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ABSTRACT: Tay—Sachs or Sandhoff disease results from a deficiency of either-tbethe-subunits of
B-hexosaminidase A, respectively. These evolutionarily related subunits have been grouped with the “Family
20" glycosidases. Molecular modeling of human hexosaminidase has been carried out on the basis of the
three-dimensional structure of a bacterial member of FamilySratia marcescenshitobiase. The
primary sequence identity between the two enzymes is only 26% and restricted to their active site regions;
therefore, the validity of this model must be determined experimentally. Because human hexosaminidase
cannot be functionally expressed in bacteria, characterization of mutagenized hexosaminidase must be
carried out using eukaryotic cell expression systems that all produce endogenous hexosaminidase activity.
Even small amounts of endogenous enzyme can interfere with acé(saie Vmax determinations. We

report the expression, purification, and characterization of a C-termingt&tigprecursor form of hexos-
aminidase B that is 99.99% free of endogenous enzyme from the host cells. Control experiments are
reported confirming that the kinetic parameters of theslthg precursor are the same as the untagged
precursor, which in turn are identical to the mature isoenzyme. Using highly purified wild-type afidArg
Lys-substituted hexosaminidase B, we reexamine the role ocf*Airgthe active site. As we previously
reported, this very conservative substitution nevertheless rettigby 500-fold. However, the removal

of all endogenous activity has now allowed us to detect a 10-fold incredégtimat was not apparent in

our previous study. That this increaselp reflects a decrease in the strength of substrate binding was
confirmed by the inability of the mutant isozyme to efficiently bind an immobilized substrate analogue,
i.e., a hexosaminidase affinity column. Thus, Afgs involved in substrate binding, as predicted by the
chitobiase model, as well as catalysis.

The human lysosomapB-Hex! isozymes are dimeric  human tissue, whereas these isozymes can hydrolyze many
enzymes composed af, encoded by thelEXAgene 15qg23- of the same neutral substrates, both natural (8-GlcNAc
g24 @) and/org-, encoded bHEXBgene 5q13%), subunits. terminal Asn-linked oligosaccharides) and artificial (e.g.,
Since the primary structures of tlee andS-subunits share MUG); only Hex S and Hex A can efficiently hydrolyze
60% sequence identity, both are evolutionarily and therefore negatively charged natural (e.g-GlcNAc-6-sulfate terminal
structurally related 3). Thus, any of the three possible keratan sulfate) and artificial (e.g., MUGS) substrates.
dimeric combination of these subunits generates an activelnterestingly, only Hex A is able to hydrolyze negatively
isozyme. The three isozymes vary both in thdiapd their charged G ganglioside in vivo; but to do so, it requires a
heat stability, with Hex B £53) being both the most stable substrate-specific cofactor, the,&activator protein (Activa-
and the most basic [Hex B3f) > Hex A (o3) > Hex S tor) encoded by th&M2A gene [5q 31.333.1 @)]. This
(a0)]. Only Hex A and B can be readily detectable in normal small, heat stable protein forms a water-soluble complex with

the ganglioside and likely blocks the normal H-bonding
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forms, Tay-Sachs disease (the most common) or Sandhoff

belliferyl-5-N-acetylglucosamine; MUGS, 4-methylumbellifey§iN- disease, respectively, defects in the Activator protein result
acetylglucosamine-6-sulfate; CNAG, 2-acetamiti¢e-aminocaproyl)- in the third, rare AB-variant form (reviewed in réj.

2-deoxyp-D-glucopyranosylamine; ER, endoplasmic reticulum; CRM,
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Understanding how a given mutation in any one of the

lactone; NTA, nitrilotriacetic acid; CD, circular dichroism; Q, molar ~@bove three genes produces its associated clinical phenotype
ellipticity (deg cn? dmol2). is a goal of many clinical biochemists. To achieve this goal,
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a complete understanding of the structufienction relation-
ships of the affected protein is necessary. Two major
components in establishing such relationships are the devel-
opment of an accurate three-dimensional structure and the
identification residues involved in proteitsubstrate and/or
protein—protein interactions. Although human Hex has been
crystallized, diffraction was only to 3.2 A, insufficient to
produce an atomic modeT). However, all the members of
a given hydrolase familyg) are believed to be evolutionarily
related and have similar three-dimensional structures (e.g.,
ref 9). Thus, molecular modeling of human Hex has been
carried out on the basis of the three-dimensional structure
of bacterial chitobiase, as both are part of the glycosyl
hydrolase “Family 20" 10). However, the accuracy of such

ST . . Sp-162 | ! 2. SA
modeling is variable and dependent on the degree of primary Arg -349]
sequence similarity between the protein with the known B 211 %-/ W
structure and the protein being modeldd)( A sequence _
alignment of the active site regions of humarsubunit
and the monomeric bacterial enzyme shows that there is only
a 26% identity of amino acid residues. Furthermore, this Asp -448
degree of identity is based on an alignment that is only [~ Sp-191/ % $-290
achieved by generating many large gaps in the human Asp 3:% ) !F’
sequences, although these gaps are predicted to be at loop B- L A
structures 10). Outside of this region, there is little sequence Ficure 1: Residues of the active site of chitobiad®)((residue
similarity. Thus, while the modeling of bacterial chitobiase numbering as -#), with the proposed aligning residues f®m

may be helpful for characterizing the active site of human E'"Caéus Eex t(EeSI%ue “Umge“”gg Spb”U;“ber) I‘:”d ”t‘)e Q“ma”
. ex -subunit (residue numbering @number), are shown binding
Hex, the validity of the model and the accuracy of the to NAG-A of chitobiose N,N'-diacetylchitobiose); darker structure

al'gnment on WhICh |t |S based must be detel‘mlned expe“' shows both the NAG-A and NAG-B Components F|gure was

mentally. adapted from Mark et al1@Q).

