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ABSTRACT. The function of the (g, activator protein is to act as a substrate-specific cofactor in the
hydrolysis of Gu2 ganglioside bys-hexosaminidase A. Mutations in the gene encoding it result in the

AB variant form of Gy, gangliosidosis. One such mutation, &farg, results in the mutant protein

being retained and degraded in the endoplasmic reticulum of mammalian cells. In order to characterize
the biochemical effects of this substitution, we expressed the mutant protein in transformed bacteria. We
first compared the wild-type protein produced by two bacterial expression methods, one requiring protein
refolding, with activator purified from the medium of transfected CHO cells. The “activity” and circular
dichroism spectrumo(-helical content) of all three proteins were similar, justifying the use of refolded
activator from transformed bacteria in structure/function studies. Second, the mutant protein was expressed
in both bacterial systems and in each retainé¥o of the wild type’s specific activity. The presence of

even this small amount of activity in the mutant protein coupled with a calcutatezlical content nearly
identical to the wild type, strongly suggest that no major tertiary or secondary structural changes,
respectively, had occurred due to the mutation. However, we demonstrate that its heat stabilR¢ at 60

is reduced 14-fold, suggesting some localized change in tertiary structure. The loss of a disulfide loop
was confirmed by reacting the mutant protein with Ellman’s reagent. A kinetic analysis detected a large
increase in the apparekt, of f-hexosaminidase A for the mutant; however, there was no apparent change
in Vmax. A fluorescence dequenching assay was used to evaluate the ability of the mutant protein to
transport lipids and bind fz ganglioside. These assays detected no difference between the wild-type
and mutant proteins, indicating that the @&§Arg substitution has no effect on these functions. We
conclude that the mutation specifically affects a domain in the activator protein that is responsible for the
recognition of the activaterGy, ganglioside complex bg-hexosaminidase A.

The Gy, activator protein (activatot)s a substrate-specific
cofactor for lysosomagb-hexosaminidase A (Hex A) in its
hydrolysis of GalNAGB(1—4)-[NeuAa(2—3)-]-Gal3(1—4)-
Glc-ceramide (G2 ganglioside, G.) (Meier et al., 1991).
It first solubilizes individual molecules of ganglioside or
glycolipids by interacting with both their hydrophilic oli-

Gmi > Gpia = Gus = Gaz (Conzelmann et al.,, 1982;
Conzelmann & Sandhoff, 1979). The activator can then
replace its bound glycolipid in another membrane, thus acting
as a general sphingolipid transport protein (Conzelmann et
al., 1982; Smiljanic-Georgijev et al., 1997). Wher,Gs

the ligand the 1:1 activaterganglioside complex can specif-

gosaccharide and their hydrophobic ceramide moieties. Itsically interact with Hex A, resulting in the hydrolysis of/@

specificity,i.e., strength, of binding is primarily determined
by the oligosaccharide moiety of the ligarelg, Gv, >>

T This work was funded through a grant to DM from the Medical
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to Gus [reviewed in Sandhoff et al. 1995)]. Thus, its
functional assay (the enhancement gL@ydrolysis by Hex

