzyme may
exist that have higher catalytic activity. A BLAST analysis [94] identified the 33 sequences most
closely related to aGal and kinetic parameters have been reported for 6 of these enzymes
(Table 6). These enzymes share a high degree of sequence and structural similarities and are all
in the same family 27 of glycosyl hydrolases [94]. There is a broad range in the values reported
(Table 6) for K,,,, ko and k.4/K,,,. Thus, a detailed structural comparison of these enzymes
may permit the identification of key amino acid residues that influence these
kinetic parameters.

Truncation of the C-terminus of the coffee bean a-galactosidase (Fig. 9) showed that dele-
tion of one or two amino acids decreases activity and deleting 3 or more residues abolished ac-
tivity completely [103]. The results with the coffee bean enzyme contrast those presented here
for the human enzyme. Both results however demonstrate that the C-terminus of aGal is criti-
cal for enzyme function.

We examined a superposition between the crystal structure of the human enzyme and a ho-
mology model of the coffee bean enzyme (see Methods) to explore a structural basis for this
biochemical dissimilarity. The N-terminal catalytic (a/f)s domain superimposes very well
(RMSD of 0.729 A over 1126 total atoms) while the C-terminal antiparallel 3-domain superim-
poses poorly (RMSD of 2.494 A over 342 total atoms). A primary sequence alignment shows a
comparable trend; the catalytic domain shows high sequence conservation while the C-termi-
nal domain does not. An alignment of the C-terminal ends of the human and coffee bean en-
zymes is presented (Fig. 9) indicating secondary structure alignment (left) and primary

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 18/26



o ®
@ ) PLOS | ONE Carboxyl-Terminal Truncations of the Human a-Galactosidase A

VLLQLENTMQMSLKDLL
..KMYVLTPQ

] Human
B Coffee

Fig 9. The C-termini of human and coffee agalactosidase. The crystal structure of human aGal and a predicted model of the coffee homolog were
superimposed. Underlined terminal residues, (MSLKDLL) in humans and (Q) in the coffee bean enzyme, indicate amino acids that could not be modeled due
to conformational disorder. The terminal amino acid of the coffee enzyme (glutamine, Q) aligns with (threonine, T) in the human enzyme and is located 9
amino acids (MQMSLKDLL) from the C-terminus of the human enzyme.

doi:10.1371/journal.pone.0118341.g009

sequence alignment (right). If the C-terminal domain governs a conserved mechanism of enzy-
matic regulation across the human and coffee homologs, then the deleterious effect of remov-
ing C-terminal amino acids from the coffee enzyme is consistent with observations made by
Miyamura et al. [63] on the human enzyme.

Because of the low sequence homology observed in the C-terminal residues it can be hy-
pothesized that the effect on the catalytic activity due to C-terminus deletions in both the
human and coffee bean a-galactosidase is due to disruption of the enzyme’s three-dimensional
structure. This disruption could have an effect on enzyme dimerization, the ability to bind sub-
strate, or potential interactions with other molecules in the cell.

The most straightforward expectation of a series of C-terminal deletions is a direct correla-
tion between the extent of the deletion and the effect on enzyme activity. In this sense, the re-
duced activity of the A8 mutant relative to the other C-terminal deletion mutants (Table 3) is
unanticipated. However, we note that similar effects have been reported by others who carried
out C-terminal deletion studies, including the IN269 mutation for the integrase of HIV [104],
the A8 and A9 mutants of the thymidine kinase of Epstein-Barr virus [105], and the D5 and
D10 mutants of the plant vacullar H (+)-pyrophosphatase [106]. Differential proteolysis may
also explain why the A8 construct does not follow the same trend as the other mutants.

The crystal structure of aGal [94] revealed that the last visible residue of the C-terminus is
separated by approximately 45 A from the active site on the opposite monomer and is too far
to have a direct effect on catalysis. However, within the same crystal structure (PDB 1R47) we
measured C-terminal end to be only 20-25 A away from a second ligand binding site for 3-D-
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Fig 10. C-terminal Distance from Secondary Binding Site and Opposite Active Site. The homodimeric crystal structure of aGal (PDB ID 1R47) solved by
[94] is displayed in two different perspectives. Distance relationships relative to one out of the two possible C-termini are discussed. The carbon backbone is
rendered in a ribbon format. The C-terminus on monomer A is separated by 20 A to 25 A from a secondary binding site for 8-D-galactopyranose on the same
monomer [85] which is marked by Tyr 329 rendered as spheres. The C-terminus on monomer A is also separated by 45 A to 50 A from the active site of
monomer B which is marked by the a-D-galactopyranoside ligand also rendered as spheres.

doi:10.1371/journal.pone.0118341.g010

galactopyranose [85], demarcated by Tyr329 (Fig. 10). Directly visualizing a putative interac-
tion between the C-terminus and the second binding site is not possible because C-terminal
disorder limits resolution to the 7th or 8th amino acid from the full length C-terminal end. If
these 7 or 8 amino acids were to adopt a fully-extended conformation, they would span a dis-
tance of 22-26 A (see Methods), bringing the C-terminus within potential contact distance of
the secondary binding site. A crucial missing detail is the functional significance of the second-
ary site. It may serve as a site for small molecule chaperoning [85]. It also might participate al-
losterically in a manner similar to phosphofructokinase-1, that is allosterically activated by
ADP [107, 108], a product of the enzyme’s ATPase function. The ligand that binds the second-
ary site on aGal is f-D-galactopyranose [85], which is the mutarotated product of the enzyme’s
glycoside hydrolase function. A dynamic interplay may exist between the C-terminus, the sec-
ondary site and its ligand to affect the catalytic activity of aGal through allostery or structural
stability of the protein. Further mechanistic studies will be needed to work out the exact rela-
tionships between these putative components and their relevance to in vitro catalysis.

Due to the lack of direct contact between the carboxyl-terminal amino acids and the catalyt-
ic site of aGal, the explanation for the effect of the deletions of the carboxyl-terminal amino
acids is not obvious. Another hypothesis to be tested is that aGal is in a class of enzymes like
the E. coli dihydrofolate reductase [109-113] in which tunneling and coupled motion accounts
for the effects of mutations distal from the catalytic site on enzyme function.
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Conclusions

C-terminal truncation mutants of aGal were constructed, expressed and purified from P. pas-
toris using Con A and Thio-Gal affinity column chromatography. Michaelis-Menten parame-
ters were measured on the purified mutants. Deletion of 2, 4, 6 and 10 amino acids
approximately doubles k,,/K,, relative to WT (0.8-1.7-fold effect) while deleting 8 amino acids
decreases k.,/K,, (7.2-fold effect). Mutants with increased activity are proposed as an im-
proved alternative therapy over WT enzyme for Fabry disease patients. These results also illus-
trate the principle that in vitro mutagenesis can be used to generate aGal derivatives with
improved enzyme activity.

