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Crystal Structure of an Enzyme-Substrate Complex
Provides Insight into the Interaction between Human
Arylsulfatase A and its Substrates During Catalysis

Rixa von Bulow'?, Bernhard Schmidt?, Thomas Dierks?
Kurt von Figura? and Isabel Usén'*

"Lehrstuhl fiir Strukturchemie Arylsulfatase A (ASA) belongs to the sulfatase family whose members

Institut fiir Anorganische carry a C*formylglycine that is post-translationally generated by oxi-
Chemie, Universitit Gottingen  dation of a conserved cysteine or serine residue. The crystal structures of
Tammannstrasse 4 two arylsulfatases, ASA and ASB, and kinetic studies on ASA mutants
37077 Gottingen, Germany led to different proposals for the catalytic mechanism in the hydrolysis of

sulfate esters.

The structures of two ASA mutants that lack the functional
C*-formylglycine residue 69, in complex with a synthetic substrate, have
been determined in order to unravel the reaction mechanism. The crystal
structure of the inactive mutant C69A-ASA in complex with
p-nitrocatechol sulfate (pNCS) mimics a reaction intermediate during sul-
fate ester hydrolysis by the active enzyme, without the covalent bond to
the key side-chain FGly69. The structure shows that the side-chains of
lysine 123, lysine 302, serine 150, histidine 229, the main-chain of the key
residue 69 and the divalent cation in the active center are involved in
sulfate binding. It is proposed that histidine 229 protonates the leaving
alcoholate after hydrolysis.

C69S-ASA is able to bind covalently to the substrate and hydrolyze it,
but is unable to release the resulting sulfate. Nevertheless, the resulting
sulfation is low. The structure of C69S-ASA shows the serine side-chain
in a single conformation, turned away from the position a substrate
occupies in the complex. This suggests that the double conformation
observed in the structure of wild-type ASA is more likely to correspond
to a formylglycine hydrate than to a twofold disordered aldehyde oxo
group, and accounts for the relative inertness of the C69S-ASA mutant.
In the C69S-ASA-pNCS complex, the substrate occupies the same pos-
ition as in the C69A-ASA-pNCS complex, which corresponds to the non-
covalently bonded substrate. Based on the structural data, a detailed
mechanism for sulfate ester cleavage is proposed, involving an aldehyde
hydrate as the functional group.
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Introduction

Mammalian sulfatase enzymes catalyze the
hydrolysis of sulfate ester bonds in the pathways
for catabolism of glycosaminoglycans and glyco-
lipids and in the synthesis of steroid hormones."?
The active sites of all studied sulfatases carry a

Abbreviations used: ASA, cerebroside-3-sulfate
3-sulfohydrolase (arylsulfatase A); ASB,
N-acetylgalactosamine 4-sulfatase (arylsulfatase B);

FGly, C*-formylglycine; pNCS, p-nitrocatechol sulfate; C“-formylglycing (PGIY) that is post-translati'onally
EDTA, ethylenediamine tetra acetic acid. generated by oxidation of a conserved cysteine or,
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from 20 to 60 %, with the N-terminal third of the
polypeptide chain and residues around the active
site being especially conserved, suggests that mem-
bers of this family have a common origin and
share structural fold and active site. Human sulfa-
tases possess, nevertheless, a high substrate speci-
ficity and eight distinct genetic disorders have so
far been described in humans associated to the
malfunction of single sulfatases.” ' The lack of the
post-translational modification of the cysteine resi-
due to C*formylglycine (FGly) in the active site of
all sulfatases leads to multiple sulfatase deficiency
(MSD), a rare autosomal recessive disease.’® Ten
human sulfatases have been characterized to date,
six in the lysosomes. Sulfatases that are able to
hydrolyze in vitro, in addition to their natural sub-
strates, sulfate ester bonds in synthetic arylsulfates
are called arylsulfatases.