A) is actually a measure of at least three separate activator
binding functionsij.e., oligosaccharide (for both NeuAc and
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binding. We have recently demonstrated that its lipid and
oligosaccharide binding functions can be assessed indepen-
dently using a fluorescence dequenching assay. It was shown
that various glycolipids inhibit the ability of the activator to
transport a self-quenching fluorescent lipid probe, octade-
cylrhodamine (R-18), between liposomes. Thus the rate of
R-18 transport measures lipid binding, and the level by which
various glycolipid inhibit this transport is a measure of
oligosaccharide-binding (Smiljanic-Georgijev et al., 1997).
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The activator contains a signal peptide (residuef3) MRGS(H)XGSIEGR-3?—11%) were obtained as previously
and is thus synthesized in the endoplasmic reticulum (ER) reported (Smiljanic-Georgijev et al., 1997). A nonfunctional,
as a precursor polypeptide (residues-243). Its primary truncated form of the activator also produced using the His
sequence contains a single site for N-linked glycosylation system, was used as a negative control. This form resulted
at Asrf3. The presence of the oligosaccharide increase thefrom a Taq error encoding a frameshift mutation after'téu
M, of the precursor, as determined by SEFSAGE, to which then also allows 13 new residues to be translated
24 000. Amino-terminal processing in the lysosome to the before a stop codon is encounteriegel, MRGS(H3GSIEGR-
mature form reduces its, to 22 000 (residues 32193) S2—L15.WSCPVGSPPGTTA (Smiljanic-Georgijev et al.,
(Burg et al., 1985; Xie et al., 1991). The critical role in 1997). Secondary structure predictions were carried out with
human metabolism played by the activator is demonstratedprograms contained in GeneWorks (IntelliGenetics).
by the occurrence of a fatal autosomal recessive disease, the Expression of the Functional FLAGActivator Fusion
AB variant form of Gy, gangliosidosis, that results from Protein in E. coli. Oligos 217, 5GGCTCGAGTGG-
mutations in th&sM2Agene encoding the activator (Schepers GAGTTTGGCCTTGGCAA, and 218, 85GAAGCTTCAC-
et al., 1996; Schider et al., 1993, 1991; Xie et al., 1992). A CTGAAAAAGCCATCCCA, were used to amplify the
Cys'38Arg substitution was the first mutation to be described coding sequence (residues Mislle!®d) of the activator
in cells from an acute (g gangliosidosis, AB variant patient  precursor contained in the plasmid pActl (Xie et al., 1991),
(Schrader et al., 1991; Xie et al., 1992). Expression studies by PCR. For subcloning, Zhd or a Hindlll site (under-
of the mutant protein in COS cells demonstrated that the lined) was introduced into each of the PCR primers. The
substitution prevented intracellular transport of the precursor PCR fragment was subcloned in tBecoli expression vector
out of the ER and greatly accelerated its degradation (Xie etpFLAG-1 (IBI, catalog no. IB 13003), in frame with an
al., 1992). amino-terminal extension that encodes the 21 amino acid

The retention through recycling between the ER and the OmpA signal peptide (for export to the periplasmic space)
cis-Golgi network of unassembled and/or misfolded subunit- and the FLAG peptide (D-Y-K-D-D-D-D-K). Additionally
(s) is thought to be achieved through interactions with two other residues, Lys-Leu, are encoded byiedlll site
resident proteins, chaperones, which are themselves normallyefore the beginning of the activator sequence. The insert
recyc|ed between these Compartments (Lewis & Pe|ham,fr0m one clone was confirmed by nucleotide SequenCing to
1990; Munro & Pelham, 1987) The presence of this “qua”ty contain no Taq errors. EXPFESSion and purifica’[ion of the
control system” suggests that the @arg substituted fusion protein from this clone were carried out according to
activator may not of necessity be incapable of forming a the protocol provided by the company (IBI, catalog no. 1B
partially functional protein but may be prevented from doing 13000). Basically, about 50 mL of overnight culture was
so by its increased affinity for one or more chaperone added to 500 mL of LB medium and grown until log phase
proteins. This is apparently the case for the plasma (ODz0 = 0.6-0.8). IPTG was added to 2 mM and the
membrane protein CFTR carrying théheé mutation (the bacteria cells were harvested when the gDPeached 1.0.
major mutation causing cystic fibrosis) (Ward et al., 1995), The fusion protein was extracted from the periplasmic space
which if expressed at lower temperatures or in nonmamma-and cell lysate, respectively, and then purified by passage
lian cells reaches the plasma membrane and is partiallythrough a FLAG monoclonal antibody column, according
functional (Cheng et al., 1990). This same mechanism hasto the protocol. The eluted fractions were collected and
been shown to be the cause of other forms gf Gangli- concentrated by Centricon 10 microconcentrator (Amicon,
osidosis resulting from mutations in either of the two genes Product no. 4206).
encoding thex (Tay-SachsHEXA) or 8 (Sandhoff HEXB) Expression of the FLAG and His—Cys3%Arg Mutant
subunits of Hex A [reviewed in Gravel et al. (1995) and Activator Fusion Proteins in E. coliA soluble form of the
Mahuran (1991)]. AB variant, Cy$3%Arg mutant activator protein was obtained
g from the periplasmic space of transformed bacteria and