Supporting Information

S1 Fig. Quantification of Bands in SDS-PAGE. Band intensities of the SDS-PAGE in (Fig. 3)
were quantified by Image Acquisition and Analysis software (VisionWorks™LS, UVP Inc.,
Upland, CA).

(TTF)

Author Contributions

Conceived and designed the experiments: DHC AA MM NG. Performed the experiments: MM
NG AA ES. Analyzed the data: MM NG DHC AA. Contributed reagents/materials/analysis
tools: DHC. Wrote the paper: MM NG DHC AA.

References

1. Desnick RJ, loannou YA, Eng CM, alpha-galactosidase a deficiency: Fabry disease. In: Scriver CR,
Boudet A, Sly WS, Valle D, editors, The Metabolic Basis of Inherited Disease, New York: McGraw-
Hill (1995) pp. 2741-2784.

2. De Duve C, From cystases to lysosomes. Federation Proceedings (1964) 23: 1045—-1049.

3. Barton NW, Brady RO, Dambrosia JM, Di Bisceglie AM, Doppelt SH, Hill SC, et al., Replacement ther-
apy for inherited enzyme deficiency—macrophage-targeted glucocerebrosidase for gaucher’s disease.
N Engl J Med (1991) 324: 1464—70. doi: 10.1056/NEJM199105233242104 PMID: 2023606

4. Barton NW, Furbish FS, Murray GJ, Garfield M, Brady RO, Therapeutic response to intravenous infu-
sions of glucocerebrosidase in a patient with gaucher disease. Proc Natl Acad Sci U S A (1990) 87:
1913-6. doi: 10.1073/pnas.87.5.1913 PMID: 2308952

5. Beutler E, Gaucher’s disease. N Engl J Med (1991) 325: 1354—60. doi: 10.1056/
NEJM199111073251906 PMID: 1922238

6. BeutlerE, Kay A, Saven A, Garver P, Thurston D, Dawson A, et al., Enzyme replacement therapy for
gaucher disease. Blood (1991) 78: 1183-9. PMID: 1878585

7. Grace ME, Balwani M, Nazarenko |, Prakash-Cheng A, Desnick RJ, Type 1 gaucher disease: null and
hypomorphic novel chitotriosidase mutations-implications for diagnosis and therapeutic monitoring.
Hum Mutat (2007) 28: 866—73. doi: 10.1002/humu.20524 PMID: 17464953

8. EngCM, Guffon N, Wilcox WR, Germain DP, Lee P, Waldek S, et al., Safety and efficacy of recombi-
nant human alpha-galactosidase a replacement therapy in fabry’s disease. N Engl J Med (2001) 345:
9-16. doi: 10.1056/NEJM200107053450102 PMID: 11439963

9. Schiffmann R, Kopp JB, Austinr H A, Sabnis S, Moore DF, Weibel T, et al., Enzyme replacement ther-
apy in fabry disease: a randomized controlled trial. Jama (2001) 285: 2743-9. doi: 10.1001/jama.285.
21.2743 PMID: 11386930

10. Deegan PB, Fabry disease, enzyme replacement therapy and the significance of antibody responses.
J Inherit Metab Dis (2012) 35: 227-43. doi: 10.1007/s10545-011-9400-y PMID: 22037707

11. Ohashi T, Sakuma M, Kitagawa T, Suzuki K, Ishige N, Eto Y, Influence of antibody formation on re-
duction of globotriaosylceramide (gl-3) in urine from fabry patients during agalsidase beta therapy.
Mol Genet Metab (2007) 92:271-3. doi: 10.1016/j.ymgme.2007.06.013 PMID: 17689998

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 21/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118341.s001
http://dx.doi.org/10.1056/NEJM199105233242104
http://www.ncbi.nlm.nih.gov/pubmed/2023606
http://dx.doi.org/10.1073/pnas.87.5.1913
http://www.ncbi.nlm.nih.gov/pubmed/2308952
http://dx.doi.org/10.1056/NEJM199111073251906
http://dx.doi.org/10.1056/NEJM199111073251906
http://www.ncbi.nlm.nih.gov/pubmed/1922238
http://www.ncbi.nlm.nih.gov/pubmed/1878585
http://dx.doi.org/10.1002/humu.20524
http://www.ncbi.nlm.nih.gov/pubmed/17464953
http://dx.doi.org/10.1056/NEJM200107053450102
http://www.ncbi.nlm.nih.gov/pubmed/11439963
http://dx.doi.org/10.1001/jama.285.21.2743
http://dx.doi.org/10.1001/jama.285.21.2743
http://www.ncbi.nlm.nih.gov/pubmed/11386930
http://dx.doi.org/10.1007/s10545-011-9400-y
http://www.ncbi.nlm.nih.gov/pubmed/22037707
http://dx.doi.org/10.1016/j.ymgme.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17689998

@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Schiffmann R, Ries M, Timmons M, Flaherty JT, Brady RO, Long-term therapy with agalsidase alfa for
fabry disease: safety and effects on renal function in a home infusion setting. Nephrol Dial Transplant
(2006) 21: 345-54. doi: 10.1093/ndt/gfi152 PMID: 16204287

Banikazemi M, Bultas J, Waldek S, Wilcox WR, Whitley CB, McDonald M, et al., Agalsidase-beta ther-
apy for advanced fabry disease: a randomized trial. Ann Intern Med (2007) 146: 77-86. doi: 10.7326/
0003-4819-146-2-200701160-00148 PMID: 17179052

Desnick RJ, Brady R, Barranger J, Collins AJ, Germain DP, Goldman M, et al., Fabry disease, an
under-recognized multisystemic disorder: expert recommendations for diagnosis, management, and
enzyme replacement therapy. Ann Intern Med (2003) 138: 338—46. doi: 10.7326/0003-4819-138-4-
200302180-00014 PMID: 12585833

Germain DP, Waldek S, Banikazemi M, Bushinsky DA, Charrow J, Desnick RJ, et al., Sustained,
long-term renal stabilization after 54 months of agalsidase beta therapy in patients with fabry disease.
J Am Soc Nephrol (2007) 18: 1547-57. doi: 10.1681/ASN.2006080816 PMID: 17409312

Wilcox WR, Banikazemi M, Guffon N, Waldek S, Lee P, Linthorst GE, et al., Long-term safety and effi-
cacy of enzyme replacement therapy for fabry disease. Am J Hum Genet (2004) 75: 65—74. doi: 10.
1086/422366 PMID: 15154115

Baehner F, Kampmann C, Whybra C, Miebach E, Wiethoff CM, Beck M, Enzyme replacement therapy
in heterozygous females with fabry disease: results of a phase iiib study. J Inherit Metab Dis (2003)
26:617-27. doi: 10.1023/B:BOLI.0000005658.14563.77 PMID: 14707510