The crystal structures of two human sulfatases
have been determined, Cerebroside—S—sulfatoe 3-sul-
fohydrolase (arylsulfatase A, ASA) at 2.1 A and
N-acetylgalactosamine-4-sulfate  4-sulfohydrolase
(arylsulfatase B, ASB) at 2.5 A,'? both sharing
structural similarities in their folds and active sites
with alkaline phosphatase.’> ASA and ASB are
lysosomal arylsulfatases, showing optimal catalytic
activity at pH values around 5.'*%° The reaction
mechanisms proposed for sulfate ester hydrolysis
on the basis of these structural data share the
formation of a covalently sulfated enzyme inter-
mediate, but entail some differences involving for-
mation and cleavage of this intermediate and the
nature of the active side-chain initiating reaction.
An aldehyde hydrate has been proposed in the
case of ASA versus the unmodified aldehyde for
ASB. The mechanism derived from the aldehyde
hydrate would be a nucleophilic attack on the sul-
fate sulfur atom, involving a pentacoordinated sul-
fur intermediate from which the alcohol would be
eliminated. On the other hand, the catalytic mech-
anism, as proposed for ASB, could start through
an electrophilic reaction of the aldehyde CP on a
sulfate oxygen atom, followed by the participation
of an unspecified nucleophile to perform hydroly-
sis of the ester bond. Furthermore, the mechanism
proposed for ASA would cause an inversion of the
sulfur configuration, while that proposed for ASB
is likely to proceed with retention. Inversion of the
sulfur configuration has been implied in the case of
a lower eukaryotic arylsulfatase but there are no
data concerning ASA, ASB or closer related
sulfatases.'®

Analysis of the interaction of wild-type ASA
with its substrate and of a covalently sulfated ASA
intermediate is hampered by the fact that ASA
degrades its substrate too fast to allow trapping of
actual intermediate complexes, even at low
temperature,’” and that ASA crystals could not be
frozen without dramatic loss of resolution. An
indirect approach was therefore chosen here by
using the two ASA mutants, C69A and C69S, both
of which lack the FGly residue essential for cataly-
sis. The C69A mutant is inactive because the sub-

stitution of the FGly side-chain by the methyl
group of alanine excludes the formation of a
covalent bond between the enzyme and the sub-
strate sulfur atom. As the geometry and polarity of
the environment of the active-site residue 69
should be preserved, analysis of the C69A-ASA
substrate complex should show the location and
interactions in the reaction intermediate with the
exception of the covalent bonding.

For the C69S mutant it is known that the
hydroxyl group of serine 69 carries out a nucleo-
philic attack onto the substrate sulfur, which
results in an enzyme intermediate covalently sul-
fated at serine 69. The subsequent release of the
sulfate from the enzyme is blocked. The efficiency
of the enzyme sulfation, however, was low, and at
best 20 % of the C69S-ASA was recovered as sul-
fated product.’”® The sulfated form of C69S was
expected to provide insight into the structure of
the sulfated intermediate of ASA.

Here, we report on the crystal structures of the
ASA mutants C69A and C69S soaked with buffer
containing p-nitrocatechol sulfate (pNCS), its most
commonly used synthetic substrate. The natural
substrate, cerebroside 3-sulfate, cannot be
degraded in the absence of the activator protein
saposin B, as it is otherwise insoluble. While a
covalently sulfated intermediate could not be seen
in the C69S-ASA crystal, we were able to deter-
mine the interactions and non-bonded distances
between ASA and pNCS. Based on the structure
of the complex between C69A-ASA and pNCS,
a detailed reaction mechanism for sulfate ester
cleavage is presented.