bacteria and methods for refolding of a functional protein Purified using the FLAG system. Oligos 217 and 218 were
developed (Klima et al., 1993; Smiljanic-Georgijev et al., used to amplify by PCR the coding sequence of the mutant
1997; Wu et al., 1994b, 1996). In this report we demonstrate Ctivator precursor contained in pAgt the plasmid that was
the validity of using refolded activator protein from trans- prewous.ly used for expression of the mutant activator in COS
formed bacteria to investigate the biochemical effects of a CellS (Xie et al., 1992). The PCR fragment was then
naturally occurring mutation in the activator, G§farg. our ~ subcloned into pFLAG-1. Additionally, an insoluble form
data suggest that the presence of the quality control systen! the mutant activator was purified and refolded from

in the ER may increase the clinical severity associated with a_cteria tranhsformgd with the I-disffusion vector, pleEdS
this mutation and identify a critical role for Cy& or the ~ (Qiagen). The coding sequence in pictvas amplifie

disulfide loop it forms in the interaction between the USiNg primers that allowed it to be inserted in-frame and
activator-Gy, complex and Hex A. downstream from the nucleotides encoding thegHis-

guence, as previously reported for the wild-type activator
MATERIALS AND METHODS (Smiljanic-Georgijev et al., 1997). Prior to subcloning, the
two PCR fragments were confirmed by nucleotide sequenc-
Activator Proteins. The Gy, activator protein purified ing to contained the 4F2C transition with no further changes
from transfected CHO cell medium (CHO-activator) and due to Taq error.
from an Escherichia coliexpression system that allowed Circular Dichroism Spectra.CD spectra were recorded
synthesis, purification, and refolding of a ktiamature ($— on a Jasco J-720 spectropolarimerer, with a protein concen-
1199 Gy, activator fusion protein (His-activator, i.e., tration of 0.1-0.3 mg/mL in 80 mM citrate phosphate (pH

The wild-type activator has been produced in transforme
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4.1) buffer. Each curve was the average of four scans, kDa
recorded between 190 and 250 nm in a quartz cell (Jasco) 105-
with a path length of 1 mm. The content of each secondary

structure was obtained from a program in the instrument that 69.8-

used Yang's method of calculation (Yang et al., 1986).
However, only the calculations foe-helix content are
reported. This is because with data extending to only 190
nm, thea-helix content is the only secondary structure that
can be determined with confidence (Johnson, 1990). 28.3-

Heat Stability Based on the Ability of the Agttor To
Sewe as a Cofactor for Hex AThe purified normal or AB — —
variant mutant activatefFLAG fusion protein was added
to 250 uL of 80 mM citrate phosphate buffer, pH 4.1, 18.1-
containing'o.l% human serum aIbumin' to gene_rate final Ficure - Purified wild- left lane) and AB varian
concentrations of 1 and 10 g/, respectively. Aliquots Ar(i:]U mutant ;cti\?gtor (?igt%?%rg:)ﬁpr%d?cgd?n transfo?mté(? gjcteria

(50 uL) were removed at various intervals after incubation pythe FLAG system, analyzed by SBSAGE and visualized by
at 60°C (0, 15, 30, and 60 min for normal activator and 0, Coomassie blue staining.