Kampmann C, Baehner F, Whybra C, Martin C, Wiethoff CM, Ries M, et al., Cardiac manifestations of
anderson-fabry disease in heterozygous females. J Am Coll Cardiol (2002) 40: 1668—74. doi: 10.
1016/S0735-1097(02)02380-X PMID: 12427421

Whybra C, Schwarting A, Kriegsmann J, Gal A, Mengel E, Kampmann C, et al., Iga nephropathy in
two adolescent sisters heterozygous for fabry disease. Pediatr Nephrol (2006) 21: 1251-6. doi: 10.
1007/s00467-006-0176-5 PMID: 16838183

Pintos-Morell G, Beck M, Fabry disease in children and the effects of enzyme replacement treatment.
Eur J Pediatr (2009) 168: 1355—63. doi: 10.1007/s00431-009-0937-9 PMID: 19242721

Ries M, Gupta S, Moore DF, Sachdev V, Quirk JM, Murray GJ, et al., Pediatric fabry disease. Pediat-
rics (2005) 115: e344-55. doi: 10.1542/peds.2004-1678 PMID: 15713906

Schiffmann R, Martin RA, Reimschisel T, Johnson K, Castaneda V, Lien YH, et al., Four-year pro-
spective clinical trial of agalsidase alfa in children with fabry disease. J Pediatr (2010) 156: 832-7,
837 e1.doi: 10.1016/j.jpeds.2009.11.007 PMID: 20097359

Nakao S, Kodama C, Takenaka T, Tanaka A, Yasumoto Y, Yoshida A, et al., Fabry disease: detection
of undiagnosed hemodialysis patients and identification of a “renal variant” phenotype. Kidney Int
(2003) 64:801-7.doi: 10.1046/}.1523-1755.2003.00160.x PMID: 12911529

Lee K, Jin X, Zhang K, Copertino L, Andrews L, Baker-Malcolm J, et al., A biochemical and pharmaco-
logical comparison of enzyme replacement therapies for the glycolipid storage disorder fabry disease.
Glycobiology (2003) 13: 305—13. doi: 10.1093/glycob/cwg034 PMID: 12626384

Matsuura F, Ohta M, loannou YA, Desnick RJ, Human alpha-galactosidase a: characterization of the
n-linked oligosaccharides on the intracellular and secreted glycoforms overexpressed by chinese
hamster ovary cells. Glycobiology (1998) 8: 329-39. doi: 10.1093/glycob/8.4.329 PMID: 9499380

loannou YA, Zeidner KM, Grace ME, Desnick RJ, Human alpha-galactosidase a: glycosylation site 3
is essential for enzyme solubility. Biochem J (1998) 332 (Pt 3): 789-97. PMID: 9620884

Bekri S, Importance of glycosylation in enzyme replacement therapy. In: Mehta A, Beck M, Sunder-
Plassmann G, editors, Fabry Disease: Perspectives from 5 Years of FOS, Oxford: Oxford Pharma-
Genesis (2006) p. Chapter 5.

Chiba Y, Sakuraba H, Kotani M, Kase R, Kobayashi K, Takeuchi M, et al., Production in yeast of
alpha-galactosidase a, a lysosomal enzyme applicable to enzyme replacement therapy for fabry dis-
ease. Glycobiology (2002) 12: 821-8. doi: 10.1093/glycob/cwf096 PMID: 12499404

Brady R, Schiffmann R, Possible future therapies for fabry disease. In: Mehta A, Beck M, Sunder-
Plassmann, editors, Fabry Disease: Perspectives from 5 Years of FOS, Oxford: Oxford PharmaGen-
esis, chapter 43 (2006) p. Chapter 43

Motabar O, Sidransky E, Goldin E, Zheng W, Fabry disease—current treatment and new drug devel-
opment. Curr Chem Genomics (2010) 4: 50-6. doi: 10.2174/1875397301004010050 PMID:
21127742

Li C, Ziegler RJ, Cherry M, Lukason M, Desnick RJ, Yew NS, et al., Adenovirus-transduced lung as a
portal for delivering alpha-galactosidase a into systemic circulation for fabry disease. Mol Ther (2002)
5:745-54. doi: 10.1006/mthe.2002.0605 PMID: 12027559

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 22/26


http://dx.doi.org/10.1093/ndt/gfi152
http://www.ncbi.nlm.nih.gov/pubmed/16204287
http://dx.doi.org/10.7326/0003-4819-146-2-200701160-00148
http://dx.doi.org/10.7326/0003-4819-146-2-200701160-00148
http://www.ncbi.nlm.nih.gov/pubmed/17179052
http://dx.doi.org/10.7326/0003-4819-138-4-200302180-00014
http://dx.doi.org/10.7326/0003-4819-138-4-200302180-00014
http://www.ncbi.nlm.nih.gov/pubmed/12585833
http://dx.doi.org/10.1681/ASN.2006080816
http://www.ncbi.nlm.nih.gov/pubmed/17409312
http://dx.doi.org/10.1086/422366
http://dx.doi.org/10.1086/422366
http://www.ncbi.nlm.nih.gov/pubmed/15154115
http://dx.doi.org/10.1023/B:BOLI.0000005658.14563.77
http://www.ncbi.nlm.nih.gov/pubmed/14707510
http://dx.doi.org/10.1016/S0735-1097(02)02380-X
http://dx.doi.org/10.1016/S0735-1097(02)02380-X
http://www.ncbi.nlm.nih.gov/pubmed/12427421
http://dx.doi.org/10.1007/s00467-006-0176-5
http://dx.doi.org/10.1007/s00467-006-0176-5
http://www.ncbi.nlm.nih.gov/pubmed/16838183
http://dx.doi.org/10.1007/s00431-009-0937-9
http://www.ncbi.nlm.nih.gov/pubmed/19242721
http://dx.doi.org/10.1542/peds.2004-1678
http://www.ncbi.nlm.nih.gov/pubmed/15713906
http://dx.doi.org/10.1016/j.jpeds.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20097359
http://dx.doi.org/10.1046/j.1523-1755.2003.00160.x
http://www.ncbi.nlm.nih.gov/pubmed/12911529
http://dx.doi.org/10.1093/glycob/cwg034
http://www.ncbi.nlm.nih.gov/pubmed/12626384
http://dx.doi.org/10.1093/glycob/8.4.329
http://www.ncbi.nlm.nih.gov/pubmed/9499380
http://www.ncbi.nlm.nih.gov/pubmed/9620884
http://dx.doi.org/10.1093/glycob/cwf096
http://www.ncbi.nlm.nih.gov/pubmed/12499404
http://dx.doi.org/10.2174/1875397301004010050
http://www.ncbi.nlm.nih.gov/pubmed/21127742
http://dx.doi.org/10.1006/mthe.2002.0605
http://www.ncbi.nlm.nih.gov/pubmed/12027559

