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Background: 6-sulfo-galactose is a potential marker of various diseases, but no useful probes to detect this glycoepitope
have been available.
Results:Mutants with novel affinity for 6-sulfo-galactose were engineered from an R-type galactose-binding lectin.
Conclusion:We succeeded in providing a method to create probes for 6-sulfo-galactose by a molecular evolutionary strategy.
Significance: The tools developed in our study will be especially useful in the context of sulfoglycomics.

6-sulfo-galactose (6S-Gal) is a prevalent motif observed in
highly sulfated keratan sulfate, which is closely associated with
the glioblastoma malignancy while acting as a critical determi-
nant for endogenous lectins. However, facile detection of this
unique glycoepitope is greatly hampered because of a lack of
appropriate probes. We have previously reported tailoring an
�2-6-linked sialic acid-binding lectin from a ricin-B chain-like
galactose-binding protein, EW29Ch, by a reinforced ribosome
display system following an error-prone PCR. In this study, we
challenged the creation of novel lectins to recognize 6S-Gal-
terminated glycans by incorporating a high-throughput screen-
ing system with a glycoconjugate microarray. After two rounds
of selection procedures, 20 mutants were obtained and 12 were
thensuccessfully expressed inEscherichia coli, 8ofwhich showeda
significant affinity for 6�-Sulfo-LN (6-O-sulfo-Gal�1–4GlcNAc),
which the parental EW29Ch lacked. Analysis of two representa-
tive mutants by frontal affinity chromatography revealed a sub-
stantial affinity (Kd �3 �M) for a 6S-Gal-terminated glycan. On
the basis of the observation that all eight mutants have a common
mutation at Glu-20 to Lys, site-directed mutagenesis experiments
were performed focusing on this aspect. The results clearly indi-
cated that theE20Kmutation is necessary and sufficient to acquire
the specificity for 6S-Gal.We also confirmed a difference in bind-
ingbetweenE20KandEW29ChtoCHOcells, inwhichenzymes to
catalyze the synthesis of 6S-Gal were overexpressed. The results
clearly demonstrate that these mutants have potential to distin-
guish between cells containing different amounts of 6S-Gal-termi-
nated glycans. This new technology will be used to provide novel
tools essential for sulfoglycomics.

6-sulfo-Gal (6S-Gal)2 is a characteristic motif of highly sul-
fated keratan sulfate (KS), which is associated with many bio-

logical phenomena, such as themalignancy of glioblastoma and
astrocytic tumors (1, 2). Synthesis of 6S-Gal is specially cata-
lyzed by KS Gal 6-O-sulfotransferase (KSST, also denoted as
GST1) through sulfation of GlcNAc-sulfated polylactosamine
(3, 4). In vitro studies indicate that KSST also catalyzes the 6-O
sulfation ofGal residues in sialylN-acetyllactosamine but not in
N-acetyllactosamine (5). Indeed, 6S-Gal has been found in
O-linked glycans in both the L-selectin receptor glycoprotein
GlyCAM-1 and MUC1 secreted from breast cancer cells (6, 7).
To date, facile detection of this glycoepitope has been greatly
hampered as no specific monoclonal antibodies have been
available (8, 9). Although several endogenous lectins, including
Langerin, Siglec-8, and Siglec-F, have been shown to recognize
6S-Gal-containing glycans (10–12), precise distribution of
their ligand glycans in vivo and identification of their carrier
proteins remain to be determined.
Use of exogenous lectins is an alternative approach to struc-

tural characterization of glycans, as has been shown in cell typ-
ing, histochemical staining, and glycoprotein fractionation
(13–15). An advanced technique called lectin microarray, in
which a collection of well defined lectins is immobilized on a
solid support, has now been applied successfully for high-
throughput glycome analysis targeting serum glycoproteins
and even cells (14, 16, 17). However, currently available lectins,
mostly derived from plants, have an apparent drawback in their
“repertoire,” lacking some critical probes, such as those for sul-
fated glycans. Therefore, engineering lectins on the basis of
existing ones toward novel sugar-binding activity would be of
great practical value.
In directing lectin evolution, choosing an appropriate pro-