4, 8, and 13 min for the mutant activator), placed on ice, ] ) ] )
and used for the functional assay of the activator in the = Vma{activator/Km + [activator]), making possible the
presence ofH-Gy, and purified placental Hex A, as calculation of an accurate standard error fo_r the appatgnt
previously described (Smiljanic-Georgijev et al., 1997). For a@ndVmax values (Hou et al., 1996; Tommasini et al., 1985).
the calculation of each protein’s half-lifd{,), incubation Ganglioside Binding.The ability of 4ug (0.21 nmol) of
time was plotted versus the log of the percept Bydrolysis ~ the wild-type and mutant activator protein to bing@ (1.3
remaining. The best-fit line was generated by least-squares’Mol) of Gv. ganglioside was assessed at pH 5 using a
analysis and the time at which 50% of activator function fluorescence dequenching assay. This assay first evaluates
remained Ty2) was calculated. the ability of the activator to transport a self-quenching
Determination of the Number of Free Sulfhydryl Groups fluorescence dyez rhodamine conjugated to a saturated C-18
in the Actvator. DTNB (4 ug) was used to detect free hydrocarbon chain (R—18), petween !a_beled and gnlabeled
sulfhydryl groups present after the refolding of the wild- I|po§omes (phosphatidylcholine containing Igrgg unilamellar
type and Cy¥%Arg-substituted Hig-activators. The method ~ Vesicles, PC-LU\). If the transporter function is present,
used was based on Ellman’s original procedure (Ellman, i.e., the hydrophobic binding site is functional, the protein’s
1959) with the following exceptions: (a) each protein was 2Pility to bind Gy, is assessed by using the ganglioside as a
incubated (overnight at%C) with 2 mM reduced glutathione, ~ SPecific inhibitor of the processg, the assay evaluates the
precipitated with 4 volumes of acetone, washedviith 80% proteln's.c.)hgpsacchar.[de as well as its hydrophobic binding
acetone, dissolved in 2% SDS in phosphate buffer, pH 8.0, Sit€ (S.mlljanlc.—Georguev et al., 1997). The fluorescence
and heated for 2 min at 10C; (b) three samples (7, 14, Inténsity, 5 min after addition of R-18 PC-LUMo the
and 27ug) of each protein were analyzed and the best-fit réaction mix containing the activatat(Gw.) and u_nlabe_led
line was calculated to obtain the number of free Cys (based PC-LUVs, is taken as. At the end of the reaction Triton
on an extinction coefficient at O, of 13 600 M%); and X-100 is aqded to the assay mixture to obtain the value at
(c) the total reaction volume was 104 infinite dilution of the probe k100). Fluorescence measure-
Western Blot Analysis.Samples of the lysate or the Ments are taken at various time poirftg @nd the dequench-
periplasmic space of transformed bacteria were mixed with N9 for each point calculated as % fluorescence (R-18)
sample buffer containing 3% SDS and 25 mM DTT and dequenching= 100 F — Fo)/Fio0 (Smiljanic-Georgijev et
boiled for 5 min. The proteins in each sample were separatedaL' 1997).
by SDS-PAGE using the Laemmli gel system (10% gel) RESULTS
(Laemmli, 1970). The proteins were transferred to nitrocel-
lulose overnight (Brown et al., 1989). Western blotting was  We have previously compared the ability of the purified
carried out as previously described using the Amersham ECL activator isolated from the medium of transfected CHO cells

43.3-

system (Xie et al., 1992). and the refolded bacterial Hisactivator to enhance the
Kinetics of Hex A Hydrolysis of g from the Ganglio- hydrolysis of Gy, by Hex A, i.e, compared the specific
side—Activator Complex. The wild-type (G-2000 ng, “activity” of these forms of the activator. We found the

0—0.11 nmol) and the Cy%¥Arg (0—5000 ng, 6-0.27 nmol) Hisg—activator to have 52% the specific activity of the CHO-
substituted activator proteins were assayed for functionality activator (Smiljanic-Georgijev et al., 1997). We next evalu-
using purified placental Hex A (Mahuran & Lowden, 1980) ated the FLAG bacterial expression system. Unlike the
[50 000 nmol of 4-methylumbellifery8-N-acetylglucosamine  Hisg—activator, the FLAG-activator fusion protein (FLAG
(MUG)/h] and *H-Gy, ganglioside (20 nmol) in a total activator) remained soluble and was purified from both the
reaction volume of 10QuL (Hou et al., 1996). Kinetic lysate and the periplasmic space of the transformed bacteria
constants were calculated using a computerized nonlinear(Figure 1). The activity of the FLAGactivator from both
least-squares curve-fitting program for the Macintosh, Ka- locations in the bacteria was compared. Whereas the
leidaGraph 3.08c. Thus the individual activator concentra- activator from the periplasmic space was functional, a similar
tions and their corresponding initial velocity measurements amount (as judged by Western blotting, bottom of Figure 2)
were directly fitted to the MichaelisMenten equationy, of the fusion protein from the bacterial lysate showed little
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FIGURE 2: Effects of small but similar amounts of the FLAG -1.0