Recently, comparative molecular modeling of Hex from
Streptomyces plicatySp-Hex, also a member of Family 20, The above observations differ somewhat from the role of
has been made from the chitobiase structiZp. (The overall PArg?! predicted by the chitobiase molecular modelih@,(
three-dimensional structure that was generated for Sp-Hex12). HumanSArg?*/aArg'’® aligns with c-Arg” in chito-
is similar to the predicted model of human He%Qy biase and sp-Af§?in Sp-Hex. From the chitobiase model,
However, Sp-Hex shares only 25% and 30% sequenceit is known that Ard°® sits at the base of a binding pocket
identity to human Hex and chitobiase, respectively. for NAG-A, the 5-1,4-linked 2-acetamido-2-deoxy-glucopy-

Analysis of missense mutations associated with, G  ranosyl residue at the nonreducing end of chitin and plays
gangliosidoses in hopes of identifying active site residues the most critical role of any residue in substrate binding and
in human Hex has not been as informative as initially orientation (Figure 1). No role in catalysis was predicted from
predicted, because most of these point mutations result inthe model. However, while mutational analysis of purified
the retention of the mutant protein in the endoplasmic Arg®?His Sp-Hex expressed in bacteria did reveal that its
reticulum (ER), due to the ER's tight “quality control system” K had increased by 40-fold, its specific activity\éfay (Kea)
(reviewed in refl3and14). The most well-studied exception was also found to be reduced 5-fold, relative to wild type.
to this common scenario is theArg*®His (15, 16 substitu- Thus, while the sp-Art§? appears to be principally involved
tion, which is associated with the B1 variant form of Fay  in substrate binding, the reduction in thg; of mutant Sp-
Sachs disease. B1 patient samples have a unique biochemicatiex indicates that sp-Aff also has a role in catalysis.
phenotype 15, 17, 18; they express near-normal levels of Because human Hex B cannot be functionally expressed
Hex A activity when assayed with neutral substrate (e.g., in bacteria (data not shown), and all eukaryotic cells contain
MUG) but have little or no activity towardx-specific lysosomal Hex activity, it is difficult to determine an accurate
substrates (e.g., MUGS). These observations lead to theK,, for a mutant enzyme with ¥max 0f only ~0.2%, that is,
hypothesis that Arg® was at or near the active site of the a signal-to-noise problem. As well, the limited solubility of
o-subunit (L5). MUG (~8 mM, normal K, ~0.7 mM) compounds this

We analyzed the biochemical consequences ofutkrg’ 8- problem when trying to analyze a mutant isozyme with a
His mutation by mutating the aligned codons in fhsubunit greatly increaseH,. Previously reported methods to increase
to produce a stable mutant Hex B homodimer for analysis the “signal (from translated human cDNA) to noise (endog-
(19, 20. Kinetic analysis of our most conservative substitu- enous Hex)” ratios have resulted in values of 3@1)(75:1
tion, BArg?tLys, indicated that the mutant Hex B underwent (22), and 56-100:1 @O, 23. For purposes of determining
normal intracellular transport, was stable in the lysosome, if a naturally occurring mutation is neutral or disease-causing,
and had a nearly norm#l,,. However, its “specific activity  this signal-to-noise level is more than sufficie@4{27).
at Vmax', that is, a value proportional tk., was only 0.2- However, this ratio is too low to unequivocally identify a
0.3% of the normal, indicating thaArg?'*and by extension ~ mutation that severely increasks, or one that neutralizes
oArg'7® take part in catalysisl@). the catalytic acid or base residue present in the active sites
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of glycosidases. In the latter case, a decrease of several orderscubator. When cells reached confluence, they were then
of magnitude would be expected (e.g., ré&and 29). washed twice with PBS and replaced with serum free media
In the present study, we report a method for the generation(GIBCO-BRL). The media were collected for subsequent
of a C-terminal Histagged pro-Hex B from permanently protein purification (see below).
transfected CHO cells. We demonstrate that this novel form TransfectionTransfections were performed using Super-
of Hex B is secreted and is easily purified away from the fect Reagent (Qiagen Inc., Valencia, CA) by essentially
endogenous CHO-Hex. We further demonstrate that the following the manufacturer’s instructions. CHO cells were
kinetic properties and thermostabilities of both pro-Hex B grown overnight until they were about 40% confluent. Ten

and pro-Hex B-Hisare the same as those of the mature form.

As an initial attempt to test the validity of the bacterial

micrograms of DNA was mixed with 4@g of Superfect
reagent (Qiagen) in 8Q@L of serum-free MEM. The mixture

chitobiase model using this approach, we reevaluated thewas incubated for 10 min at room temperature to form

effects of the conservativgArg?*liys substitution on the
purified isozyme’sK,, and ke for MUG. As an additional
control, we analyzed the ability of the mutant to bind
immobilized CNAG, a Hex-substrate analogu®)( From
these new data, we are able to definitely assigiAog?*,
and by extensiontArg'’® a role in substrate binding as well
as confirming its important role in catalysis.