Results

Crystal structure of C69A-ASA in complex with
p-nitrocatechol sulfate

Crystals of this mutant were obtained under the
same conditions as those of the Wﬂd-t?/pe, yielding
the same space group and unit cell."" Keeping a
reduced variability in the experimental conditions
was desirable to compare both structures, and in
addition the pH of 5.3 is relevant to the lysosomal
environment, ASA displaying optimal activity at a
pH range around 5."* The substrate was incorpor-
ated by soaking the crystals in mother-liquor sol-
ution containing additionally 20 mM pNCS for a
period of at least two hours prior to data collection
to a resolution of 2.35 A. The structure was isomor-
phous to that of the wild-type. Both final models
lack the same residues, corresponding to disor-
dered regions (the loop comprising Gly444 to
Ala447 and the C-terminal Asp504 to Ala507
besides a few side-chains on the protein surface).
After refinement, the water molecules modeled in
the wild-type structure were incorporated if they
lay in positive difference electron density, and dis-
carded from the model if their B-values refined to
more than 80 A” The residues forming the active
site and the water molecules located in it in the
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wild-type were eliminated from the model to cal-
culate a sigmaA-weighted omit map," which
shows the electron density corresponding to a
PNCS molecule, with the sulfate group well
defined and the aryl group discretely disordered
over two sites, with relative occupancies of 60 and
40 %, respectively. The pNCS group was included
in the refinement with the help of restraints
derived from high-resolution structural data for
this substrate.” The electron density at residue 69
agrees well with the presence of a methyl group,
and is missing in the sites where the two oxygen
atoms of a disordered formylglycine residue or its
hydrate would be located, as determined in the
wild-type and the structure of P426L-ASA.*' The
coordinates of the remaining residues constituting
the active-site pocket are identical to those of the
wild-type within the experimental uncertainty.
Figure 1 shows a view of the structure of the
protein, highlighting the location of substrate and
side-chains in the active center within the whole
protein frame. Figure 2(a) shows a stereo view of
the difference omit map at a contour level of 1o,
and the final model in the area of the active site.
Both the use of omit maps and refinement against
a maximum likelihood target were employed to
reduce model bias, severe at this resolution with
an almost identical starting model.* Indeed, with
the exception of residues E198, A199 and C493,
deviations between C* atoms in both structures are
less than 0.5 A, the average deviation being 0.19 A,
that is, identical within the experimental error
margin. Table 1 summarizes the interactions and
non-bonded distances between protein atoms
and substrate as determined in this structure. The
sulfate group in the substrate is held close to the
side-chain of Ala69 by the positively charged resi-
dues His229, Lys302 and the Mngr cation. Further
interactions to the side-chains of Lys123, Ser150
and the main-chain of Ala69 stabilize this position

(Figure 2(b)).

Crystal structure of C69S-ASA and its complex
with p-nitrocatechol sulfate

The structure of the ASA mutant carrying a ser-
ine residue in place of cysteine was determined at
2.4 A. In the case of eukaryotic sulfatases, serine
does not get post-translationally modified to the
FGly residue.*'® In the wild-type crystal structure,
the FGly side-chain was interpreted as being disor-
dered between two discrete sites, with possible

Table 1. Polar interactions between ASA and pNCS
(distances in A)

$150 O*-02 33 A69 CP-O1 35
H229 N*2-01 29 A69 CP-0O2 3.4
H229 N*2-O4 24 A69 CP-O3 33
K302 N"-O4 2.8 A69 N-O3 33
W-02 25 K123 N"-O2 33
W-O4 3.0 K123 N"-O1 3.2
Mg? +-01 2.7

Figure 1. Structure of ASA-C69A mutant in complex
with pNCS. The side-chains of the residues relevant for
catalysis are depicted together with the major com-
ponent of the disordered pNCS molecule. The second
site of the aryl moiety is omitted for clarity.

participation of its hydrated form, that is, with a
geminal diol on the CP carbon atom'! (Figure 2(c)).
One of the hydroxyl groups is coordinating the
magnesium cation present in the active site and is
directed towards the opening of the active-site
cleft, while the other hydroxyl group is establish-
ing hydrogen bonds with the side-chains of His125
and Arg73, and thus turned away from the site a
substrate would occupy (Figure 2(c)). It is in this
second orientation that the serine side-chain in the
C69S mutant is exclusively found in the crystal
structure (Figure 3).

Crystals of this mutant were grown under the
same conditions as the wild-type, thus minimizing
variability, and as the structure was solved by
replacement with the wild-type coordinates, differ-
ences would be more likely to be downweighted
due to model bias than to be artifacts. In fact, the
mean C” deviation between the structures of wild-
type and C69S-ASA is 0.16 A.

