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Sulfatases carry at their catalytic site a unique post-
translational modification, an a-formylglycine residue
that is essential for enzyme activity. Formylglycine is
generated by oxidation of a conserved cysteine or, in
some prokaryotic sulfatases, serine residue. In
eukaryotes, this oxidation occurs in the endoplasmic
reticulum during or shortly after import of the
nascent sulfatase polypeptide. The modification of aryl-
sulfatase A was studiedin vitro and was found to be
directed by a short linear sequence, CTPSR, starting
with the cysteine to be modified. Mutational analyses
showed that the cysteine, proline and arginine are the
key residues within this motif, whereas formylglycine
formation tolerated the individual, but not the simul-
taneous substitution of the threonine or serine. The
CTPSR motif was transferred to a heterologous protein
leading to low-efficient formylglycine formation. The
efficiency reached control values when seven additional
residues (AALLTGR) directly following the CTPSR
motif in arylsulfatase A were present. Mutating up
to four residues simultaneously within this heptamer
sequence inhibited the modification only moderately.
AALLTGR may, therefore, have an auxiliary function
in presenting the core motif to the modifying enzyme.
Within the two motifs, the key residues are fully, and
other residues are highly conserved among all known
members of the sulfatase family.

Keywords cysteine/endoplasmic reticulum/multiple
sulfatase deficiency/protein modification/sulfatase

Introduction

Members of the sulfatase protein family (for review, see
von Figuraet al., 1998) are highly conserved from bacteria
to man, showing strong homology at the level of their amino
acid sequence (Francst al., 1995; Parentet al,, 1997;
Knaustet al,, 1998) and also at the level of their three-
dimensional structure (Bonett al, 1997; Lukateleet al,
1998; Waldovet al., 1999). The highest sequence homology
is found in the N-terminal third including the unusual amino
acid derivative @-formylglycine (FGly) that has been
found in sulfatases of prokaryotic (Dierket al, 1998a;
Miechet al,, 1998), lower eukaryotic (Selmet al., 1996)
and human origin (Schmidt al., 1995). The FGly residue
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is part of the catalytic site of the enzyme, as has been shown
by crystallographic analysis of two lysosomal sulfatases
(Bondet al,, 1997; Lukatelat al,, 1998). The formyl group
most probably is hydrated and acts as a geminal diol
(Lukatelaetal,, 1998). It directly participates in sulfate ester
cleavage by a substitution/elimination mechanism. One of
the hydroxyls accepts the sulfate from the substrate, leading
to a covalently sulfated enzyme intermediate, and the other
hydroxyl is required for subsequent sulfate elimination and
regeneration of the aldehyde (Lukate& al, 1998;
Recksieket al.,, 1998). Deficiency of FGly formation is
observed in multiple sulfatase deficiency (Schnatlal,
1995), arare lysosomal storage disorder in which all known
human sulfatases are inactive (Kolodny and Fluharty, 1995).

The FGly residue is generated post-translationally by
oxidation of a cysteine residue (Schmédl., 1995; Dierks
etal, 1997) or, as found in one bacterial sulfatase, a serine
residue (Miechet al,, 1998). The position of the cysteine
or serine residue, which can be found in the unmodified
translation product (Schmidtal, 1995; Dierkstal,, 1997,
Miech et al, 1998), is highly conserved. In eukaryotes,
FGly formation occurs in the endoplasmic reticulum (ER)
at a stage when the newly synthesized protein is not yet
folded into its native structure (Dierlet al., 1997, 1998b).
Residues 58-80 of arylsulfatase A (ASA), which comprise
the critical Cys69 and several other highly conserved
residues (von Figurat al., 1998), are obviously sufficient
to direct generation of FGIly69. This has been shown by
analysis of truncated ASA polypeptides synthesiredtro
in the presence of translocation-competent microsomes
(Dierkset al,, 1997).

In another approach to establish a sequence motif direct-
ing FGly formation, alanine/glycine mutants of ASA
covering residues 68—86 were expressed in cell culture.
The mutant sulfatases were purified and analyzed for the
presence of FGly. However, a sequence motif could not
be determined from these investigations since, apart from
substitution of Cys69, other substitutions only partially
impaired FGly formation (Knaugdt al, 1998). This led to
the conclusion that the structural motif is of an extended
nature, tolerating the substitution of single amino acids
except for Cys69. To define this motif more closely, we took
advantage of thé vitro translation—translocation system
allowing the testing of a large number of ASA mutants for
FGly formation within a reasonable time. These mutants
comprised single to quadruple amino acid substitutions,
including also those mutations that rendered ASA unstable
when expressed in cell culture. The data obtained identified
a pentameric linear sequence motif, starting with the cyst-
eine to be modified, and a downstream element that plays a
more indirect role.