@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Przybylska M, Wu IH, Zhao H, Ziegler RJ, Tousignant JD, Desnick RJ, et al., Partial correction of the
alpha-galactosidase a deficiency and reduction of glycolipid storage in fabry mice using synthetic vec-
tors. J Gene Med (2004) 6: 85-92. doi: 10.1002/jgm.468 PMID: 14716680

Ruiz de Garibay AP, Solinis MA, Rodriguez-Gascon A, Gene therapy for fabry disease: a review of
the literature. BioDrugs (2013) 27: 237—46. doi: 10.1007/s40259-013-0032-7 PMID: 23575647

Yoshimitsu M, Higuchi K, Ramsubir S, Nonaka T, Rasaiah VI, Siatskas C, et al., Efficient correction of
fabry mice and patient cells mediated by lentiviral transduction of hematopoietic stem/progenitor cells.
Gene Ther (2007) 14: 256-65. doi: 10.1038/s).9t.3302839 PMID: 16929352

Ziegler RJ, Cherry M, Barbon CM, Li C, Bercury SD, Armentano D, et al., Correction of the biochemi-
cal and functional deficits in fabry mice following aav8-mediated hepatic expression of alpha-galacto-
sidase a. Mol Ther (2007) 15: 492-500. doi: 10.1038/sj.mt.6300066 PMID: 17191071

Ziegler RJ, Li C, Cherry M, Zhu Y, Hempel D, van Rooijen N, et al., Correction of the nonlinear dose re-
sponse improves the viability of adenoviral vectors for gene therapy of fabry disease. Hum Gene Ther
(2002) 13:935-45. doi: 10.1089/10430340252939041 PMID: 12031126

Ziegler RJ, Lonning SM, Armentano D, Li C, Souza DW, Cherry M, et al., Aav2 vector harboring a
liver-restricted promoter facilitates sustained expression of therapeutic levels of alpha-galactosidase
a and the induction of immune tolerance in fabry mice. Mol Ther (2004) 9: 231—40. doi: 10.1016/j.
ymthe.2003.11.015 PMID: 14759807

Ziegler RJ, Yew NS, Li C, Cherry M, Berthelette P, Romanczuk H, et al., Correction of enzymatic and
lysosomal storage defects in fabry mice by adenovirus-mediated gene transfer. Hum Gene Ther
(1999) 10: 1667-82. doi: 10.1089/10430349950017671 PMID: 10428212

Frustaci A, Chimenti C, Ricci R, Natale L, Russo MA, Pieroni M, et al., Improvement in cardiac function
in the cardiac variant of fabry’s disease with galactose-infusion therapy. N Engl J Med (2001) 345:
25-32. doi: 10.1056/NEJM200107053450104 PMID: 11439944

Shin SH, Murray GJ, Kluepfel-Stahl S, Cooney AM, Quirk JM, Schiffmann R, et al., Screening for phar-
macological chaperones in fabry disease. Biochem Biophys Res Commun (2007) 359: 168-73. doi:
10.1016/j.bbrc.2007.05.082 PMID: 17532296

Suzuki Y, Chaperone therapy update: Fabry disease, gm1-gangliosidosis and gaucher disease. Brain
Dev (2013) 35: 515-23. doi: 10.1016/j.braindev.2012.12.002 PMID: 23290321

Marshall J, Ashe KM, Bangari D, McEachern K, Chuang WL, Pacheco J, et al., Substrate reduction
augments the efficacy of enzyme therapy in a mouse model of fabry disease. PLoS One (2010) 5:
€15033. doi: 10.1371/journal.pone.0015033 PMID: 21124789

Brady RO, Schiffmann R, Enzyme-replacement therapy for metabolic storage disorders. Lancet Neu-
rol (2004) 3:752-6. doi: 10.1016/S1474-4422(04)00938-X PMID: 15556808

Desnick RJ, Enzyme replacement and enhancement therapies for lysosomal diseases. J Inherit
Metab Dis (2004) 27: 385—410. doi: 10.1023/B:BOLI.0000031101.12838.c6 PMID: 15190196

Schiffmann R, Brady RO, New prospects for the treatment of lysosomal storage diseases. Drugs
(2002) 62: 733—42. doi: 10.2165/00003495-200262050-00002 PMID: 11929328

Desnick RJ, Schuchman EH, Enzyme replacement therapy for lysosomal diseases: lessons from 20
years of experience and remaining challenges. Annu Rev Genomics Hum Genet (2012) 13: 307-35.
doi: 10.1146/annurev-genom-090711-163739 PMID: 22970722

Boustany RM, Lysosomal storage diseases—the horizon expands. Nat Rev Neurol (2013) 9: 583-98.
doi: 10.1038/nrneurol.2013.163 PMID: 23938739

Hantzopoulos PA, Calhoun DH, Expression of the human alpha-galactosidase a in escherichia coli k-
12. Gene (1987) 57: 159—-69. doi: 10.1016/0378-1119(87)90119-3 PMID: 2826294

Chen, Jin M, Goodrich L, Smith G, Coppola G, Calhoun DH, Purification and characterization of
human alpha-galactosidase a expressed in insect cells using a baculovirus vector. Protein Expr Purif
(2000) 20:228-36. doi: 10.1006/prep.2000.1284 PMID: 11049747

Coppola G, Yan Y, Hantzopoulos P, Segura E, Stroh JG, Calhoun DH, Characterization of glycosy-
lated and catalytically active recombinant human alpha-galactosidase a using a baculovirus vector.
Gene (1994) 144: 197-203. doi: 10.1016/0378-1119(94)90378-6 PMID: 8039705

loannou YA, Bishop DF, Desnick RJ, Overexpression of human alpha-galactosidase a results in its in-
tracellular aggregation, crystallization in lysosomes, and selective secretion. J Cell Biol (1992) 119:
1137-50. doi: 10.1083/jcb.119.5.1137 PMID: 1332979

Schiffmann R, Murray GJ, Treco D, Daniel P, Sellos-Moura M, Myers M, et al., Infusion of alpha-galac-
tosidase a reduces tissue globotriaosylceramide storage in patients with fabry disease. Proc Natl
Acad Sci U S A (2000) 97: 365—-70. doi: 10.1073/pnas.97.1.365 PMID: 10618424