MATERIALS AND METHODS

DNA ConstructionCloning procedures were as described
by Sambrook et al.31). To construct DNA encoding pro-
B-Fxa-Hig-COOH, a 1.8-kb fragment, containingychain
cDNA and Factor Xa-Hissequences, was amplified using
the sense primer B\GTAAGCTTGCGGCCGCAGAAGTC-
GGGTCCCGAGGCT-3 and the antisense primer{6GG-
GTCTAGAGCGGCCGCTTCAATGATGATGATGATGAT-
GTCTACCCTCGATCATGTTCTCATGGTTACA-3. The
reactions were performed in a 1@Q-mix containing 10 ng
of plasmid DNA, 20 mM Tris-HCI (pH 8.8), 10 mM KClI,
10 mM (NH,)2:SOy, 2 mM MgSQ, 0.1% Triton X-100, 0.2
mM each of dNTPs, 0.4M each primer, and 1 unit of Vent
DNA polymerase (BioLabs Inc., Beverly, MA). The cycling

DNA—Superfect complex. The complex was then added
dropwise to the culture dishes and incubated for 2 hr at 37
°C. Next, the cells were washed and refed witMEM plus
10% FCS for 2 days. Following this, the cells were
trypsinized and replated at a 1:8 dilution ¢(aMEM with
10% FCS and 40@g/mL neomycin. Two weeks later, drug-
resistant colonies were picked and grown in 24-well plates.
The medium and the lysate from the surviving cells were
assayed for Hex activity, and those producing the highest
levels were selected for further growth and analyses. For
cells transfected with pcDN4&-Hisg* encoding a Arg*™-
Lys substitution, G418-resistant colonies were screened by
Western blot analysis using human anti-Hex B antibody.
Enzyme and Heat Stability Assagells were harvested
and lysed in a buffer of 10 mM Tris-HCI (pH 7.5) and 5%
glycerol through five sets of freez¢haw cycles. For protein
purification purposes, cells were directly lysed in a native
binding buffer (10 mM sodium phosphate, pH 7.8, and 0.5
M NaCl) for Ni-NTA chromatography or 20 mM citrate
phosphate buffer (pH 4.5) containing 0.5 M NaCl for CNAG
affinity chromatography (see below). Protein concentration
was determined by the Lowry metho82. Human Hex
activity from cell lysates and media was measured using a

steps used were as follows: 1 cycle of heat denaturation atMUG substrate based on a MU fluorescent as&4ay. Heat
95°C for 5 min; 28 cycles of each consisting of denaturation stability of purified human placental Hex B (mature form),

at 95°C for 30 s, annealing at 5% for 1 min, and extension
at 73°C for 1 min; and 1 cycle of 73C for 7 min in a

Hex B isolated from the media of TeySachs fibroblasts
(pro-Hex B), or the HigC-terminally tagged Hex B from

Perkin-Elmer-Cetus thermal cycler 2400. The PCR product the media of transfected CHO cells (pro-Hex B-§liwas

was digested witlXbal, purified with Geneclean kit (Bio

determined at 60C, and thet;, was calculated from the

101 Inc., Vista, CA), and subcloned into expression vector best-fit line generated by plotting log (percent remaining
pcDNA3.1HisA-1, which contains neomycin gene as a activity) versus minutes of incubatio2%).

selective marker. pcDNA3.1HisA-1 is modified from
pcDNAS.1HisA (Invitrogen Inc., Carlsbad, CA), in which
the Hindlll —Xba polylinker sequence was replaced with
Hindlll —Xba —Not —Xbad linker to facilitate the subcloning

Western Blot Analysi€qual amounts of total protein from
each sample of cell lysate or purified protein were resolved
by SDS-PAGE using the Laemmli gelbuffer system
(12.5% gel) and a Bio-Rad minigel systel®3). Proteins

procedure. The resulting fusion expression plasmid is were transferred to nitrocellulose, and the filter was blocked

designated as pcDNA-Hisg. For construction of pcDNA-
B*-Hise encoding a Ardt'Lys substitution, a 1.5-kiBsiXI
fragment was excised from pHexB43 (Arg Lys)9f and

with 5% skim milk, as described previousl24, 34. The
primary antibody was a rabbit antihuman Hex B. A horse-
radish peroxidase-conjugated goat antirabbit IgG (1:10 000

used to replace the corresponding DNA fragment in pcDNA- dilution, Immux) was used as the secondary antibody. The
B-Hiss. The mutation and the orientation of the insert were nitrocellulose was developed using the Amersham ECL

verified by DNA sequencing using T7 DNA polymerase

system and exposed to Hyperfilm.

sequencing kit (Pharmacia) before transfection of the DNA  Ni-NTA Chromatographylhe Pro-Bond beads (Invitrogen

into CHO cells.

Cell Culture. CHO cells were maintained in-MEM
supplemented with 10% fetal bovine serum, 1@§YmL
streptomycin, and 100g/mL penicillin, at 37°C in 5% CQ.

Inc., Carlsbad, CA) were prepared by washing twice with
sterile water and three times with the native binding buffer.
One milliliter of gel was packed in a small column and
equilibrated in the same buffer. Cell lysates or media from

Transfected cells were grown in the same media containingcontrol CHO or transfected cells were supplemented with

400 ug/mL G418. For large-scale purification of Hex, cells
were plated and grown in the 850 &noller bottle (Becton
Dickinson Labware, Lincoln Park, NJ) at 3T in 5% CQ