tein scaffold as a starting template is crucial. R-type lectins con-
taining a ricin-B chain-like carbohydrate recognition domain
are widely distributed in bacteria, plants, and animals. Notably,
most of the R-type lectins bind Gal/GalNAc, but some have
evolved to bind their derivatives, e.g.Neu5Ac�2–6Gal/GalNAc
(18, 19). These facts suggest that an R-type lectin is a good
scaffold for the engineering of lectins. EW29Ch is the C-termi-
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nal domain of earthworm 29-kDa Gal-binding protein (EW29)
that contains twoR-type domains in tandem (20). Recombinant
EW29Ch is stable and can be easily produced in Escherichia
coli, allowing it to be used for the purpose of engineering. In
fact, we have previously tailored a novel �2–6-linked sialic acid-
binding lectin from EW29Ch by a procedure consisting of error-
prone PCR and a reinforced ribosome display method (21).
In this study, we greatly improved the basic strategy by incor-

porating a high-throughput screening system, i.e. a glycoconju-
gate microarray on the basis of an evanescent field fluores-
cence-assisted detection principle (22), and challenged our
system to engineer novel lectins to recognize 6S-Gal-termi-
nated glycans. As a result, a series of mutant lectins showing a
novel affinity for 6S-Gal-terminated glycans were selected.
Most had a mutation at Glu-20 to Lys in common. Moreover, a
single point mutation (E20K) proved to be sufficient to acquire
this novel specificity. Finally, the E20Kmutant was shown to be
useful for in vivo experiments to detect the 6S-Gal glycoepitope
in KSST-transfected cells.

EXPERIMENTAL PROCEDURES

Construction of Plasmids—pET27b-FLAG-EW29Ch con-
taining an N-terminal FLAG tag before the EW29Ch coding
sequence and pET27b-FLAG-EW29Ch-bio containing a C-ter-
minal biotinylation sequence after FLAG-EW29Ch were pre-
pared as described in detail in the supplemental information.
Selection by Ribosome Display—Generation of an EW29Ch

random mutagenesis library was carried out as described pre-
viously (21) and is described in detail in the supplemental infor-
mation. Selection of 6S-Gal bindingmutants using biotinylated
multivalent carbohydrate polymers by ribosome display is
described in detail in the supplemental information. Briefly, in
vitro translation of 2 �g of EW29Ch library mRNA using the
E. coli S30 extract system as a linear template (Promega) was
incubated with biotinylated multivalent carbohydrate poly-
mers (Glycotech) coupled on streptavidin-coated magnetic
dynabeads (Invitrogen) at 4 °C for 1 h. In some cases, preblock-
ing with excessive lactose (10mM) was carried out before selec-
tion by carbohydrate polymer-coated beads. After the selec-
tion, bound mRNA was purified, reverse-transcribed, and
amplified with a one-step RNA PCR kit (Takara). The derived
cDNA fragment was ready for the next round of selection and
cloning.
Analysis of Selected Mutants by Glycoconjugate Microarray—

The sugar-binding activity of selected EW29Ch mutants was
analyzed by glycoconjugatemicroarray on the basis of methods
described previously (22) and as described in detail in the sup-
plemental information. Briefly, EW29Ch mutants with an
N-terminal FLAG tag in pET27b were expressed in BL21-
CodonPlus (DE3)-RIL and lysed. Labeling of cell lysate was per-
formed by incubation with anti-FLAG M2 antibody and Cy3-
labeled goat anti-mouse antibody. The labeled solution was
applied to a glycoconjugate microarray and detected by an eva-
nescent-type scanner, Glycostation Reader 1200 (GP Biosci-
ences Ltd., Yokohama, Japan) in Cy3 mode.
Purification of Recombinant Proteins—Purification of recombi-

nant proteins is described in detail in the supplemental informa-
tion. Briefly, N-terminal FLAG-tagged wild-type EW29Ch or