PLOS ONE | DOI:10.1371/journal.pone.0118341

February 26, 2015 23/26


http://dx.doi.org/10.1002/jgm.468
http://www.ncbi.nlm.nih.gov/pubmed/14716680
http://dx.doi.org/10.1007/s40259-013-0032-7
http://www.ncbi.nlm.nih.gov/pubmed/23575647
http://dx.doi.org/10.1038/sj.gt.3302839
http://www.ncbi.nlm.nih.gov/pubmed/16929352
http://dx.doi.org/10.1038/sj.mt.6300066
http://www.ncbi.nlm.nih.gov/pubmed/17191071
http://dx.doi.org/10.1089/10430340252939041
http://www.ncbi.nlm.nih.gov/pubmed/12031126
http://dx.doi.org/10.1016/j.ymthe.2003.11.015
http://dx.doi.org/10.1016/j.ymthe.2003.11.015
http://www.ncbi.nlm.nih.gov/pubmed/14759807
http://dx.doi.org/10.1089/10430349950017671
http://www.ncbi.nlm.nih.gov/pubmed/10428212
http://dx.doi.org/10.1056/NEJM200107053450104
http://www.ncbi.nlm.nih.gov/pubmed/11439944
http://dx.doi.org/10.1016/j.bbrc.2007.05.082
http://www.ncbi.nlm.nih.gov/pubmed/17532296
http://dx.doi.org/10.1016/j.braindev.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23290321
http://dx.doi.org/10.1371/journal.pone.0015033
http://www.ncbi.nlm.nih.gov/pubmed/21124789
http://dx.doi.org/10.1016/S1474-4422(04)00938-X
http://www.ncbi.nlm.nih.gov/pubmed/15556808
http://dx.doi.org/10.1023/B:BOLI.0000031101.12838.c6
http://www.ncbi.nlm.nih.gov/pubmed/15190196
http://dx.doi.org/10.2165/00003495-200262050-00002
http://www.ncbi.nlm.nih.gov/pubmed/11929328
http://dx.doi.org/10.1146/annurev-genom-090711-163739
http://www.ncbi.nlm.nih.gov/pubmed/22970722
http://dx.doi.org/10.1038/nrneurol.2013.163
http://www.ncbi.nlm.nih.gov/pubmed/23938739
http://dx.doi.org/10.1016/0378-1119(87)90119-3
http://www.ncbi.nlm.nih.gov/pubmed/2826294
http://dx.doi.org/10.1006/prep.2000.1284
http://www.ncbi.nlm.nih.gov/pubmed/11049747
http://dx.doi.org/10.1016/0378-1119(94)90378-6
http://www.ncbi.nlm.nih.gov/pubmed/8039705
http://dx.doi.org/10.1083/jcb.119.5.1137
http://www.ncbi.nlm.nih.gov/pubmed/1332979
http://dx.doi.org/10.1073/pnas.97.1.365
http://www.ncbi.nlm.nih.gov/pubmed/10618424

@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Chen'Y, Jin M, Egborge T, Coppola G, Andre J, Calhoun DH, Expression and characterization of gly-
cosylated and catalytically active recombinant human alpha-galactosidase a produced in pichia pas-
toris. Protein Expr Purif (2000) 20: 472-84. doi: 10.1006/prep.2000.1325 PMID: 11087687

Sakuraba H, Chiba Y, Kotani M, Kawashima |, Ohsawa M, Tajima Y, et al., Corrective effect on fabry
mice of yeast recombinant human alpha-galactosidase with n-linked sugar chains suitable for lyso-
somal delivery. J Hum Genet (2006) 51: 341-52. doi: 10.1007/s10038-006-0369-6 PMID: 16532254

Cereghino GP, Cereghino JL, ligen C, Cregg JM, Production of recombinant proteins in fermenter cul-
tures of the yeast pichia pastoris. Curr Opin Biotechnol (2002) 13: 329-32. doi: 10.1016/S0958-1669
(02)00330-0 PMID: 12323354

Macauley-Patrick S, Fazenda ML, McNeil B, Harvey LM, Heterologous protein production using the
pichia pastoris expression system. Yeast (2005) 22: 249-70. doi: 10.1002/yea.1208 PMID:
15704221

Daly R, Hearn MT, Expression of heterologous proteins in pichia pastoris: a useful experimental tool
in protein engineering and production. J Mol Recognit (2005) 18: 119-38. doi: 10.1002/jmr.687
PMID: 15565717

Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J, Molecular Cell Biology. New
York: W. H. Freeman, 4th edition edition (2000).

Montesino R, Garcia R, Quintero O, Cremata JA, Variation in n-linked oligosaccharide structures on
heterologous proteins secreted by the methylotrophic yeast pichia pastoris. Protein Expr Purif (1998)
14:197-207. doi: 10.1006/prep.1998.0933 PMID: 9790882

Desnick RJ, Dean KJ, Grabowski G, Bishop DF, Sweeley CC, Enzyme therapy in fabry disease: dif-
ferential in vivo plasma clearance and metabolic effectiveness of plasma and splenic alpha-galactosi-
dase a isozymes. Proc Natl Acad Sci U S A (1979) 76: 5326—30. doi: 10.1073/pnas.76.10.5326
PMID: 228284

Alegra T, Vairo F, de Souza MV, Krug BC, Schwartz IV, Enzyme replacement therapy for fabry dis-
ease: A systematic review and meta-analysis. Genet Mol Biol (2012) 35: 947-54. doi: 10.1590/
S1415-47572012000600009 PMID: 23413206

Desnick RJ, Schuchman EH, Enzyme replacement and enhancement therapies: lessons from lyso-
somal disorders. Nat Rev Genet (2002) 3: 954—66. doi: 10.1038/nrg963 PMID: 12459725

Miyamura N, Araki E, Matsuda K, Yoshimura R, Furukawa N, Tsuruzoe K, et al., A carboxy-terminal
truncation of human alpha-galactosidase a in a heterozygous female with fabry disease and modifica-
tion of the enzymatic activity by the carboxy-terminal domain. increased, reduced, or absent enzyme
activity depending on number of amino acid residues deleted. J Clin Invest (1996) 98: 1809-17. doi:
10.1172/JCI118981 PMID: 8878432

Zhang W, Mehmet |, Meagher MM, Fermentation strategies for recombinant protein expression in the
methylotrophic yeast pichia pastoris. Biotechnol Bioprocess Eng (2000) 5: 275-287. doi: 10.1007/
BF02942184

Yasuda K, Chang HH, Wu HL, Ishii S, Fan JQ, Efficient and rapid purification of recombinant human
alpha-galactosidase a by affinity column chromatography. Protein Expr Purif (2004) 37: 499-506.
doi: 10.1016/j.pep.2004.07.005 PMID: 15358377

Soper AS, Aird SD, Elution of tightly bound solutes from concanavalin a sepharose. factors affecting
the desorption of cottonmouth venom glycoproteins. J Chromatogr A (2007) 1154: 308—18. doi: 10.
1016/j.chroma.2007.03.126 PMID: 17449042

Wong C, Sridhara S, Bardwell JC, Jakob U, Heating greatly speeds coomassie blue staining and de-
staining. Biotechniques (2000) 28: 426-8, 430, 432. PMID: 10723553

Lorenzen A, Kennedy SW, A fluorescence-based protein assay for use with a microplate reader. Anal
Biochem (1993) 214: 346-8. doi: 10.1006/abio.1993.1504 PMID: 8250247