NaCl to a final concentration of 0.5 M to reduce the
nonspecific binding before they were directly loaded onto
the Pro-Bond column. Nonspecifically bound proteins were
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removed by washing the column twice with 3 mL of native Table 1: Hex MUG Activity Levels in the Medium and Cell
binding buffer and three times with 3 mL of native wash | ysates of Mock-Transfected and pcDNAHise-transfected CHO
buffer (10 mM sodium phosphate, pH 6.0, and 0.5 M NaCl). Cells, Before and After Chromatography on @NNTA Column
Hiss-containing proteins were eluted with increased concen-  cHO cells medium lysate
tration of imidazole (30 mM, 80 mM, and 500 mM) in the transfected with  total free*® bound¢ totaPF free*® bound-
native wash buffer. Samples were concentrated to a point
where 2-5 4L was needed per Hex assay using Centricon- Mm%k : 92 84 00008 103 09 00001
, , pcDNA-B-Hiss 54 109 383 375 321 0.08
10 (Ar-mcon) membraneg pretre_ated with 1% human serum aHex activity [(nmol of MU) hr? (total mg of lysate protein}]
albumin overnight and .rm.sed with large amounts of V.Va.‘ter' b Hex activity t%at did not bind to the Ri-NTA begds or was eluted
The 2 mL, 500 mM imidazole, human Hex-containing ith 30 mm imidazole © Hex activity eluted with 500 mM imidazole
fraction was first concentrated to 5Q00u«L and then diluted  from the N2-NTA beads.
with 5 mL of citrate-phosphate buffer, pH 4.2, and
reconcentrated to reduce the level of imidazole and correct
the pH for Hex assays. Generally, it was found tha4 uL
of the 500 mM imidazole-containing native wash buffer
could be added to the 2Qd- assay mix without affecting
Hex activity measurements. The purity of the proteins was
examined through SDSPAGE followed by Coomassie Blue

was loaded on a 0.3-mL minicolumn. The column was then
washed twice with 2 mL of 10 mM sodium phosphate buffer,
pH 6.0, and 0.2 M NaCl (wash buffer). Finally, the
specifically bound Hex protein was eluted with the same
wash buffer containing a competitive inhibitor, 150/
- o-lactone (2-acetamido-2-deoxy-glucono-1,5-lactone, Tor-
staining. . . onto Research Chemicals Inc.). The binding affinity of each
Circular Dichroism (CD) Spectra.CD spectra were form of Hex B was assessed by the percent of Hex protein

recorded on a Jasco J-720 spectropolarimeter, from the f -
mature placental Hex B, wild-type Hex B-isand mutant ?gl)g;ed witho-lactone, as determined by the Lowry method

Hex B-His, at concentration of 0.5 mg/mL in 10 mM

phosphate (pH 6.0) buffer. Each curve was the average ofresyLTS

four scans, recorded between 190 and 250 nm in a quartz

cell (Jasco) with a path length of 1 mm. Fusion constructs encoding the human prepumslypep-
Determination of Kinetic Parameterdhe apparentn, tide with either an N-terminal (placed after the signal peptide,

and Vimax Values were determined for the MUG substrate data not shown) or C-terminal Factor-X-kltag (prog-Fxa-

using concentrations ranging from 0.1 to 4 m8#l, These  Hiss-=COOH) were permanently transfected into CHO cells.

constants were calculated using a computerized nonlinearNo Hex activity was detected in the media of cells transfected

least-squares curve-fitting program for the Macintosh, Ka- with the N-terminal tagge@-cDNA. When lysates from

leidaGraph 3.0. Thus, the individual substrate concentrationsthese clones were analyzed by Western blotting, only bands

and their corresponding initial velocity measurements were corresponding to the precursor (ER) form were seen (data

directly fitted to the MichaelisMenten equationV; = not shown). These data indicate _that the N-terminal ta_lg
Vinad /(K + [S]), making possible the calculation of an prevents the transport of the protein out of the ER. Media
accurate standard erroB). Values ofkey [mol of MU from clones transfected with the cDNA encoding the
released ht (mol of each purified enzyme)] were calcu-  C-terminal tagged Hex B (pcDN#-Hiss) contained up to

lated based on each enzyme’s calculated specific activity at5-fold higher levels of Hex activity than did medium from
Vimax and aM; of 130 000 g/mol for Hex B. For the mutant @ nontransfected control (Table 1). The level of Hex activity
Arg?Yys form of Hex B, accurate individud.s and Ky, in transfected cell lysates was similarly increased (Table 1).
values could not be ensured because of the limited solubility ~Western blot analysis of lysate protein from pcDIA-

of MUG; however, an accurate,/Kn, ratio could be deter-  Hise-transfected cells, and cells transfected with pEFNEO-
mined from the slope of the best-fit straight line generated [encoding the unmodified prepré-chain @3)] produced
from a [§ (MUG from 0 to 1.25 mM) versu¥; plot using similar levels of immunoreactive bands with correspond-

a known, constant amount of purified protein (L@). ing to the mature, lysosomgl-chain (26 and 28 kD& an
Hex Affinity Chromatographylhe affinity ligand, 2-acet-  N-linked oligosaccharide) (Figure 2, lan@gsand -His),
amidoN-(e-aminocaproyl)-2-deoxy-p-glucopyranosyl-  indicating that the C-terminal Hidusion enzyme is ef-