Results

Conversion of cysteine to FGly can be studiadvitro
using sulfatase polypeptides synthesizie novoin a
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reticulocyte lysate in the presence of transport-competent
microsomes (Dierket al,, 1997, 1998b)In vitro expres-
sion is programed with a cDNA encoding a fusion of the
signal peptide of preprolactin followed by N-terminal
fragments of mature ASA comprising the Cys69 to be
modified. It has been shown previously that residues 58—
80 of ASA are sufficient to determine FGly formation
even after inserting this part of ASA into a heterologous
protein (Dierkset al, 1997). Modification is cysteine-
specific and depends on the correct position of the cysteine
within this sequence (Dierkst al,, 1997, 1998b).

To narrow down the critical part of the ASA sequence
58-80 further, we transferred residues 65-80 of ASA to
a reporter protein lacking methionines. For this purpose,
residues 31-53 and 163-229 of preprolactin were fused
to the N- and C-terminus, respectively, of the ASA
sequence 65-80. Furthermore, the dipeptide arginine—
methionine was introduced between residue 53 of prepro-
lactin and residue 65 of ASA (see scheme in Figure 1A).

The arginine generates a cleavage site for trypsin and the

methionine facilitates labeling of the tryptic peptide 3 that
comprises the methionine at its N-terminus and ASA
residues 65-73, thus including the critical Cys69. The
cDNA construct was used to program synthesis of the
hybrid polypeptidén vitro in the presence offS]methio-
nine and microsomes. TH&S-labeled translation product
imported into the microsomes was purified, mixed with
unlabeled ASA protein, serving as a carrier, and subjected
to carboxymethylation of cysteines and digestion with
trypsin. The tryptic peptides were separated by reverse
phase HPLC (RP-HPLC). The radioactivity was associated
with two major fractions, designated ag°3]P3 and
[3°S]P3* (Figure 1A). By radiosequencing, both peptides
were identified as forms of the tryptic peptide 3 of the
preprolactin—~ASA hybrid (not shown). The unlabeled ASA
added as a carrier for tryptic digestion served as an internal
standard for peptide analysis. Here the carboxymethylated
Cys69 and the FGly69 are part of the tryptic peptides P2
and P2*, respectively, comprising residues 59—73 of ASA.
The identification of these peptides (Figure 1A) is based
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Fig. 1. ASA residues 65-80 are sufficient for vitro modification of
Cys69. A) A cDNA coding for preprolactin residues 1-53 and 163—
229 joined by residues 65-80 of ASA (see scheme) was expressed
in vitro in the presence offfS]methionine and dog pancreas
microsomes. In the hybrid protein, a dipeptide (RM) had been
introduced N-terminal of ASA residue 65 in order to provide a tryptic
cleavage site (R) and a methionine label (M) at the N-terminus of
tryptic peptide 3 comprising ASA residues 65-73, i.e. including the
critical Cys69. The translation product imported into the microsomes
was purified and checked for the absence of non-imported precursor
by SDS—PAGE and phosphoimaging (not shown). After mixing with
unlabeled ASA carrier protein, th&€S-labeled import product was
subjected to reductive carboxymethylation of cysteines, digestion with

on mass spectrometry, amino acid sequencing and aldehyderypsin and separation of tryptic peptides by RP-HPLC. In the

detection (see Materials and methods). P2 and P2* at their
N-terminus differ from their*®S-labeled P3 counterparts
of the preprolactin—~ASA hybrid, thereby explaining the
different positions in the HPLC chromatogram. However,
the relative retention on the column of the modified as
compared with the unmodified peptide was very similar
for both peptide 2 of ASA and peptide 3 of the hybrid
(Figure 1A). The two labeled fractions3*§]P3* and
[3°S]P3, were analyzed for the presence of a formyl
group by reaction with the aldehyde-specific reagent
dinitrophenyl hydrazine (DNP-hydrazine). Hydrazone
formation was observed only for fractiofP§]P3* but not

for fraction °S]P3 (Figure 1B and C). This indicates that
the radioactivity designated as°§]P3 represents the
non-modified form of peptide 3 containing carboxymethyl-
cysteine 69, while PS]P3* represents the modified,
FGly69-containing form of peptide 3 (see Dierks al,
1997).