Bishop DF, Desnick RJ, Affinity purification of alpha-galactosidase a from human spleen, placenta,
and plasma with elimination of pyrogen contamination. properties of the purified splenic enzyme com-
pared to other forms. J Biol Chem (1981) 256: 1307—16. PMID: 6256390

Guce Al, Clark NE, Rogich JJ, Garman SC, The molecular basis of pharmacological chaperoning in
human alpha-galactosidase. Chem Biol (2011) 18: 1521-6. doi: 10.1016/j.chembiol.2011.10.012
PMID: 22195554

Gomori G, Preparation of buffers for use in enzyme studies. Methods Enzymol (1955) 1: 138—146.
doi: 10.1016/0076-6879(55)01020-3

Chaudhury S, Lyskov S, Gray JJ, Pyrosetta: a script-based interface for implementing molecular
modeling algorithms using rosetta. Bioinformatics (2010) 26: 689—-91. doi: 10.1093/bioinformatics/
btq007 PMID: 20061306

Schrédinger, LLC (2010) The PyMOL molecular graphics system, version 1.3r1.

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 24 /26


http://dx.doi.org/10.1006/prep.2000.1325
http://www.ncbi.nlm.nih.gov/pubmed/11087687
http://dx.doi.org/10.1007/s10038-006-0369-6
http://www.ncbi.nlm.nih.gov/pubmed/16532254
http://dx.doi.org/10.1016/S0958-1669(02)00330-0
http://dx.doi.org/10.1016/S0958-1669(02)00330-0
http://www.ncbi.nlm.nih.gov/pubmed/12323354
http://dx.doi.org/10.1002/yea.1208
http://www.ncbi.nlm.nih.gov/pubmed/15704221
http://dx.doi.org/10.1002/jmr.687
http://www.ncbi.nlm.nih.gov/pubmed/15565717
http://dx.doi.org/10.1006/prep.1998.0933
http://www.ncbi.nlm.nih.gov/pubmed/9790882
http://dx.doi.org/10.1073/pnas.76.10.5326
http://www.ncbi.nlm.nih.gov/pubmed/228284
http://dx.doi.org/10.1590/S1415-47572012000600009
http://dx.doi.org/10.1590/S1415-47572012000600009
http://www.ncbi.nlm.nih.gov/pubmed/23413206
http://dx.doi.org/10.1038/nrg963
http://www.ncbi.nlm.nih.gov/pubmed/12459725
http://dx.doi.org/10.1172/JCI118981
http://www.ncbi.nlm.nih.gov/pubmed/8878432
http://dx.doi.org/10.1007/BF02942184
http://dx.doi.org/10.1007/BF02942184
http://dx.doi.org/10.1016/j.pep.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15358377
http://dx.doi.org/10.1016/j.chroma.2007.03.126
http://dx.doi.org/10.1016/j.chroma.2007.03.126
http://www.ncbi.nlm.nih.gov/pubmed/17449042
http://www.ncbi.nlm.nih.gov/pubmed/10723553
http://dx.doi.org/10.1006/abio.1993.1504
http://www.ncbi.nlm.nih.gov/pubmed/8250247
http://www.ncbi.nlm.nih.gov/pubmed/6256390
http://dx.doi.org/10.1016/j.chembiol.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22195554
http://dx.doi.org/10.1016/0076-6879(55)01020-3
http://dx.doi.org/10.1093/bioinformatics/btq007
http://dx.doi.org/10.1093/bioinformatics/btq007
http://www.ncbi.nlm.nih.gov/pubmed/20061306

@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Kelley LA, Sternberg MJ, Protein structure prediction on the web: a case study using the phyre server.
Nat Protoc (2009) 4: 363-71. doi: 10.1038/nprot.2009.2 PMID: 19247286

Calhoun DH, Bishop DF, Bernstein HS, Quinn M, Hantzopoulos P, Desnick RJ, Fabry disease: isola-
tion of a cdna clone encoding human alpha-galactosidase a. Proc Natl Acad Sci U S A (1985) 82:
7364-8. doi: 10.1073/pnas.82.21.7364 PMID: 2997789

Kase R, Bierfreund U, Klein A, Kolter T, Utsumi K, Itoha K, et al., Characterization of two alpha-galac-
tosidase mutants (gq279e and r301q) found in an atypical variant of fabry disease. Biochim Biophys
Acta (2000) 1501:227-35. doi: 10.1016/S0925-4439(00)00024-7 PMID: 10838196

Beutler E, Kuhl W, Purification and properties of human alpha-galactosidases. J Biol Chem (1972)
247:7195-200. PMID: 4629399

Dean KJ, Sweeley CC, Studies on human liver alpha-galactosidases. i. purification of alpha-galactosi-
dase a and its enzymatic properties with glycolipid and oligosaccharide substrates. J Biol Chem
(1979) 254: 9994—10000. PMID: 39940

Lieberman RL, D’Aquino J A, Ringe D, Petsko GA, Effects of ph and iminosugar pharmacological
chaperones on lysosomal glycosidase structure and stability. Biochemistry (2009) 48: 4816-27. doi:
10.1021/bi9002265 PMID: 19374450

Kusiak JW, Quirk JM, Brady RO, Purification and properties of the two major isozymes of alpha-galac-
tosidase from human placenta. J Biol Chem (1978) 253: 184—90. PMID: 201618

Ishii S, Suzuki Y, Fan JQ, Role of ser-65 in the activity of alpha-galactosidase a: characterization of a
point mutation (s65t) detected in a patient with fabry disease. Arch Biochem Biophys (2000) 377:
228-33. doi: 10.1006/abbi.2000.1743 PMID: 10845698

Sugawara K, Tajima Y, Kawashima |, Tsukimura T, Saito S, Ohno K, et al., Molecular interaction of
imino sugars with human alpha-galactosidase: Insight into the mechanism of complex formation and
pharmacological chaperone action in fabry disease. Mol Genet Metab (2009) 96: 233-8. doi: 10.
1016/j.ymgme.2008.12.017 PMID: 19181556

Ishii S, Chang HH, Kawasaki K, Yasuda K, Wu HL, Garman SC, et al., Mutant alpha-galactosidase a
enzymes identified in fabry disease patients with residual enzyme activity: biochemical characteriza-
tion and restoration of normal intracellular processing by 1-deoxygalactonojirimycin. Biochem J
(2007) 406: 285-95. doi: 10.1042/BJ20070479 PMID: 17555407

Tsukimura T, Chiba Y, Ohno K, Saito S, Tajima Y, Sakuraba H, Molecular mechanism for stabilization
of a mutant alpha-galactosidase a involving m51i amino acid substitution by imino sugars. Mol Genet
Metab (2011) 103: 26-32. doi: 10.1016/j.ymgme.2011.01.013 PMID: 21353612