amine (CNAG), was coupled to Sephacryl S-200 according ficiently transported out of the ER and targeted to the
to Mahuran and LowderB(). For purification of pro- and lysosome 84).
mature Hex B from Tay Sachs fibroblasts, the media or We next attempted to purify the His-tagged wild-type Hex
lysate samples were dialyzed in 10 mM sodium phosphate B from cell lysates by Ni-NTA chromatography. The level
buffer (pH 6.0) containing 0.2 M NaCl before being loaded of Hex activity recovered from cell lysates by this method
on a CNAG column. After washing to remove nonspecific was very low, that is, only 2% of Hex activity initially added
proteins with three gel vol of 10 mM sodium phosphate to the N?* column (Table 1). This result indicated that the
buffer and 0.5 M NaCl, the Hex protein was eluted with 10 His-tag is cleaved when Hex reaches the lysosome. Since
mM Tris-HCI (pH 8.5). high levels of Hex activity are also secreted from the
The degree of binding to the affinity ligand beads was transfected cells, we attempted to purify the pro-Hex BsHis
also used as a qualitative means of comparing the apparenfrom the expression medium; 71% of the Hex activity was
Kq's of the wild-type and mutant forms of Hex B. The beads recovered after imidazole elution from the ?Nicolumn
were first pretreated with 0.1% RNase A overnight to block (Table 1). SDSPAGE followed by Coomassie blue staining
any nonspecific binding sites. After washing the beads three detected a single band corresponding to pr(5 kDa)
times to remove the RNase A, 1@ of purified Hex protein polypeptide (Figure 3A). Western blotting using antihuman
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CHO B B-His P+-His CHO B PB-His PB+His STD
KDa . —148
60— . S *—Pro-B F
i — ” —80
. —42
42—

30— "
_EmeE -

KDa

17 CHO B pB-His p+His
Ficure 2: Western blot analysis using an antihuman Hex B IgG
of lysates from mock-transfected CHO cells (CHO) or CHO cells
transfected with pEFNE@; encoding wild-type preprg-chains
(8); pcDNA-B-Hiss, encoding a C-terminal His-tagged form of —148
preprof-chains (3-His); or pcDNA-Hisf#*, encoding afArg?t- Pro-B —m :
Lys substitution C-terminal His-tagged form of pregtehains (*- m_ 60
His). Each lysate sample analyzed contains an equal amount of
total protein (2Qug). The positions of bands corresponding to the
pro3- (65 kDa) and maturg-chains are indicated on the right. — 42
Protein standards are shown on the left. — 30

Hex B antibody further confirmed the identity of the 65-
kDa polypeptide as thg-subunit of Hex (Figure 3B). In —17
contrast,<0.01% of endogenous Hex from nontransfected

CHO cell lysate or medium was bound and eluted from the ) o KDa
Ni2* column (Table 1). Ficure 3: Coomassie blue staining (A) and Western blot (B)

Biochemical Properties of pro-Hex B and pro-Hex B-His detection of purified proteins isolated from the serum-free medium

. h ] = - of untransfected CHO cells (CHO) or CHO cells transfected with
Since Hex isolated from cell medium is in its precursor form pcDNA-His-3, encoding the C-terminal His-tagged prepgkahain
(36), the biochemical properties of pro-Hex B, as well as (8-His); pcDNA-His#3*, encoding a Ar§'iLys substitution C-
pro-Hex B-Hig needed to be determined and compared with terminal His-tagged preprg-chain (*-His); or cells transfected
those of mature Hex B before the effects of any substitution With PEFNEO#, encoding the wild-type prepr-chain {5). The

. urification of Hex for the former three (lanes CH@®His, and

muFa_ltlon could be assessed. Pro- and mature fo_rms wer *-His) was carried out using Ni-NTA column under native
purified from the medium and the lysate, respectively, of conditions, while the untagged pro-Hex B form (ls#evas purified
Tay—Sachs fibroblasts by CNAG affinity chromatography by CNAG affinity chromatography. The location df; standards
(30). The specific activity for MUG of these purified and the prgs are indicated.
enzymes and that previously reported for the purified human Hisg-tag during its normal proteolytic processing in the
placental isozyme30) were all similar (Table 2), as were lysosome (data not shown). Therefore, mutant Hex B%His
their apparenK,, values (Table 2, Figure 4), i.eKm ~0.7 was purified from the expression medium. The elution from
mM. Taken together, these data demonstrate that the prothe N?* column was carried out with increasing imidazole
Hex B has the same kinetic parameters as the mature isozymeoncentration. Kinetic parameters for the MUG substrate
and that the C-terminal His-tags in pro-Hex B have no effect were determined (Table 3). Interestingly, the appatent
on these parameters. As well, the heat stabilities of the value increased with increasing imidazole concentrations,
purified fibroblast pro-Hex B, mature placental Hex B, and peaking at>80 mM. The pooled fraction between 80 and
the C-terminal His-tagged form of pro-Hex B were very 500 mM produced &, ~8 mM (Figure 4); no further Hex
similar (Table 2). Thus, the His-tag on each subunit does was eluted at higher concentration. The specific activity of

not appear to affect the stability of the folded dimer. the enzyme in this fraction, using 1.6 mM MUG was reduced
Examination of the Role gfArg?!! in the Actve Site of to 0.05% of the wild-type Hex B (Table 2). Accurakg,
Hex B.Whereas previous studies indicated that?Args an andVnmax values for the Hex B* eluted at 500 mM could not

active site residue in Hex B and that it is probably involved be assured because of the limited solubility of the MUG
in catalysis 19), molecular modeling from chitobiase predicts substrate. However, thé. /K and thus theék../K, ratios
that this residue is only involved in substrate binding. To were calculated from the initial velocity slope. Since this
determine the exact role gfArg?*, pcDNA-5*-Hise encod- ratio represents the rate for the first irreversible step in
ing a Arg?*lLys substitution was transfected into CHO cells. substrate hydrolysis, the formation of the internal oxazoline
Western blot verified that lysates from cells transfected with intermediate (C-1 joined to the former acetamido-oxygen)
pcDNA-5*-Hisg, like those from cells transfected with the (37), these data indicate that the wild-type enzyme ac-
wild-type 5-cDNA, contained the mature (lysosomal) form complishes this step at a raté5000-fold greater than that
of mutant Hex B (Figure 2, lang*-His). Additionally, like of the mutant (Table 2). These results are consistent with
the His-tagged wild-type enzyme (Table 1), the mature form the idea that (a) the 80 and 30 mM fractions of enzyme
of the mutant Hex B appears also to have lost the C-terminal contained increasing amounts of endogenous as compared
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Table 2: Analyses of Various Forms of Hex B: Heat Stability, Kinetic parameters (MUG), and Ability to Specifically Bind a CNAG Hex