Crystals of this mutant were also soaked in
mother liquor containing 20 mM pNCS for a
period of at least two hours before data collection
to a resolution of 2.65 A. The substrate-binding
pocket shows residual electron density after mod-
eling the water molecules, but not distinct enough
to be clearly interpretable as the whole substrate.
Either the substrate lies in the active site too inho-
mogeneously to be modeled, or substrate diffusion
into the active cavity of the crystal was hindered
and too slow to reach completeness. The better-
defined density corresponds, nevertheless, to the
same position that the sulfate group occupies in
the structure of C69A-pNCS. It is not possible to
resolve the disorder of the aryl group, or to detect
a covalently sulfated minor component if present
in the crystal. Figure 3 shows a stereo view of the
C69S-ASA structure in the area of the active-site
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K123 K123

H125 ‘ H229 H125 & H229

Figure 2. Active-site region in
the C69A-pNCS structure showing
stereo views of: (a) The protein

b residues and substrate in the final
model and a difference electron
density omit map contoured at a
1o level. The electron density
around the magnesium cation has
been omitted for clarity, but its
position is shown. (b) Intermolecu-
lar contacts between protein resi-
dues and substrate in the final

Hizs X 5 H125 R N model. The distances in A between

24 p interacting atoms are listed in

oz§*2 % oz§4% % Table 1. (c) Model with the super-
= «2° y - &5 7 imposed coordinates of the FGly
side-chain, as determined in the
) ~ V4 ) ~ Y 4 wild-type, corresponding either to

- L a disordered aldehyde or the gem-

inal diol of an aldehyde hydrate.
D281 D281 The side-chain of Arg73, which
forms an hydrogen bond to O,

C  has been omitted for clarity.

pocket and a sigmaA weighted electron density = tom of a very narrow cleft that constitutes the
map'? of the C69S-pNCS soaked crystal. active site. The sulfate tetrahedron is situated with
the face opposing the ester oxygen (O4) vertex
orientated towards the side-chain of residue 69. In
the wild-type structure this would be the optimal
orientation for a nucleophilic attack of the FGly
side-chain onto the sulfate sulfur (Figure 2(c)).

The structure of the C69A-ASA pNCS complex The active center regions in ASA, ASB and
(Figure 2) shows the substrate located at the bot-  alkaline phosphatase show remarkable structural

Discussion

Substrate binding
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K123 K123
$150 $150
H125 ! H125
~ ~
Q » H229 N “w= H229
R73 \ -l R73 \ e
S A 1o ~ a gl
- ;W /i ¥ 3
o : L i
@ a wee
o~ L Figure 3. Stereo view of the C69S
69 . Vi . . o
} M92 4 ™ } Mg2 4 model in the area of the active site
e s pocket and sigmaA weighted elec-
tron density map' of the C69S-
PNCS-soaked crystal contoured at
a 1o level around the substrate and
K302 K302 serine 69.

homology. Table 2 lists the relevant amino acid
residues and metal atoms occupying nearly equiv-
alent positions in all three enzymes, which should
therefore fulfill parallel roles during catalysis. The
sulfatases contain metal cations that have been
modeled as Mg and Ca, respectively, and are coor-
dinated by three aspartate side-chains, an aspara-
gine residue and the key FGly. The corresponding
site in alkaline phosphatase is occupied by Zn(2),
coordinated by the hydroxyl group in the catalytic
serine, two aspartate residues and a histidine resi-
due. Not surprisingly, as the geometry of phos-
phate and sulfate groups are comparable, the
presence of inorganic phosphate inhibits catalysis
in sulfatases,* and a very low phosphatase activity
can be measured for these enzymes.”'? Neverthe-
less, the nature of the interaction between substrate
and enzyme, together with the narrow topology of
the active center located at the bottom of a cavity,
must be the key to the high specificity shown
in vivo in an environment where phosphorylated
substrates are predominant. A contribution of the
hydroxyl groups on the sugars bonded to synthetic
and natural substrates to this recognition cannot be
ruled out.