activator fusion protein (as judged by Western blot analysis shown

in the lower panel) contained in either the bacterial lysate (lane 1) 200 210 220 230 240 250

or the periplasmic space (lane 2), on the ability of purified Hex A

to hydrolyze3H-Gy, ganglioside (upper panel). Wavelength (nm)
i ; P i £ Ficure 3: CD spectra of the FLAG and Hig—activator fusion

aCtl.Vlty (top of Figure 2.)' The_specmc activity of the purified proteins from trarl)nsformed bacteria and of gctivator purified from

activator from the periplasmic space was found to be 67% o medium of transfected CHO cells (see Table 1).

of the CHO cell-produced activator or 130% of the refolded

Hisg—activator (Table 1). However, the overall yield was 3 E

low, <200ug/L of culture. A comparison of the CD spectra 25 [

of activator produced by all three of the above systems :

demonstrated that each method produced activator proteins 2r

&
with nearly identicaki-helical contents (Figure 3, Table 1). s 15 ©
Taken together, these data indicate that neither bacterial 2 |
expression nor refolding of the activator appears to have a & E
major effect on either its secondary (CD) or tertiary (activity) s 05 F

structure. oL . .
Since the FLAG system produced a functional activator :

without the need for refolding, we initially expressed the

AB variant, Cy4%®Arg form of the activator using this

method. The system produced soluble mutant activator that Gy, activator protein (ng)

could be purified from the periplasmic space on the FLAG Ficure 4: Hydrolysis of Gy, ganglioside over 18 h by purified

monoclonal antibody column (Figure 1). The specific Hex A (1C units) in the presence of various amounts of wild-type

actiy of the AB variant actvator was determined o be (% YOS 8), o T iineaedt) e o e seer

1'3% of the W_lld_-type FLAG-activator (T&_lble 1)' A COM- jing (least squares) drawn between them. The slapesandard

parison with similar large amounts of the inactive truncated error were used to calculate specific activity (Table 1).

form of the activator [made in the Hisystem (Smiljanic-

Georgijev et al., 1997)] confirmed the significance of this be measured in the C¥8Arg mutant, as well as the wild-

low level of activity (Figure 4, Table 1). Since activity could type activator, we next determined their heat stability at 60

-0.5:.A‘\‘\\w | | L | R |
0 200 400 600 800 1000

Table 1: Summary of the Biochemical Characteristics of Various Forms of the Activator Protein

CHO- FLAG- Hiss- FLAG—AB Hiss—AB Hise-trunc
cofactor for Hex & 9.2+ 0.8 6.2+ 0.2 4.8+ 0.3 0.11+ 0.01 0.083+ 0.006 0.0004+ 0.0007
% a-helical (CD) 325 25.9 25.6 25.1 ND 13.7
T1260°C ND 43 ND 3.0 ND
mol of SH/mol of activatdt ND ND 0.4 ND 1.3 ND
Km? (M activator) ND ND 170+ 20 ND 2000+ 500
Vmad (nmol of Gyz/h) ND ND 0.30+ 0.01 ND 0.37+ 0.04
% R-18 transport ND ND 100 ND 95+ 5 4
% inhibition (Guz)" ND ND 83+1 ND 80+ 3 0

a2 Nanomoles of G hydrolyzed by 10 units of Hex A ! ug™! (activator). Measures a combination of three binding binding functions (see
footnotese, f, andh). ® &+ Standard error ND, not determined? After the reaction of the activator with DTNB ApparentKy, (ability of Hex A
to bind the activatorganglioside complex) andmax (maximum rate of G hydrolysis by Hex A, 5x 10* units).f Percent of the normal activator's
(4 ug) rate of transport of R-18 between liposomes; measures the lipid transport function of the aétiatle-fold higher levels of the truncated
activator (Hig-trunc) only doubled this rate (Smiljanic-Georgijev et al., 199Bercent inhibition of R-18 transport between liposomes when 1.3
nmol of Gy is preincubated with the activator; measures the oligosaccharide binding function of the activator.
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Ficure 5: Heat stability as measured by changes in the enhance-

ment of Hex A activity toward ¢, ganglioside [plotted as log (%
remaining activity); the activity at O time was taken as 100%)], of
the wild-type (1 ngiL, O) and the Cy58Arg mutant (10 ngiL,