Affinity Column

ty2 (Min) Km? Hex B Vinay Keatx 107 kearx 1073/ % binding

isozyme 60°C SA2 (mM) (ng/assay) (nmol/h)  (mol/mol h) Km to CNAGH
Hex B (mature) 13+1¢ 10.1+0.5 0.69+ 0.09 0.78 11.3t 0.5 1900+ 100 2700+ 600 75+ 5
pro-Hex B 14+ 1 10.5+ 0.6 0.71+ 0.07 0.70 10.6£ 0.3 2000+ 100 2700+ 500 72+ 6
pro-Hex B-Hisg 17+1 13.8+ 0.8 0.66+ 0.07 0.51 10.6t 0.3 2500+ 100 3800+ 600 71+ 4
pro-Hex B-(Arg*lLys)-His; NDP 0.0074 0.0004 ~8' 1600 ~64 ~5f 0.62+ 0.02 7+1

a Specific activity, nmoles (MU) ht ng~! (Hex B), at 1.6 mM MUG.” K., values are given in mM (MUG), andnax values are given as nmol

of MU h7%, with the standard error reported as™ Note thatVmax values

amount of Hex B protein used in the assay (given in column 5), i.e., they are not “specific activit

are those derived from Figure 4 and have not been normalized for the
&tkeat Values are the maximum moles

of MU released h* (mol of various forms of purified Hex B protein), which are proportional to the specific activities\&t.x. They all assume
an M, for Hex B of 130 000¢ Percent of Hex protein binding from three independent experiments:x10@ of protein-eluted (with-lactone)
x (10 ug of protein loaded)* (on a CNAG minicolumn)® Standard error of at least three determinatidigcuracy of theVmay, Km, andkeat
values could not be ensured due to the limited substrate soluliliye k.a/Kn, ratio was accurately calculated from 130 60¢he slope of the
best-fit straight line of [MUG] (6-1.25 mM) versus (nmol of MU) H [ng of pro-Hex B-(AgftiLys)-Hiss used in each assay] " ND, not deter-

mined.
. y 200 _
20 [ Pro-Hex B*-His E = Pro-Hex B-His6
E 150 -
3 v - Pro-Hex B*-His6
s 15 100 -
3 ;
€ 40 L . 71"7'5i87ﬂ. 50 L _ Mature Hex B
r g ————#Pro-HexB &} - -
=" Pro-Hex B-His; 0 ]
5 L.
-50
0 Wi . P SR R BN SR -100
0 0.5 1 15 2 25 3 35 4 ‘
MUG(mM) -150 P I R I RS SIS |
190 200 210 220 230 240 250 260

FIGURE 4: Kinetic analyses of purified pro-Af¢iLys-Hex B-His;,
(pro-Hex B*-His) solid triangles (1600 ng/assay); mature placental
Hex B, solid squares (0.8 ng/assay); pro-Hex B, solid diamonds
(0.7 ng/assay); and pro-Hex B-Hjssolid circles (0.5 ng/assay).
Actual experimental data points are plotted with the computer-
generated best-fit curves overlaying theRvalues were all>
0.996. TheK,, andVmax (N0t normalized for the amount gfprotein
used) values determined from each plot are given in Table 2.

Table 3: Ky, Values for the Pro-Hex B-Hisand Pro-Hex B*-Hig
(Arg?*Lys) Forms of Hex B Elution at the Various Imidazole
Concentrations from a Rii-NTA Columr?

C
imidazole Km
(mM) pro-Hex B-Hig pro-Hex B*-His
0 0.65+ 0.08 0.65+ 0.10
30 0.70+ 0.10 0.68+ 0.07
80 0.68+ 0.09 1.52+0.12
500 0.66+ 0.07 ~gd

nM

FiIGURE 5: CD spectra (nM vs Q, molar ellipticity 1073) of two
forms of pro-Hex B-Histagged, wild type and mutant (B*), as
compared with mature Hex B purified from human placenta.

o-lactone (a strong competitive inhibitor), only 7.4% of
mutant protein bound, consistent with its highgrfor MUG
substrate.

Physical Properties of the Wild Type and Mutant Proteins.
As a further control the CD spectrum of the nearly inactive
mutant, His-tagged pro-Hex B was compared with that from
the wild-type His-tagged pro-Hex B and the mature Hex B
purified from human placenta (Figure 5). No significant
differences were detected between the two His-tagged
proteins, indicating that the secondary structures within the
protein were unaffected by the mutation. Small variations
in the spectrum were seen in comparing the tagged, precursor

2 The enzymes were expressed in transfected CHO cells and isolatedforms with the mature placental Hex B. However, such

from the mediaP Eluting imidazole concentrationgK, values are
expressed in mM MUG;t the standard error as calculated from the
best-fit curve based on the Michaetislenten equationR values were
all 0.998).9 The accuracy of th&r, value could not be ensured due to
low solubility of MUG substrate.

to mutant human Hex B; (b) the10-fold increase oKy, in
mutant Hex B as compared to wild-type enzyme indicated
that Arg?!! is indeed involved in substrate binding; and (c)
additionally, the greatly reducdd./Kn, ratio indicates that
Arg?! must also play an important role in catalysis.