Quantitation of °S]P3* and f°S]P3 revealed that the
modification occurred with an efficiency of 18%. This
efficiency agrees well with values of 17-21% determined
earlier (Dierks et al, 1997) for preprolactin hybrids

chromatogram shown, the positions of the unmodified and modified
peptide 2 of the carrier protein (P2 and P2*, respectively) are
indicated. The labeled peptides were localized by liquid scintillation
counting (see bar graph) and identified by radiosequencing as
derivatives of peptide 3 of the translation product (not shown).

(B andC) To test for the presence of a formyl group, the two forms

of labeled peptide 3, designated &35]P3* and f°S]P3, were each
subjected to reaction with DNP-hydrazine. The incubation mixture was
loaded on an RP-HPLC column in order to separate the DNP-
hydrazone product from the parent peptide and the reagent. Only
[3°S]P3* gave rise to hydrazone formation, as indicated by the shift of
81% of the radioactivity to a higher retention timé>§]P3* thus is
identified as the modified form of peptide 3, whif?$]P3 represents
unmodified peptide 3 (compare B and C).

containing ASA residues 58-80 (see also Figure 2,
hybrid 5) and for truncated sulfatases comprising ASA
residues 19-200 or 65-200. ASA 19-200 and ASA 65—
200 served as controls for the hybrid proteins harboring
the FGly69-containing peptide of ASA in full-length

(residues 59-73; hybrids 5-6 in Figure 2) or truncated form
(residues 65—73; hybrids 1-4 in Figure 2), respectively. The
truncated P3* derived from hybrid 65-80 reacted more
efficiently with DNP-hydrazine in comparison with full-
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[ASATPPL- Hybrid [35]p3* [35s]P3*-hydrazone  Relative
(% of P3+P3*) (% of total P3*) modification (%)

18.0 81 86
9.3 63 35
7.9 26 12
(8) [F3153:7RM[65-73] 4.4 29 8
m[65 195 87 100
183 53 100
(5) 315375 8- 206 41 87
(6) 815358 - 71 9 7

—

P3

Fig. 2. ASA residues 65-80 are necessary for efficiantitro modification of Cys69In vitro modification efficiencies for the indicated

preprolactin—ASA hybrids are expressed as the percentag€3}PB* of the sum of labeled P3 plus P3*, as determined after RP-HPLC of tryptic
peptides (see Figure 1A). In addition, the fraction $%5]P3* that was converted to the corresponding DNP-hydrazone (see Figure 1B) is given.

These two values were used to calculate relative modification efficiencies (see Materials and methods) that are given as a percentage of the control
modification observed for an ASA fragment comprising either residues 65-200 (control for hybrids 1-4) or residues 19-200 (control for hybridls 5-6). A
values are means of duplicate or triplicate independent determinations. For explanation of the schemes, see Figure 1. The tryptic peptide 3 of the
hybrid proteins is indicated. The modified form of this peptide reacts much more efficiently with DNP-hydrazine when ASA residues 59-64 are
absent (compare also the two controls), as was observed earlier (Btesks1997).

length P3* (Figure 2). The same result was observed for introduced en bloc in positions 65-67, 70-73, 74-77
ASA 65-200 and may be explained by a higher electro- or 77-80. Only the modification of mutant 70-73 was
philia of the formyl carbon or by the absence of an abolished, whereas the modification of mutant 74—77 was
intramolecular Schiff base formed with the N-terminus normal, and modification of mutants 65-67 and 77-80
only in the non-truncated P3*. Taken together, these resultswas reduced to 72 or 43%, respectively (Figure 3A).
demonstrate that residues 65-80 are both necessary an@imilar results were obtained when double substitution
sufficient to direct modification with the maximum effici- mutants were investigated (Figure 3B). ASA constructs
ency attainable under the givém vitro conditions. carrying double substitutions in the central 70—73 region,