The interactions of pNCS with the inert mutant
C69A-ASA, lacking the functional FGly group
essential for catalysis, reveal the nature of this rec-

Table 2. Metal cations and amino acid residues occupy-
ing equivalent positions in the structures of ASA, ASB
and alkaline phosphatase, and thus expected to fulfil
parallel roles during catalysis

ASA ASB AP
FG1;169 FGly91 Ser102

Mg** Ca** Zn2**
Lys123 Lys145 Argl66N"!
His229 His242 Argl66N"?
Lys302 Lys318 Zn1%**

ognition. The sulfate group, common to the target
substrates, binds the enzyme through strong
hydrogen bonds to the positively charged side-
chains (at lysosomal pH) of His229 and Lys302.
Weaker bonds, as indicated by the significantly
longer distances, are formed to the side-chains of
Lys123 and Serl50 as well as to the main-chain
nitrogen atom in residue 69 and the divalent mag-
nesium cation present in the active center
(Figure 2(b), Table 1). Thus, the polarity is better
tailored to sulfate than phosphate, given the differ-
ence in pKa values (phosphate would be expected
to be protonated at lysosomal pH, ~5). The proto-
nated lysine and histidine side-chains and the
main-chain N-H being H-donors rather than accep-
tors would not be suited to a protonated substrate.

The wild-type enzyme has to interact addition-
ally through the side-chain of the FGly69 to form a
covalent bond with the substrate. A superposition
of the wild-type coordinates onto the model of the
C69A-ASA complex, to see the relative position of
the hydroxyl or disordered oxo groups to the sub-
strate, can be performed to illustrate this inter-
action during catalysis (Figure 2(c)).

The p-nitrocatechol moiety also interacts with
the enzyme, albeit through less specific contacts, as
evidenced by its disordered location among two
different sites found in the crystal structure.
Indeed, most natural substrates carry considerably
bulkier groups. Still, the interactions involving the
hydroxyl groups in pNCS should be qualitatively
comparable to those taking place with the sugar
residue in the natural substrate cerebrosid
3-sulfate. Involved in this binding are the charged
side-chains of Arg288 and Aspl52. No hydro-
phobic interaction with the aromatic ring is found,
as expected, since the natural substrate lacks one.
Other potential contacts between protein and the
sugar moiety could be established to the side-
chains of His405, Glul55 and Aspl73. Further in
the pocket, hydrophobic interactions to Leu68,
Val91 and Val93 could stabilize the positioning of
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the hydrophobic chains
substrate.

in the physiological

Catalytic mechanism of ASA

Based on the crystal structures of wild-type ASA
and ASB two different mechanisms have been pro-
posed for the hydrolysis of sulfate ester bonds, as
described above. Neither structure can in itself
characterize unequivocally a single general model
for the sulfate ester cleavage or exclude the alterna-
tive mechanism, so that additional kinetic and
structural data of reaction intermediates are
required to resolve the question. Kinetic studies on
the hydrolysis of radioactively labeled pNCS
through C69S-ASA showed this mutant to be able
to bind and hydrolyze the substrate leading to an
enzyme incorporating covalently bonded sulfate to
the side-chain of serine 69, though only to a 20 %
extent, in contrast to no remaining covalent sulfa-
tion after catalysis in wild-type ASA.'® Within the
model mechanism proposed for ASA, the serine
side-chain would still be able to carry out a nucleo-
philic attack on the sulfate sulfur through its single
hydroxyl group, and hydrolysis of the substrate
ester could also proceed, but lacking the geminal
hxdroxyl group, the resulting covalently bonded
sulfate could not be cleaved from the enzyme. As
the serine CP is saturated, this mutant could not
initiate reaction at all through an electrophilic
attack of this carbon atom on a sulfate oxygen
atom, as proposed for ASB. The initial state in the
catalytic mechanism proposed for ASA is expected
to be a C*-formylglycine hydrate although this can-
not be determined from the crystal structure of the

wild-type!! or the P426L mutant®. Given the mod-
est resolution of these structures, it is not possible
to discriminate between the geminal diol and a dis-
ordered aldehyde side-chain. Nevertheless, the
absence of a detectable second conformation of the
serine side-chain in both the C69S-ASA free and
PNCS-soaked structures makes a disordered alde-
hyde side-chain less likely as there is clearly an
energetically favored conformation for the orien-
tation of the serine hydroxyl group (Figure 3). The
structure of C69S-ASA shows the hydroxyl group
in the side-chain of residue 69 to be fixed between
the side-chains of Arg73 (73N*-690": 2.85 A) and
His125 (125N°1-690": 2.93 A), occupying the site of
O in the wild-type, situated more than 4 A away
from the sulfur center in the complex. This would
account for the inertia in substrate binding.