To verify that the Arg!'Lys substitution in Hex B affects

changes would be expected from the posttranslational
removal of~18 residues [in the lysosoma8)], converting

the monomeric prg-subunit into its mature form of three
polypeptide chains held together by disulfide bor8y and

the addition of 12 residues comprising the tag.

DISCUSSION

In vitro mutagenesis and mammalian cell expression is
now a routine approach to demonstrating the links between
mutations and biochemical causes of human disease. For
Tay—Sachs and Sandhoff disease, all such studies to date

substrate binding as well as catalysis, the ability of the mutant have used eukaryotic cells to express human Hex. This is

protein to specifically bind a CNAG affinity minicolumn was
assessed(). While over 70% of wild-type pro-Hex B-His
binds to and can be eluted from the CNAG column with

because in using prokaryotic expression systems, neither the
o~ or B-subunits are properly folded in vivo, nor can they
be re-folded in vitro into functional dimers, possibly because
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of their need of N-linked oligosaccharides. Thus, all previ- K, value for the mutant were higher than that of the wild-
ously reported kinetic data include some contribution from type enzyme. This effect would be particularly pronounced
the residual endogenous Hex of the host cells. Using variousif the mutant enzyme was also severely catalytically im-

enrichment methods, the best results have still be&60/
1, signal/noise ratiol@, 21-23). This ratio is not sufficient

paired. The presence of the His-tag on the mutant, but not
on the contaminating endogenous enzyme, should allow

to characterize the role of active site residues where a signal/better separation of these activities. Any untagged CHO Hex

noise ratio of >6000/1 is often needed28, 29. To
circumvent the interference from endogenous Hex, we
engineered cDNAs encoding a kligg at either the N- or
C-terminus of Hex B. The C-terminal (Figure 2), but not
the N-terminal, His-tagged Hex B was transported to the
lysosome; thus, it passed the quality control system in the
ER indicating that no abnormal folding patterns were
introduced into the proteir8Q, 40. Consistent with this idea,
the heat stability of the pro-Hex B was not affected by the
addition of the His-tag (Table 2). However, the C-terminal
His-tag itself is apparently removed in the lysosome along
with other pro-peptides during the normal formation of the
mature Hex B form 6, 38, 4). The rapid loss of the tag is
consistent with its being in an exposed position on the folded,
dimeric isozyme. Fortunately, large amounts of human Hex
are secreted into media of transfected cells. Therefore, we
were able to purify the human pro-Hex B-Kifom the
expression medium by Rii-NTA chromatography. A com-
parison of Hex isolated from the media of CHO cells trans-
fected with the wild-type pro-Hex B-Hisand mock trans-
fected cells indicated a signal-to-noise ratio~050,000/1
(Table 1). The thermostabilities, specific activities (using 1.6
mM MUG), K, andkg, for MUG of the purified pro-Hex

B, pro-Hex B-His, and the mature Hex B forms were found
to be nearly identical (Table 2, Figure 4). Consequently, this
novel Hex construct makes mutational analyses of the
isozymes’ active site possible.

Our previous data revealed thaArg?!tis an active site
residue in human Hex B. The very conservative Algys
substitution as well as (a) AtgHis, (b) Arg?*'Thr, or (c) a
double mutation (Ar§t'His and Hig'?Arg) reversing the
wild-type Arg?His?’? sequence producing HidArg?'?
resulted in similar, nearly inactive dimeric Hex B dimers,
i.e., ~0.5% of the specific activity of wild type when
expressed in COS cell§9). The conservative Lys substitu-

B or single-tagged interspecies Hex B would be bound less
tightly to the NPt column than would the double-tagged
human isozyme. It is therefore significant that the samples
of Hex that eluted at lower (30 and 80 mM) imidazole
concentrations exhibited substantially low&y values (0.7
and 1.5 mM, respectively) than that eluted at high (500 mM)
imidazole Ky = 8 mM). These earlier fractions presumably
therefore contained endogenous CBGubunits, and at least

in the 80 mM fraction, a mixture containing significant
amounts of the humafiArg?*'Lys mutated protein (Table
3).

The apparenK, of 8 mM for MUG obtained with the
pure SArg?tlLys Hex B (Tables 2 and 3) is approximately
10-fold higher than that of the wild type. Thus At§plays
an important role in substrate binding, as predicted by the
chitobiase model (Figure 1). However, th&00-fold reduc-
tion in keo also demonstrates that Afgmust play an even
more important role in catalysis (Table 2, Figure 4).
Replacement of the equivalent residue in Sp-Hex,'®rg
by His yielded a mutant in which thi€,, was increased 40-
fold and the specific activity afmax value was decreased by
5-fold relative to wild type 12). Thus in both cases,
significant changes occurred to bdth: and K,; however,
the relative magnitude of these changes differed between the
two enzymes.

To further verify the above-described effect of gt
Lys mutation on thé&, of human Hex B, a substrate affinity
column was used. We found that only7% of the mutant
as compared to~70% of the wild-type Hex B could be
bound and eluted from the column with a strong competitive
inhibitor, o-lactone (10ug of each were loaded, and the
percent “bound and eluted” was calculated from Lowry
protein assays, Table 2).