Progressive C-terminal truncations of the ASA part of i.e. mutants 70-71, 71-72 and 72-73, were modified with
the preprolactin hybrids from residue 80 down to residue very low efficiency (2—6% relative modification). Double
73 led to concomitant reduction of modification efficiency substitution mutants in the N- or C-terminal part of
(Figure 2, hybrids 1-4). A low but significant modification the 65-80 sequence were only moderately affected, the
was observed even when only residues 65-73 of ASA strongest inhibition being observed for the 77—-78 mutant
were transferred to the preprolactin context, which agrees (48% relative modification, Figure 3B).
with the earlier observation of a low-level modification When a series of single substitution mutants was ana-
of an ASA fragment terminating at position 73 (Dierks lyzed, it was found that apart from the C69A substitution,
et al, 1997). Thus, the short 65-73 sequence obviously which abolished modification completely, the modification
fulfills all basic requirements needed for interaction with of mutants P71A and R73A was severely inhibited (10
the modifying system. This interaction, however, is and 5% relative modification, respectively; Figure 3C).
markedly improved by ASA residues 74-80, but not by On the other hand, modification of mutants T70A or S72A
unrelated sequences such as that of preprolactin. On thewas not affected. The importance of Cys69, Pro71 and
contrary, N-terminal extension of the ASA sequence by Arg73 was studied in more detail by introducing conserv-
seven residues did not improve the modification. Not only ative or non-conservative substitutions. It was shown that
the modification efficiencies of ASA 65-73 (Figure 2, Cys69 and Pro71 did not tolerate any of the substitutions
hybrid 4) and ASA 58-73 (hybrid 6), but also those of tested (see Figure 4), while Arg73 tolerated conservative
ASA 65-80 (hybrid 1) and ASA 58-80 (hybrid 5), were substitution by a lysine (68% relative modification).
comparable. This is noteworthy because the modified andAlthough the single mutations T70A, S72A or R73K did
unmodified forms of peptide 3 derived from constructs 5 not lead to severe effects on maodification, the importance
and 6 are identical in sequence to P2* and P2 of native of all three positions became apparent when two of them
ASA and could, therefore, be identified by their co-elution were substituted simultaneously. All double mutants tested,
with the respective unlabeled ASA peptides during HPLC. namely S72A/R73K, S72T/R73K and T70A/S72A,
This lends further support to the identification of the showed very low modification efficiencies (5, 11 and 18%,
labeled peptides as P3* and P3 (see Figure 1), whichrespectively). In conclusion, the core motif critical for
otherwise is based on radiosequencing and DNP- FGly formation comprises residues 69—73 (CTPSR) with
hydrazone formation (see above). the key residues Cys69, Pro71 and Arg73.

A detailed alanine/glycine scanning mutagenesis study If the modifying enzyme recognizes a linear sequence
was performed analyzing residues 65-80 of ASA in the matif, it should be possible to inhibit FGly formation
authentic N- and C-terminal context. It has to be noted using related peptides, which are added to ithevitro
that Arg73 was mutated into a lysine in order to conserve system and which are taken up by the microsomes via the
the tryptic cleavage site at the C-terminus of peptide 2. TAP transporters (Androlewicet al, 1993; Neefje®t al.,,

In a first round, triple or quadruple substitutions were 1993; Shephercet al, 1993). In vitro modification of
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AAA AAAKGGAAAAA
PVSLEGTPSRAALLTGR
65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80|
B Fig. 4. Effect of conservative and non-conservative substitutions in
positions 69—73 on modification efficiency. In an ASA fragment
comprising residues 19-200, one (top panel) or two residues (bottom
panel) in positions 69-73 were mutated as indicated. For determination
and calculation of relative modification efficiencies, see Figure 3. The
values given are means of at least two independent determinations.

3 T Peptide name  Peptide sequence Relative modification
AAAA AAAK AAAA (% of controf)

PVSLCGTPSRAALLTGR
65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 5-80 PVSL TPSRAALLTGR 2