Figure 4 shows a scheme of the proposed cataly-
tic mechanism for the cleavage of sulfate ester
bonds by ASA. In the hy%aothetic geminal diol, one
of the oxygen atoms, O"', would be positioned at
2.5 A from the sulfate sulfur atom, close enough to
start a nucleophilic attack on the sulfur atom. The
orientation of the sulfate group would also be opti-
mal for such a reaction. The sulfate group is recog-
nized by the charged side-chains of His229 and
Lys302 interacting with the ester oxygen atom (O4)
of the substrate. The closest distance of a sulfate
oxygen (O1) to the magnesium divalent cation is
2.7 A. Additional contacts to the side-chains of
Lys123, Ser150 and the main-chain nitrogen atom
of Ala69 all contribute to sulfate coordination, and
to electron density withdrawal from the sulfate
oxygen atoms, leading to an increased electrophili-
city of the sulfur center. On the other hand, the

R
(Kaoz)ﬁ H H Ksoz)ﬁ—H ----- o{-—--—H
N(H229) | @N(szg)
” +RSO4" O3~ Q\G
M ——— ~
H125N-—H—0_ o (H125)N}---H-0 Ot Mg**
Ne? H. ‘o AN /U\ !
~y T Glp2s1) H _L \/0(0281
0 -ROH
-H*
® ®
- K302)N—
(02N (H229) (02— IN(H229) Figure 4. Scheme of the proposed
$ catalytic mechanism. The ASA-
Opm g, C69A/pNCS complex represents
Mg -804% ' ;\‘/\Iz,, the state of the first intermediate
(H125)N o. H (H125)Nt----H—0_ Co:~ :g step (upper right), albeit lacking
N H 50281 el Thh the covalent bond to the side-chain
- Peel) " >So28) of residue 69.
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nucleophilicity of O™ in the postulated aldehyde
hydrate should be enhanced both by its coordi-
nation to the magnesium cation and the possibility
of a proton transfer to the carboxyl group of
Asp281, which would be stabilized in turn by the
divalent cation.

This constellation is proposed to induce a S\2
substitution reaction, with a pentacoordinated sul-
fur intermediate and resulting in the heterolytic
cleavage of the S-O ester bond. This mechanism is
consistent with the inversion of the tetrahedral sul-
fate environment implied in the case of a sulfatase
from Aspergillus orizae,'® but there are no data
available on the resulting configuration for sulfa-
tases from higher eukaryotic organisms. The
departing alcoholate can accept a proton either
from the side-chains of His229 or Lys302 or else
from a neighbor water (WAT154) molecule located
3.0 A away from the ester oxygen in the crystal
structure. His229 is the most likely candidate to
donate this proton, as its e-amino group is the clo-
sest contact, with a distance of 2.4 A. Incidentally,
the analogous position to that of the {-amino
group of Lys302 in the structure of alkaline phos-
phatase is occupied by a zinc cation and the equiv-
alent site to that of His229 is occupied by an
arginine residue. The former is more likely to be
involved in anchoring and the latter in protonating
the alcoholate.®®

After cleavage, the interactions from the protein
to the now free alcohol are not strong enough to
retain it in the catalytic pocket, which could be due
both to deprotonation of the His229 side-chain and
to the cleavage from the tightly bonded sulfate, so
it is free to diffuse out. The sulfate should now be
covalently bonded to the enzyme and additionally
coordinated to the magnesium cation through two
of its oxygen atoms.

Cleavage of the sulfate group should take place
to regenerate the aldehyde. This requires the
deprotonation of the alcohol O*? group in the side-
chain of residue 69. His125 is the most suited
candidate to receive this proton. As the active cleft
has a narrow shape, the sulfate group would be
expected to diffuse out before water coming into
the pocket could regenerate the aldehyde hydrate,
stabilized by hydrogen bonds to His125, Arg73
and the metal center.

Conclusion

The crystal structure of the inactive mutant
C69A-ASA soaked in pNCS mimics a reaction
intermediate in the mechanism of sulfate ester
hydrolysis catalyzed by this enzyme. In the
absence of the covalent bond to the key side-chain
of FGly69 the reaction cannot proceed, and the
structure shows how the sulfate group in the sub-
strate is non-covalently bonded to the enzyme
through lysine residues 123 and 302, serine 150,
histidine 229, the main-chain of the key residue 69
and the divalent cation in the active center. The

ester oxygen atom interacts with the side-chains of
lysine 302 and a histidine 229. The latter establishes
the closest contact and is the most likely candidate
to protonate the alcoholate being eliminated during
catalysis.