Guce Al, Clark NE, Salgado EN, lvanen DR, Kulminskaya AA, Brumer r H, et al., Catalytic mechanism
of human alpha-galactosidase. J Biol Chem (2010) 285: 3625-32. doi: 10.1074/jbc.M109.060145
PMID: 19940122

Vedder AC, Breunig F, Donker-Koopman WE, Mills K, Young E, Winchester B, et al., Treatment of
fabry disease with different dosing regimens of agalsidase: Effects on antibody formation and gl-3.
Mol Genet Metab (2008) 94: 319-325. doi: 10.1016/j.ymgme.2008.03.003 PMID: 18424138

Smid BE, Hoogendijk SL, Wijburg FA, Hollak CE, Linthorst GE, A revised home treatment algorithm
for fabry disease: influence of antibody formation. Mol Genet Metab (2013) 108: 132—7. doi: 10.1016/
j.ymgme.2012.12.005 PMID: 23332169

Linthorst GE, Hollak CE, Donker-Koopman WE, Strijland A, Aerts JM, Enzyme therapy for fabry dis-
ease: neutralizing antibodies toward agalsidase alpha and beta. Kidney Int (2004) 66: 1589-95. doi:
10.1111/j.1523-1755.2004.00924.x PMID: 15458455

Ohashi T, lizuka S, Ida H, Eto Y, Reduced alpha-gal a enzyme activity in fabry fibroblast cells and
fabry mice tissues induced by serum from antibody positive patients with fabry disease. Mol Genet
Metab (2008) 94: 313-8. doi: 10.1016/j.ymgme.2008.03.008 PMID: 18456533

Marchesan D, Cox TM, Deegan PB, Lysosomal delivery of therapeutic enzymes in cell models of
fabry disease. J Inherit Metab Dis (2012) 35: 1107—-17. doi: 10.1007/s10545-012-9472-3 PMID:
22450713

Ohshima T, Murray GJ, Swaim WD, Longenecker G, Quirk JM, Cardarelli CO, et al., alpha-galactosi-
dase a deficient mice: a model of fabry disease. Proc Natl Acad Sci U S A (1997) 94: 2540—4. doi: 10.
1073/pnas.94.6.2540 PMID: 9122231

Taguchi A, Maruyama H, Nameta M, Yamamoto T, Matsuda J, Kulkarni AB, et al., A symptomatic
fabry disease mouse model generated by inducing globotriaosylceramide synthesis. Biochem J
(2013) 456: 373-83. doi: 10.1042/BJ20130825 PMID: 24094090

Albery WJ, Knowles JR, Evolution of enzyme function and the development of catalytic efficiency. Bio-
chemistry (1976) 15: 5631-40. doi: 10.1021/bi00670a032 PMID: 999839

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 25/26


http://dx.doi.org/10.1038/nprot.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19247286
http://dx.doi.org/10.1073/pnas.82.21.7364
http://www.ncbi.nlm.nih.gov/pubmed/2997789
http://dx.doi.org/10.1016/S0925-4439(00)00024-7
http://www.ncbi.nlm.nih.gov/pubmed/10838196
http://www.ncbi.nlm.nih.gov/pubmed/4629399
http://www.ncbi.nlm.nih.gov/pubmed/39940
http://dx.doi.org/10.1021/bi9002265
http://www.ncbi.nlm.nih.gov/pubmed/19374450
http://www.ncbi.nlm.nih.gov/pubmed/201618
http://dx.doi.org/10.1006/abbi.2000.1743
http://www.ncbi.nlm.nih.gov/pubmed/10845698
http://dx.doi.org/10.1016/j.ymgme.2008.12.017
http://dx.doi.org/10.1016/j.ymgme.2008.12.017
http://www.ncbi.nlm.nih.gov/pubmed/19181556
http://dx.doi.org/10.1042/BJ20070479
http://www.ncbi.nlm.nih.gov/pubmed/17555407
http://dx.doi.org/10.1016/j.ymgme.2011.01.013
http://www.ncbi.nlm.nih.gov/pubmed/21353612
http://dx.doi.org/10.1074/jbc.M109.060145
http://www.ncbi.nlm.nih.gov/pubmed/19940122
http://dx.doi.org/10.1016/j.ymgme.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18424138
http://dx.doi.org/10.1016/j.ymgme.2012.12.005
http://dx.doi.org/10.1016/j.ymgme.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23332169
http://dx.doi.org/10.1111/j.1523-1755.2004.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/15458455
http://dx.doi.org/10.1016/j.ymgme.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18456533
http://dx.doi.org/10.1007/s10545-012-9472-3
http://www.ncbi.nlm.nih.gov/pubmed/22450713
http://dx.doi.org/10.1073/pnas.94.6.2540
http://dx.doi.org/10.1073/pnas.94.6.2540
http://www.ncbi.nlm.nih.gov/pubmed/9122231
http://dx.doi.org/10.1042/BJ20130825
http://www.ncbi.nlm.nih.gov/pubmed/24094090
http://dx.doi.org/10.1021/bi00670a032
http://www.ncbi.nlm.nih.gov/pubmed/999839

@’PLOS | ONE

Carboxyl-Terminal Truncations of the Human a-Galactosidase A

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Garman SC, Garboczi DN, The molecular defect leading to fabry disease: structure of human alpha-
galactosidase. J Mol Biol (2004) 337: 319-35. doi: 10.1016/j.jmb.2004.01.035 PMID: 15003450

Tomasic 1B, Metcalf MC, Guce Al, Clark NE, Garman SC, Interconversion of the specificities of
human lysosomal enzymes associated with fabry and schindler diseases. J Biol Chem (2010) 285:
21560-6. doi: 10.1074/jbc.M110.118588 PMID: 20444686

Lusis AJ, Paigen K, Properties of mouse alpha-galactosidase. Biochim Biophys Acta (1976) 437:
487-97. doi: 10.1016/0304-4165(76)90017-9 PMID: 8104

Aguilera M, Rakotoarivonina H, Brutus A, Giardina T, Simon G, Fons M, Aga1, the first alpha-galacto-
sidase from the human bacteria ruminococcus gnavus e1, efficiently transcribed in gut conditions.
Res Microbiol (2012) 163: 14-21. doi: 10.1016/j.resmic.2011.10.005 PMID: 22036918

Post DA, Luebke VE, Purification, cloning, and properties of alpha-galactosidase from saccharopoly-
spora erythraea and its use as a reporter system. Appl Microbiol Biotechnol (2005) 67: 91-6. doi: 10.
1007/s00253-004-1764-6 PMID: 15538554

Fernandez-Leiro R, Pereira-Rodriguez A, Cerdan ME, Becerra M, Sanz-Aparicio J, Structural analysis
of saccharomyces cerevisiae alpha-galactosidase and its complexes with natural substrates reveals
new insights into substrate specificity of gh27 glycosidases. J Biol Chem (2010) 285: 28020-33. doi:
10.1074/jbc.M110.144584 PMID: 20592022