@) FLAG—activator proteins at 60C. Ty, values (Table 1) were
calculated from each best-fit line (least squares).
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FiGURE 6: CD spectra of the wild-type and Cy%rg mutant
FLAG—activator proteins compared with the nonfunctionalgHis
truncated form (see Table 1).

°C [using 10-fold more of the mutant (Figure 5)]. Thg.

for the wild-type protein was 14-fold longer than that for
the Cy$%8Arg mutant activator (Table 1). Each form was
found to be stable for at les h at 37°C (data not shown).
Finally the CD spectrum of the mutant protein was analyzed
and compared to the wild-type and to the nonfunctional
(Figure 4) Hig-truncated form of the protein (Figure 6). The
a-helical content for the AB variant activator and the
truncated form were calculated to be 97% and 53%,
respectively, of that calculated for the wild-type protein

Xie et al.

in its folding patterns or that the deleted C-terminal section
is normally ana-helix in the wild-type activator. The loss
of all assayable functions makes it impossible to differentiate
between these possibilities.

Because of the low yield with the FLAG system, the
Cys'38Arg-substituted activator was expressed in thegHis
system and refolded after purification on the*Ncolumn.
The yield of mutant activator from this procedure was similar
to what we had previously obtained for the wild-type protein,
~50 mg/L (Smiljanic-Georgijev et al., 1997). The activity
of the refolded, mutant His-activator was similar to that
of the mutant FLAG-activator (Table 1). Thus, refolding
of the Cy438Arg mutant activator does not appear to either
enhance or decrease the effects of the mutation on the
activator.

In order to confirm that the Cy&Arg substitution inter-
rupts a disulfide bond, the refolded normal and mutant forms
of the Hig—activator were denatured in SDS and reacted
with DTNB for 15 min. The wild-type activator produced
a small increase in O} over the incubation period
equivelent to 0.4 mol of free sulfhydryl groups/mol of
protein, indicating that all of its eight Cys groups normally
form disulfides. On the other hand the reaction of DTNB
with the mutant activator produced an increase in,QD
equivelent to 1.3 mol of free sulfhydryl groups/mol of
protein, indicating the presence of a single free Cys (Table
1).

The wild-type and mutant His-activators were next
assayed over a wide range of concentrations with constant
amounts of Hex A anéH-Gy;, (Figure 7), and the data were
fitted to the equation (» hydrolyzed/h= Vpnadactivator]/

(Km + [activator]). Surprisingly, the calculatéd,.x values
were nearly identical using either the wild-type (Figure 7A)
or mutant (Figure 7B) proteins as cofactors for Hex A (Table
1). The difference in activity between the two forms
appeared to be totally caused by a change in the affinity of
Hex A for the mutant activator (Figure 7, Table 1). Since
the apparenK,s actually represent a combination of two
binding constantg,e., the activator toward (% and Hex A
toward the activater Gy, complex, a further experiment was
performed to identify which had been affected by the
mutation. We used our previously reported fluorescence
dequenching assay to determine the ability of each protein
to transport R-18 between liposomes and then tested the
levels of transport inhibition caused by the addition @f.G
(Smiljanic-Georgijev et al., 1997). Virtually identical rates
of R-18 transport and g inhibition were observed (Figure

8, Table 1), indicating that the mutation does not affect the
activator’s general lipid transport function or its oligosac-
charide specificityj.e., ability to bind Gy, ganglioside.