Three observations concerning the etiology of thg G

tion was the only one found to produce no detectable changeggangliosidoses also indicate that it would be highly unlikely

in the intracellular transport and/or stability of the Hex B
protein (9). Furthermore, when the L§8 mutantS-subunit
was expressed with the human wild-typein CHO cells,
heterodimeric Hex A was formed, which was fully functional
when assayed with labeledy& ganglioside and purified
human Gy, activator protein 42). These data demonstrate
that the Ly3™ substitution mutation has no effect on protein
folding and is therefore the best mutant construct to use in
the characterization of the role of Afg in the enzyme’s
active site.

In our early studies, we determined that {rg?tiLys
mutant Hex B* dimer produced an apparéqt of 1.3 +
0.4, and a specific activity (based on total lysate protein) at
Vmax decreased 400-foldLg). It is possible that the kinetic
parameters measured previously for Hex B* were distorted

that a mutation whose major effect is on the binding of the
terminal5-GalNAc residue of G, ganglioside would be the
cause of human disease, e.g., the classic B1 vadiargl '

His) (43). The first is the generally accepted “critical
threshold” hypothesis that indicates that only % of
normal Hex A levels are needed to prevent ganglioside
storage 44). The second observation is thagf3yanglioside
levels are increased by500-fold in the brains of patients
with Gumz gangliosidosis45). Thus, even a major increase
in the K, of Hex A can be compensated for in vivo by the
90—95% of “spare” Hex A. If this is still not sufficient to
prevent storage, for a Hex A with a much highey the
continual increase in substrate concentration in the lysosome
would result in increased hydrolysis rates. Finally, the
binding of the$-GalNAc residue makes up only a small

by the presence of a minor contaminant of endogenous COSportion of the binding strength for Hex A’s true in vivo

or CHO cell Hex and/or a small amount of interspecies
dimers, i.e., a Hex B dimer of CQZS-humanB, co-immu-
noprecipitated with the mutant human Hex B. This would
have the effect of lowering appareldt, values if the true

substrate, the (g ganglioside/G, activator protein complex,
which includes proteirprotein interactions occurring outside
the enzyme’s active site84). The K, for this complex has
been estimated at 02V (46).
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The crystal structure of th®erratia marcescerchitobiase
complexed with its substrate showed that the residue
equivalent toSArg?t, c-Arg®* is directly involved in
substrate binding, interacting with both 3C-OH and 4C-OH
of the 3-GIcNAc residue in the-1 subsite (the binding site
for NAG-A) and thereby apparently docking the substrate
in its proper orientation in the active site (Figure 1). In an
apparent contradiction to our experimental data demonstrat-
ing a 500-fold decrease ik, these authors suggested no
role for c-Arg®*?in catalysis 10). However, it is difficult to
assign a distinct role based solely upon a single three-
dimensional structure since, although the residue may appear
to make good hydrogen bonds to the substrate in the
complex, it is quite possible, in fact quite probable, that the
interactions would be even stronger at the transition state,
thereby assisting catalysis. Indeed, although not directly
commented on in the paper, the chitobiase model does
support such a role for c-A#¢f in catalysis. The structure
of the chitobiasesubstrate complex indicates that the
nonreducing NAG-A (GIcNAc) residue is distorted when
bound by c-Ar§*, taking on an apparently energetically
unfavorable 4-sofa confirmation, which results in the gly-
cosidic oxygen being placed closer to the catalytic acid,
c-GIP*°(10). This distortion of the sugar ring is likely critical
to efficient catalysis by c-GR{°. Distortion of the sugar is 11.
also likely necessary to stabilize the oxazoline intermediate. 12,
Additionally, several recent crystallographic analyses of
glycosidases trapped at various stages along the reaction
coordinate diagram have provided evidence for such strength- 13.

) . . . . . 14.
ening of interactions in the intermediate complex. Of
particular interest in this regard are the structures of the
Family 13 glycosyl transferase, cyclodextrin glycosyl trans-
ferase in its free enzyme form and trapped as the Michaelis
complex and the covalent glycosytnzyme complex47).
Several interactions with the sugar, including that of a highly

1.

3.

oo A

~

8.
9

15.

16.

conserved Asp bridging the substrate 2- and 3-hydroxyl 1
groups, are seen to tighten along the coordinate. Mutation 18.
of this residue results in severe effects on biothand K.
Other examples include complexes with the Family 5 19.
cellulase Cel5A fronBacillus agaradhaeren@8) and with 20.
the Family 11 xylanase fromacillus circulang49). Indeed,
in this latter case, a highly conserved arginine residuet’Arg  21.
is found bridging the 2- and 3-hydroxyl group, very
reminiscent of the case with the Family 20 hexosaminidases. 29
Surprisingly, however, mutations at this center only affect '
catalytic parameters in a very modest way.

In conclusion, our data demonstrate that the conserved Arg 23.
residues in the subunits of human Hes&rg'’® andSArg*,
like their aligned counterparts iStreptomyceddex, sp- 24.
Arg'®? play important roles in the enzymes’ active site(s).
Furthermore, these functions are consistent with those 25,
predicted for the corresponding c-Af§in the chitobiase

26.

model. They include (a) an involvement in the initial, ground-
state binding of the substrate, as suggested by higher mutant
Km values, and (b) the stabilization of the transition state(s) 57
assisting catalysis, as suggested by lowered mkiaualues.
However, the latter function appears to be more important 28.
for catalysis by the human isozymes than®tyeptomyces
Hex. It will be interesting to see crystallographic data on
complexes of enzymes from this family with both analogues
of the oxazoline intermediate and of the transition state to 3q.
find out how these tighter interactions are affected.
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