Jindou S, Karita S, Fujino E, Fujino T, Hayashi H, Kimura T, et al., alpha-galactosidase aga27a, an en-
zymatic component of the clostridium josui cellulosome. J Bacteriol (2002) 184: 600—4. doi: 10.1128/
JB.184.2.600-604.2002 PMID: 11751843

Brumer r H, Sims PF, Sinnott ML, Lignocellulose degradation by phanerochaete chrysosporium: puri-
fication and characterization of the main alpha-galactosidase. Biochem J (1999) 339 (Pt 1): 43-53.
doi: 10.1042/0264-6021:3390043

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B, The carbohydrate-active en-
zymes database (cazy) in 2013. Nucleic Acids Res (2014) 42: D490-5. doi: 10.1093/nar/gkt1178
PMID: 24270786

Maranville E, Zhu A, The carboxyl terminus of coffee bean alpha-galactosidase is critical for enzyme
activity. Archives of Biochemistry and Biophysics (2000) 373: 225-230. doi: 10.1006/abbi.1999.1532
PMID: 10620342

Mohammed KD, Topper MB, Muesing MA, Sequential deletion of the integrase (gag-pol) carboxyl ter-
minus reveals distinct phenotypic classes of defective hiv-1. J Virol (2011) 85: 4654—66. doi: 10.1128/
JVI1.02374-10 PMID: 21367893

Hsu TY, Liu MW, Chang YR, Pai CY, Liu MY, Yang CS, et al., Functional analysis of c-terminal dele-
tion mutants of epstein-barr virus thymidine kinase. J Gen Virol (1996) 77 (Pt 8): 1893-9. doi: 10.
1099/0022-1317-77-8-1893 PMID: 8760441

Lin HH, Pan YJ, Hsu SH, Van RC, Hsiao YY, Chen JH, et al., Deletion mutation analysis on c-terminal
domain of plant vacuolar h(+)-pyrophosphatase. Arch Biochem Biophys (2005) 442: 206—13. doi: 10.
1016/j.abb.2005.08.010 PMID: 16185650

Passonneau JV, Lowry OH, The role of phosphofructokinase in metabolic regulation. Adv Enzyme
Regul (1964) 2: 265-74. doi: 10.1016/S0065-2571(64)80018-2 PMID: 4222062

Sola-Penna M, Da Silva D, Coelho WS, Marinho-Carvalho MM, Zancan P, Regulation of mammalian
muscle type 6-phosphofructo-1-kinase and its implication for the control of the metabolism. lUBMB
Life (2010) 62: 791-6. doi: 10.1002/iub.393 PMID: 21117169

Benkovic SJ, Hammes-Schiffer S, A perspective on enzyme catalysis. Science (2003) 301: 1196—
202. doi: 10.1126/science.1085515 PMID: 12947189

Sikorski RS, Wang L, Markham KA, Rajagopalan PT, Benkovic SJ, Kohen A, Tunneling and coupled
motion in the escherichia coli dihydrofolate reductase catalysis. J Am Chem Soc (2004) 126: 4778-9.
doi: 10.1021/ja031683w PMID: 15080672

Wang L, Goodey NM, Benkovic SJ, Kohen A, Coordinated effects of distal mutations on environmen-
tally coupled tunneling in dihydrofolate reductase. Proc Natl Acad Sci U S A (2006) 103: 15753-8.
doi: 10.1073/pnas.0606976103 PMID: 17032759

Wang L, Goodey NM, Benkovic SJ, Kohen A, The role of enzyme dynamics and tunnelling in catalys-
ing hydride transfer: studies of distal mutants of dihydrofolate reductase. Philos Trans R Soc Lond B
Biol Sci (2006) 361: 1307—15. doi: 10.1098/rstb.2006.1871 PMID: 16873118

Wang L, Tharp S, Selzer T, Benkovic SJ, Kohen A, Effects of a distal mutation on active site chemis-
try. Biochemistry (2006) 45: 1383-92. doi: 10.1021/bi0518242 PMID: 16445280

PLOS ONE | DOI:10.1371/journal.pone.0118341 February 26, 2015 26/26


http://dx.doi.org/10.1016/j.jmb.2004.01.035
http://www.ncbi.nlm.nih.gov/pubmed/15003450
http://dx.doi.org/10.1074/jbc.M110.118588
http://www.ncbi.nlm.nih.gov/pubmed/20444686
http://dx.doi.org/10.1016/0304-4165(76)90017-9
http://www.ncbi.nlm.nih.gov/pubmed/8104
http://dx.doi.org/10.1016/j.resmic.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22036918
http://dx.doi.org/10.1007/s00253-004-1764-6
http://dx.doi.org/10.1007/s00253-004-1764-6
http://www.ncbi.nlm.nih.gov/pubmed/15538554
http://dx.doi.org/10.1074/jbc.M110.144584
http://www.ncbi.nlm.nih.gov/pubmed/20592022
http://dx.doi.org/10.1128/JB.184.2.600-604.2002
http://dx.doi.org/10.1128/JB.184.2.600-604.2002
http://www.ncbi.nlm.nih.gov/pubmed/11751843
http://dx.doi.org/10.1042/0264-6021:3390043
http://dx.doi.org/10.1093/nar/gkt1178
http://www.ncbi.nlm.nih.gov/pubmed/24270786
http://dx.doi.org/10.1006/abbi.1999.1532
http://www.ncbi.nlm.nih.gov/pubmed/10620342
http://dx.doi.org/10.1128/JVI.02374-10
http://dx.doi.org/10.1128/JVI.02374-10
http://www.ncbi.nlm.nih.gov/pubmed/21367893
http://dx.doi.org/10.1099/0022-1317-77-8-1893
http://dx.doi.org/10.1099/0022-1317-77-8-1893
http://www.ncbi.nlm.nih.gov/pubmed/8760441
http://dx.doi.org/10.1016/j.abb.2005.08.010
http://dx.doi.org/10.1016/j.abb.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16185650
http://dx.doi.org/10.1016/S0065-2571(64)80018-2
http://www.ncbi.nlm.nih.gov/pubmed/4222062
http://dx.doi.org/10.1002/iub.393
http://www.ncbi.nlm.nih.gov/pubmed/21117169
http://dx.doi.org/10.1126/science.1085515
http://www.ncbi.nlm.nih.gov/pubmed/12947189
http://dx.doi.org/10.1021/ja031683w
http://www.ncbi.nlm.nih.gov/pubmed/15080672
http://dx.doi.org/10.1073/pnas.0606976103
http://www.ncbi.nlm.nih.gov/pubmed/17032759
http://dx.doi.org/10.1098/rstb.2006.1871
http://www.ncbi.nlm.nih.gov/pubmed/16873118
http://dx.doi.org/10.1021/bi0518242
http://www.ncbi.nlm.nih.gov/pubmed/16445280


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