DISCUSSION

Several laboratories have reported the production of

(Table 1). Thus the mutation does not have a major (global) activator from transformed bacteria, but each procedure
effect on secondary structure. Furthermore, the presence oincluded a refolding step in order to obtain a functional
even this small amount of activity suggests that the mutation protein (Klima et al., 1993; Smiljanic-Georgijev et al., 1997;
also does not have a major effect on the tertiary structure of Wu et al., 1994b, 1996). In this report we demonstrate that
the activator; however, the loss of heat stability does suggestif the activator is exported to the periplasmic space of the
a small localized change.g, the loss of a disulfide loop. transformed bacteria, a functional protein can be obtained
The loss of 50% of the wild type’s helical structure in the without refolding (Figure 2). Unfortunately the yield using
truncated form indicates either that there is a global disruption this methodology (FLAG) was 250-fold lower than was
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Guz ganglioside by a constant amount of Hex AX510* units). and 0.43+ 0.01 (in the presence of 3) for the mutant. The
The actual data points are shown with the best-fit curve drawn paseline slope (no activator present) in both cases wast0®605
between them. The data weremodel-fitted and the app&tgnt (see Table 1).
andK, values & standard error) were calculated (Table 1).

obtained using the Hisystem. Whereas the cytosol of both We conclude that neither their lack of a carbohydrate nor
bacterial and mammalian cells is a reducing environment, their different N-terminal extensions or requirement for
there is an oxidizing environment in the bacterial periplasmic refolding of the protein was a significant factor in producing
space of and the mammalian ER. Thus, disulfide bond an activator in transformed bacteria nearly identical to the
formation is rare in proteins synthesized in either cells’ mammalian protein. This conclusion has been strengthened
cytosol. This is likely a major reason for the need to refold. by two recent articles that demonstrate that a significant
Consistent with this idea was the low level of detectable free amount of newly synthesized activator is secreted by
sulfhydryl groups in the pool of refolded Hisactivator mammalian cells. Furthermore, this pool contains activator
(Table 1) and our ability to refold to a functional protein, molecules with varying types of, or even no, oligosaccharide
the FLAG—activator isolated from the bacterial cytosol. (Glombitza et al., 1997; Rigat et al., 1997). Thus the single
However, yields were still 50-fold lower than from the klis  oligosaccharide is not required for its function or for its
system (data not shown). Furthermore, the capacity of theintracellular transport and secretion from mammalian cells.
monoclonal anti-FLAG column was low and its price high, Missense mutations that occur in proteins synthesized in
making the system generally unattractive for preparative the ER of mammalian cells often result in the proteins’
work. retention and rapid degradation [reviewed in Lodish (1988)
Despite the FLAG system’s drawbacks, it was of interest and Mahuran (1991)]. Since we have shown that this is also
to compare the FLAG activator protein from the periplasmic  true for the Cy&®Arg substitution mutation associated with
space (nonglycosylated but no refolding needed) with activa- the AB variant form of acute (p gangliosidosis (Xie et al.,
tor we had previously isolated from the medium of trans- 1992), it was not possible to obtain sufficient activator from
fected mammalian (CHO) cells (glycosylated) or isolated and transfected mammalian cells to fully characterize the direct
refolded from transformed bacteria using the ¢-gstem biochemical effects of the mutation on activator function.
(Smiljanic-Georgijev et al., 1997). Measurements of the Expression of the mutant activator in transformed bacteria
ability of each activator to serve as a substrate-specific appeared to be the solution to this problem. However, we
cofactor for Hex A, reflective of their overall tertiary first determined if refolding was as valid a procedure to use
structures, and their CD spectra, reflective of secondary with a mutant form of the protein as it was with the wild-
structure, were compared and found to be similar (Table 1). type activator (discussed above). This appears to be the case,
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as the Cy¥®Arg activator produced by the Hissystem amphipathica-helix. The lack of ganglioside binding by

(refolded) had the same low specific activity found for the the truncated activator (Smiljanic-Georgijev et al., 1997)

protein produced by the FLAG system (no refolding) (Table would then suggest that this amphipathidelix is part of

1). the activator’'s hydrophobic binding pocket. However, it is
The locations of the domains in the activator responsible also possible that a more global change in secondary and

for its three binding functiong,e., lipid, oligosaccharide, tertiary structure has occurred.