6573 PVSL' TPSR 127
Bl 7480 AALLTGR 80
PRV o\ S| TPSRAALLTGR 83

68-80 8
non-ASA1Tmer ADGCDFVCRSKPRNVPA B2

Fig. 5. Inhibition of ASA modification by synthetic peptides. An ASA
fragment comprising residues 19—200 and carrying the preprolactin
signal peptide was expressedvitro in the presence of microsomes
and various synthetic peptides at a concentration of 0.35 mM. The
A AAA peptides were added 5 min prior to the start of translation. The peptide
PVSLCTPSRAALLTGR sequences are given and correspond to ASA residues 65-80, 65-73,
65 66 67 68 69 70 7172 73 74 75 76 77 78 79 80 74-80 or 68-80, as indicated by the hatched area. The non-ASA
17mer contains cysteines, prolines and arginines, but is unrelated to
Fig. 3. Effect of multiple or single substitution mutations in positions ASA. The relative modification efficiencies are given as a percentage
65-80 on modification efficiency. In an ASA fragment comprising of the modification determined in the absence of any peptide.
residues 19-200, three to fouk), two (B) or single residuesQ) in
positions 65—-80 were substituted by alanine, glycine or lysine, as
indicated. The mutant proteins carrying the preprolactin signal peptide
were expresseth vitro in the presence of microsomes and analyzed

and 74—80 did not produce significant inhibition (Figure 5).

for modification of Cys69 as described in Figure 1. Relative Thus, in order to compete with the polypeptide substrate
modification efficiencies (see Figure 2) are given as a percentage of for binding by the modifying enzyme, the inhibitory
the wild-type ASA 19-200 control and are means of at least two peptide has to comprise residues 68—80 of ASA. This

independent determinations. All triple and quadruple mutations (A) i ; ; ; ;
and the single mutations C69A, P71A and R73A (C) were also finding agrees with results obtained by mutational studies,

transferred to ASA fragments comprising either residues 19-80 or 65— in which an ASA fragment terminating at position 80

200. The modification efficiencies determined for these additional (ASA 19-80) was fully modified, whereas modification
mutant constructs confirmed the values given in the figure, thereby of an ASA 19-73 fragment was rather inefficient (Dierks
excluding unspecific long-distance interactions of N- or C-terminal et al, 1997). As also shown by the preprolactin—~ASA
regions with the mutated sequence as being responsible for the effects - ; e _
observed. hybrids (Figure 2), the modifying enzyme needs a con

tiguous linear sequence extending beyond Arg73 in order
to recognize and bind to the CTPSR motif efficiently.
ASA 19-200 and ASA 65—-200 was studied in the presence
of various synthetic peptides. Peptide 65-80, with an .
amino acid sequence corresponding to ASA residues 65_80’DISCUSSI0I’I
strongly inhibited FGly formation. This inhibition was The sequence information directing conversion of cysteine
dependent on the peptide concentration (not shown),to FGly in sulfatases is confined to residues —1+thl
reaching ~98% inhibition at a concentration of 0.35 mM with respect to the position of the cysteine to be modified.
(Figure 5). Other peptides of similar size and composition This became evident by three different approaches. Forma-
but unrelated to ASA (see Materials and methods) were tion of FGly69 was observed with the same efficiency as
not inhibitory. that of the control after transferring residues 65-80 of
The experiment was repeated with fragments of peptide ASA to a heterologous protein. Secondly, the modification
65-80 comprising residues 65—-73, 74-80 or 68—80. Of could be inhibited by a synthetic peptide equivalent to ASA
these, only peptide 68-80 showed strong inhibition, residues 68—80. Finally, even triple alanine substitutions of
whereas even the simultaneous presence of peptides 65—78sidues 65-67 or deleting the entire region N-terminal of
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A Human sulfatases: e oot FGly  Accession
. (residues) peptide No.

Arylsulfatase A of TR IS8 A A LEALCEE (Pos. 69-80) 507 + + X52151
Arylsulfatase B of TR IR-IE S O LEALNSE (Pos. 91-102) 533 + + Jos225
Arylsulfatase C (Steroid sulfatase) of TRE-IREA A F MEsely (Pos. 83-94) 583 + nd. J04964
Arylsulfatase D (od T RBR-IF A A FRALNEY (Pos. 89-100) 593 + n.d. X83572
Arylsulfatase E od TRA-ISE A A FRALNEY (Pos.86-97) 589 + n.d. X83573
Arylsulfatase F (of SEECIRE S A FEAGECSE (Pos. 79-90) 591 + n.d. X97868
N-Acetylgalactosamine 6-sulfatase e SER-IBE A A LEML NS (Pos. 79-90) 522 + n.d. u06088
N-Acetylglucosamine 6-sulfatase o CRR-EEA s TEAMA K (Pos. 91-102) 552 + nd. 712173
Iduronate sulfatase ol A BB IV S FEALMEY (Pos. 84-95) 550 + n.d. M58342
Sulfamidase o SEEEI A s LERREI 1. (Pos. 70-81) 502 + n.d. U30894