The structure of C69S-ASA shows the serine 69
side-chain in a single conformation, suggesting
that the double conformation observed in the struc-
ture of wild-type ASA and P426L-ASA is more
likely to correspond to an aldehyde hydrate than
to a twofold disordered aldehyde oxo group. The
C695-ASA mutant had been proven in previous
experiments to be able to bind covalently to the
substrate and hydrolyze it, but release of the
product is hindered. The orientation of the serine
side-chain in the complex would account for its
relative inertness.

Materials and Methods
Expression and purification

The plasmid carrying mutated cDNA for the C69A-
ASA mutant was obtained as described.” In the pre-
sence of pGK-hygro as selection marker the cDNA was
stably transfected into mouse embryonic fibroblasts
deficient for both mannose 6-phosphate receptors (mpr ~
MEF cells?®). Cells expressing C69S-ASA were obtained
earlier.’® After selection and expansion of the clones
stably expressing the mutants, sulfatases were purified
from cell secretions by affinity chromatography and dia-
lyzed against 10 mM Tris-HCl, 150 mM NaCl (pH 7.4).
Purity of ASA was measured by using SDS-PAGE
gel-electrophoresis and the concentration was estimated
by measuring the absorbance at 280 nm.

Crystallization, data collection and processing

Crystallization of the ASA-mutants was achieved by
the hanging drop vapor diffusion method® at 20 £+ 2°C.
The hanging drop was prepared by mixing equal
volumes of the protein solution in the above described
buffer and the reservoir solution containing 100 mM
sodium acetate buffer (pH 5.3-5.4) and 11-13% (w/v)
polyethylene glycol 6000. Single crystals suitable for
X-ray analysis showed a tetragonal shape with manxi-
mum size of 0.6 mm x 0.5 mm x 0.5 mm. For complex
formation, crystals were soaked in the mother liquor
containing 20 mM p-nitrocatechol sulfate (Sigma), and
were left for two hours at 4°C. Freezing the crystals for
data collection was attempted using cryobuffers contain-
ing different salts, PEGs, alcohols, sugars and oils, how-
ever, the crystals always broke and diffracted to about
1 A poorer resolution than the non-frozen crystals. Also,
crystals that grew out of cryobuffer diffracted to about
1 A poorer (>3 A) at room temperature.

All crystals were mounted in sealed glass capillaries.
All X-ray diffraction data were collected at room tem-
perature using MAR Research image plate detectors at
EMBL c/o DESY, Hamburg, on the X11 synchrotron
beamline with an X-ray wavelength of 091 A. The
crystals belonged to the tetragonal space group [422.
Data of the C69A/pNCS complex were collected from a
single crystal. The crystals of the mutant C69S suffered
from radiation damage and therefore complete data
were obtained using two crystals. Data were processed
with the programs DENZO and SCALEPACK.* Stat-
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Table 3. Statistics of the data collection and structure refinement

ASA-C69A /pNCS ASA-C69S ASA-C69S/pNCS

Resolution (A) 2.35 2.40 2.65
Ryym (%)*® 8.5 (33.7) 7.5 (43.9) 7.7 (36.4)
Reflections (unique) 35,243 33,144 24,966
Completeness (%)* 99.3 (100.0) 99.2 (98.3) 99.8 (100.0)
I>306(l) (%)* 75.4 (43.2) 73.9 (43.1) 69.3 (31.9)
Protein atoms 3554 3540 3572
Solvent atoms i 167 171 173
r.m.s. bond length (A) 0.014 0.017 0.019
r.m.s. bond angle (deg.) 3.0 4.0 3.2
Roncfactor (%), (Reee-factor) (%) 19.1 (23.6) 19.3 (24.3) 17.3 (24.3)

2 Outer resolution shell (0.1 A).

® Roym = (Zllg — Ta) )/ g
istics on data quality and refinement are summarized in
Table 3.
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