and Hex A, have been suggested in a previous study by Wu - The apove conclusions do not support the model suggested
et QI. (1996). The NegAc binding site was located W|th|n by Wu et al. (1996), which places the Hex A recognition
residues 34142 and either the GalNAc or Hex A recogni-  sjte at the C-terminus and the ganglioside binding domain
tion site in the remaining residues 4393. They alsO  near the N-terminus of the protein. However, our data,
demonstrated that the activator does not recognize thedemonstrating that CY# plays a major role in the recogni-
oligosaccharide moiety fromy without the ceramide being  ion of the complex by Hex A and linking residues 168
present. Thus, it was suggested that the hydrophobic (lipid) 17g with ganglioside binding, are not irreconcilable with
binding pocket is also contained within residues-342 (WU n5e of Wu et al. (1996). Their previous model considered
etal., 1996). This model would predict that the Cfiarg the occurrence of only linear-type domaing. domains
substitution would either have a broad general effect on the ¢,ngisting of sequential residues within the protein’s primary
overall folding of the protein or specifically affect ganglioside  gyrycture. Itis also possible that protein folding and disulfide

binding. .. ) . bond formations (our DTNB results demonstrate that all eight
Our CD data p(l)us the findings that mutant protein retains cys residues in the activator are formed into disulfides; Table
some activity {-2% that of wild type, Table 1) indicate that 1y cqyid bring nonlinear sections of the protein together to

there are no gross changes in the tertiary or secondaryiyrm these binding domains. For example, the second
structure of the Cy88Arg mutant activator. However, the amphipathiax-helix, residues 108128, could form part of
lower heat stability of_ the_z mutant and its_in(_:reased rgactivity the hydrophobic binding pocket and is located in the region
to DTNB (Table 1) indicate that C¥¥ is involved in &  \y et al. (1996) linked with ganglioside binding. As well,

disulfide bond, and it would follow that its substitution by = cyg38 could form a disulfide bond with CY& to produce
Arg would cause some, apparently localized, change in the o yomain recognized by Hex A.

tertiary structure of the protein. We next investigated the
specific biochemical effect(s) of the substitution on each of
the three activator binding functions. A kinetic examination
of the mutant activator's ability to serve as a substrate-
specific cofactor for Hex A demonstrated that an increase
in the apparenK, of Hex A for the mutant was fully

Our data demonstrate that even a small change in structure
due to a point mutation,e., not sufficient to eliminate overall
activity, have any effect on ganglioside binding, or produce
a significant change in the CD spectra, is still sufficient for
a protein to be recognized as abnormal by the quality control

responsible for its decreased specific activity (Figure 7, Table SYStem in the ER of mammalian cells. In the case of the
1). These data suggested that the mutation was affectingCyS Arg substitution in the activator, the mutant protein
either the ability of the activator to bindy@ and form the ~ retains only~2% of the wild type’s specific activity.
complex,i.e., the substrate for Hex A, or the interaction However, similar small amounts of residual Hex A activity
between Hex A and the @—activator complex. To have been shown to produce a milder clinical phenotype,
differentiate between these possibilities we used our previ- €-9- Subacute rather than acute, in patients with Tay-Sachs

ously developed fluorescent dequenching assay: the truncate@" Sandhoff disease [reviewed in Gravel et al. (1995)]. Thus
form of the activator is nonfunctional in this assay (Table the mechanism of retention and accelerated degradation of

1) (Smiljanic-Georgijev et al., 1997). The assayGwa, “abnormal” proteins in the ER is a factor exacerbating the

produced identical results for the G§#rg mutant (Figure course and severity of this as well as other genetic diseases,
8B) and wild-type (Figure 8A) activators (Table 1). Thus, ©€-9. Some forms of Tay-Sachs (Brown & Mahuran, 1993,
Cys®and the disulfide loop it forms are critically important D& Gasperi et al., 1996), mucopolysaccharidosis type VII
for Hex A—activator interaction but not for g ganglioside- (Wu et al., 1994a), and cystic fibrosis (Cheng et al., 1990).
activator interaction. These data further support our conclu-
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