B Lower eukaryotic sulfatases:
Hemicentrotus pulcherrimus c iy SAIM (Pos. 100-111) 551 + n.d. X16679
Strongylocentrotus purpuratus of T SAIV (Pos. 115-126) 567 + nd. M28404
Heliocidaris erythrogramma c ks SAIM (Pos. 106-117) 559 + nd.  AF013158
Volvox carteri e C TNLW Q (Pos. 72-83) 649 + + X77214
Chlamydomonas reinhardlii lof C TNLC s (Pos. 73-84) 646 + n.d. X16180
Neurospora crassa o C VsL wx (Pos. 89-100) 639 + n.d. U89492

C Prokaryotic sulfatases:
Klebsiella pneumoniae SApEARSES M L N (Pos. 72-83) 577 + + M31938
Pseudomonas aeruginosa & Sh3d TEES M L T (Pos. 51-62) 533 - + Z48540
Sinorhizobium meliloti (od ABIADEA S F M ARSI Q (Pos. 54-65) 512 - n.d. U39940
Burkholderia caryophilli i AlEA s L L (Pos.57-68) 514 - n.d. U44852

(phosphonate monoester hydrolase)

Fig. 6. The motif directing FGly formatiorin vitro is highly conserved among all members of the sulfatase family. Sequences homologous to
residues 69-80 of ASA are shown for all biochemically characterized sulfatases, except for seven mammalian sulfatases, which in the given
sequence are identical or almost identical to their human counterparts. The CXPSR motif is found in all human/mammalian sA)fatages (

out of six lower eukaryotic sulfataseB)(and also in two potential sulfatases @aenorhabditis elegan@ccession nos U53180 and U43375). The

key residues within this motif (CXPXR) are fully conserved in all sulfatases including the prokaryotic ‘cysteine-type’ sulfatBsesddmonas
aeruginosaand Sinorhizobium melilot{C), Escherichia coliand Mycobacterium tuberculosi&chirmer and Kolter, 1998) and also in the

phosphonate monoester hydrolageBurkholderia caryophilli(C). In the ‘serine-type’ sulfatase d¢flebsiella pneumoniagehe FGly is generated by
modification of a serine (Mieckt al., 1998). This sulfatase (C), like the other two known ‘serine-type’ sulfatase sequengEeb{Schirmer and

Kolter, 1998), also carries the proline and arginine (SXPXR). The auxiliary element (see text) directly following the key residues comprises a LTGR
tetrapeptide, out of which at least three residues (LTG or TGR) are present in 16 of the 20 depicted sequences (A—-C). All sequences shown are
located within the N-terminal fifth of the respective proteins, which mostly comprise 500-600 amino acid residues, as indicated. The length of the
K.pneumoniassulfatase was derived from our own DNA sequencing (Szaetail., 1999). All eukaryotic sulfatases or hypothetical sulfatases carry

a signal peptide, as predicted by the von Heijne method (Niedseh, 1997), whereas in bacteria only the ‘serine-type’ sulfatases are secretory
proteins. Conversion of the first of the shown residues to FGly was demonstrated for five different sulfatases, as indicated (n.d., not determined). In
addition, the database accession numbers are given (for references, see texteSalm@®96; von Figuraet al., 1998).

residue 65 or C-terminal of residue 80 (Dierks al., sequence motif searched for. In line with this conclusion,
1997) did not affect FGly generation significantly. the three key residues cysteine, proline and arginine are
Within the -1 to +11 region, two sequence motifs totally conserved in all eukaryotic sulfatases. Ser72 is
directing FGly formation were identified by a mutational substituted only in theNeurospora crassaulfatase by
analysis. The core motif, which is absolutely required, alanine (Figure 6A and B). The position of Thr70 shows
comprises the pentapeptide CTPSR starting with the limited variability, being occupied by either threonine (13
cysteine to be modified. The most crucial residues besidesout of 23 sulfatases), serine (3/23), cysteine (5/23) or
Cys69 are Pro71 and Arg73. Substitution of the proline alanine (2/23).
by alanine or glycine and of the arginine by alanine, but A second ‘auxiliary’ motif is located directly C-terminal
not by lysine, nearly abolished cysteine modification of the core CTPSR motif and comprises a stretch of seven
in vitro. In addition, Thr70 and Ser72 contribute to the amino acids (AALLTGR, residues 74-80), which include
sequence motif. While each of the two residues could be the highly conserved tetrapeptide LTGR (Figure 6). This
changed individually into alanine without reducing FGly second motif is likely to assist in the presentation of the
generation, a conclusion also drawn framvivo studies cysteine to the modifying enzyme, as became most obvious
(Knaust et al, 1998), the simultaneous substitution of in the peptide inhibition experiments showing that peptide
both residues or of one of them in combination with the 65-80, but not a mixture of peptides 65-73 and 74-80,
‘silent’ R73K mutation severely reduced the modification competed efficiently with the vitro substrate (Figure 5).
efficiency. Such a synthetic phenotype was observed in Accordingly, efficient modification of ASA (Dierkst al,
all combinations of two single mutations introduced into 1997) or of the ASA—preprolactin hybrids (Figure 2)
positions 70-73 (Figure 4). Thus, all five residues 69—-73 was observed only when residues 74-80 were present.
(CTPSR) could be identified as constituents of the Obviously the modifying enzyme has to get a hold on the
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substrate polypeptide, which is not possible when residueshuman (Figure 6A) and other mammalian sulfatases, but
74-80 are deleted or substituted by the unrelated preprolacnot in any non-sulfatase protein or GenBank translation.
tin sequence IFGQVIP. In the mutational analysis (Figures The core CXPSR motif is present in 82 non-redundant
3 and 4), we observed an ~50% inhibition of FGly protein sequences deposited in the Swissprot and PIR
formation when residues 77-80, 77—78 or even 77 alonedatabases. By restricting position X to threonine, serine,
were substituted by alanines (Figure 3). On the contrary, cysteine or alanine, as is found in all 23 known eukaryotic
mutating residues 74-77 did not affect the modification. sulfatases (see above), four prokaryotic and 12 eukaryotic
Furthermore, Leu77 and also the even more highly con- non-sulfatase sequences are also retrieved. Among the
served Thr78 or Gly79 could be substituted individually latter, only two carry a signal peptide directing transloca-
by alanine without clear inhibition of ASA modification tion into the ER. One is the T cell receptdrchain with
after expression in fibrobasts (Knawgtal, 1998). Taken a CAPSR segment located in a hypervariable region (Yang
together, the auxiliary effect of residues 74—-80 on modi- et al, 1995). The other protein is the insulin-like peptide
fication, as observeth vitro, seems to rely not on the [(-type 3 of Caenorhabditis eleganswvhich consists of
primary structure but on the secondary structure, which 107 amino acids terminating with CCPSR. Modification
this stretch of amino acids adopts shortly after synthesis directed by this sequence is highly unlikely due to the
and translocation of the N-terminal 120 residues, where absence of auxiliary downstream sequences (see above),
this sequence is located in all known sulfatases (Figure 6).and in fact does not occur, as indicated by the disulfide
In a previous study (Knaugtt al, 1998), a large series  bond formation of the two cysteines (Durett al., 1998).
of single alanine/glycine substitution mutants covering In conclusion, the C-T/S/C/A-P-S-R motif is highly
ASA residues 68-86 were expressed in fibroblasts. specific for eukaryotic sulfatases.
Thirteen of these mutant sulfatases could be analyzed for The key residues within this motif, CXPXR (or SXPXR
the presence of FGly, while others, among them R73A, for the prokaryotic sulfatases undergoing FGly formation
were unstable, thus preventing further analysis. Interest- from a serine; see Introduction), are fully conserved in all
ingly, apart from Cys69, no other residue was essential known or potential members of the sulfatase family.
for the modification to occur. The strongest reduction of These include the biochemically characterized pro- and
modification was observed for the P71A mutant (35% of eukaryotic sulfatases shown in Figure 6 and also 10
the wild-type control), which basically agrees with the hypothetical sulfatases (see legend to Figure 6). Another
presentin vitro data (see above). Substitution of Leu68 CXPXR protein from the eubacteriuBurkholderia caryo-
and Ala74 was associated with a partial reduction of FGly philli (Figure 6C) was characterized as a phosphonate
formation (Knaustet al, 1998). This reduction was not monoester hydrolase (Dotsenal, 1996). However, since
observed in the present study and suggests that it wasthis protein shows 83% identity to human sulfamidase in
causedin vivo by a high expression, which can saturate the stretch of amino acids given in Figure 6 and an overall

the modification machinery (Schmidt al, 1995). Taken
together, the findings of the earlier vivo study and the
presenin vitro study agree with each other and show that
apart from the critical cysteine, no further residue is
strictly essential. In spite of this, several residues within
the two motifs are highly conserved (Figure 6). At least

identity of up to 24% to human sulfatases, it is a good
candidate for a protein undergoing FGly modification and
may well exhibit sulfatase activity.

Materials and methods

for some of them this must be explained by the role these site-directed mutagenesis and truncations

residues fulfill in the native molecule, where the FGly has
to be positioned in the active site at the top ofcahelix
formed by residues 69-78 (Lukatedaal, 1998; Waldow

et al, 1999).

FGly formation in eukaryotic sulfatases occurs in the
ER either during or shortly after protein translocation
(Dierks et al., 1997). The modifying enzyme acts on the
polypeptide while the latter is at least partially unfolded,

Mutagenesis of plasmid pTD3 (Dierlet al, 1997) coding for a fusion

of the signal peptide of preprolactin followed by ASA-F59M residues
19-200 was carried out by PCR methods using appropriate primers.
Subcloning of the PCR products was achieved using, on the one hand,
the BsaAl, Ead, Sma or BsiEll site in the coding region of ASA and,

on the other hand, the’ Hindlll or the 3 EcdRl site of the polylinker

of the vector. Substitution of methionine codons 85, 87 and 120 by
threonine (position 85) or leucine codons (positions 87 and 120) gave
rise to pTD17. To fuse the signal peptide of preprolactin followed by
the tetrapeptide TPDM to residues 65-200 of ASA, an oligonucleotide

as concluded from studies of translocation intermediates (z\cTcCGGACATG) comprising @BsfEl site was added ‘Sof codon

(Dierks et al, 1997) and of ASA—preprolactin chimeras,
which cannot be assumed to fold into any ASA-like

structure. The finding that a linear amino acid sequence

is the core motif directing FGly formation agrees with
this view. Occlusion of this motif within higher ordered

65 and theBspEI-EcdRl fragment was cloned back into pTD17 in-
frame with the signal peptide, thereby yielding pTD31. The added
methionine in the TPDM tetrapaptide is referred to as Met64. All
relevant mutations (see Figures 3 and 4) were transferred from the
pTD17 background to pTD31 and also to pTD21, which encoded the
preprolactin signal peptide fused to residues 19-80 of ASA-F59M due

structures can be prevented if modification occurs alreadyto a stop codon that was added & codon 80. All mutations and
co-translationally and/or if another component interacts constructs were analyzed by DNA sequencing in order to preclude any

with the polypeptide in a chaperone-like manner. Here the

PCR-derived errors.

auxiliary sequence element (see above) may function asegnstruction of preprolactin-ASA hybrids

a ‘pausing’ sequence leading to arrest of translocation To fuse residues 1-53 of preprolactin-V33D, encoded by pTD 1
and/or folding. Such a model is also supported by the (Dierks et al, 1997), to residues 58-200 of ASA, an oligonucleotide
previous observation that signal peptide cleavage is (AGACACAGGCACGTAGAAGTCTGTCATCCG) comprising BsaAl

delayed in nascent ASA polypeptide chains (Dierks
et al,, 1997).
The CXPSRXXXL/MTG sequence is found in all

site and coding for ASA-F59M residues 58-63 was addedfZodon
53 of preprolactin. The PCR product was cloned aldiadIll-BsaAl
fragment into pTD17, thereby yielding pTD48. To fuse residues 163—
229 of preprolactin to residues 58-80 of ASA, an oligonucleotide

2089



T.Dierks et al.

(CTCCTGACCGGCCGG) comprising dfad site and coding for ASA We also appreciate the help of E.Hartmann in database screening, and
residues 76—-80 was addetl & codon 163 of pTD1. The PCR product  the advice of J.Neefjes (Amsterdam) regarding peptide inhibition. This
was cloned as aftag—EcoR| fragment into pTD48, thereby yielding work was supported by the Deutsche Forschungsgemeinschaft and the
pTD49. For replacing in this pTD49-encoded construct residues 58—64 Fonds der Chemischen Industrie.
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