EW29Ch mutants, in some cases containing a C-terminal bioti-
nylation sequence, were expressed in BL21-CodonPlus (DE3)-
RIL and purified using a lactosyl-Sepharose column. Biotinyla-
tion of purified proteins with a C-terminal biotinylation
sequence was carried out as described previously using biotin
ligase BirA (23).
Site-directed Mutagenesis—Site-directed mutagenesis was

performed using theAccuprimeTaqDNApolymerase (Invitro-
gen) following the protocol of the manufacturer. Mutations
were confirmed by DNA sequencing. The primers used are
described in the supplemental information.
Frontal Affinity Chromatography (FAC)—FAC was per-

formed as described previously (24, 25) and is described in
detail in the supplemental information. Briefly, EW29Ch or its
mutant recombinant proteins were immobilized on N-hy-
droxysuccinimide-activated Sepharose Fast Flow (GE Health-
care) and packed into a miniature column (inner diameter, 2
mm; length, 10mm; bed volume, 31.4�l; Shimadzu). A panel of
pyridylamino (PA)-labeled sulfated glycans was successively
injected into the columns. The elution front of each PA glycan
relative to that of the control (Man5GlcNAc2-PA), referred to
as V-V0, was then determined. The dissociation constant Kd
was then calculated as described previously (24).
Flow Cytometry—CHO cells were maintained in RPMI1640

supplemented with 5% FBS, 100 units/ml penicillin, and 100
�g/ml streptomycin. Transfection of CHO cells with KSST or
GlcNAc 6-O-sulfotransferase (Gn6ST) or cotransfection with
KSST and Gn6ST was performed using Lipofectamine LTX
(Invitrogen). After 24 h, cells were harvested, and the binding of
5D4,wild typeEW29Ch, andE20Kwas analyzed by flow cytom-
etry. Briefly, 1 � 105 cells were incubated with 5D4 (diluted
500-fold), 10 �g/ml biotinylated EW29Ch, or E20K on ice for
20 min followed by 2 �g/ml Dylight 488-labeled goat anti-
mouse antibody (Jackson ImmunoResearch) and 10 �g/ml
Cy3-labeled streptavidin (Jackson ImmunoResearch). The
binding of lectins to cells was analyzed by FACSCanto-II
cytometer (BD Biosciences). For tunicamycin or swainsonine
treatment, KSST-transfected cells were incubated with 1
�g/ml tunicamycin and 5 �g/ml swainsonine for 12 h before
analysis, respectively. For sialidase treatment, cells were
incubated with 25 milliunits of Arthrobacter ureafaciens
sialidase at 37 °C for 30 min.

RESULTS

Refining the Strategy for Lectin Engineering—In our previous
study, a ribosome display method along an error-prone PCR
was used to direct evolution of EW29Ch for �2–6-sialic acid-
binding lectin. Selection of the target sialic acid-binding
mutants was carried out using fetuin-coupled Sepharose beads
as this glycoprotein is rich in terminal�2–6 sialic acid. To date,
no glycoproteins that carry a mass of 6S-Gal-terminated gly-
cans have been available, and even if there are any, theymust be
highly heterogeneous in a glycan structure. There is also a pos-
sibility that glycoproteins interact with the ribosome complex
in their protein backbone, which would generate a “false posi-
tive” during selection. In this study, we used commercially
available biotinylated carbohydrate polymers with a defined,
homogeneous glycan structure as bait ligands for selection. To
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test the feasibility of these carbohydrate polymers, we first com-
pared the selection of wild-type EW29Ch by the target glycan
N-acetyl-lactosamine-polyacrylamide (LN-PAA) and the non-
target glycan mannose-polyacrylamide. As shown in supple-
mental Fig. S1A, LN-PAA-coated beads precipitated EW29Ch
(in the form of a complex with mRNA) in a manner dependent
on the amount of immobilized glycans. On the other hand, the
nonspecific binding caused by the intact streptavidin beads
themselves was gradually reduced as the increment of immobi-
lized non-target mannose-polyacrylamide. It is highly possible
that the hydrophilic carbohydrate polymers on the surface of
the beads could inhibit the nonspecific interactions between
ribosome complex and streptavidin-coated beads. At a concen-
tration of 100 �g/ml, mannose-polyacrylamide beads did not
substantially precipitate EW29Ch, whereas LN-PAA did so
maximally. These results demonstrated the good selectivity of
the carbohydrate polymers for the selection of lectins.
Having established suitable selection conditions, we attempted

high-throughput screening of the desiredmutants.We had previ-
ously used FAC, a quantitative method for determination of
affinity constants (Ka) between lectins and glycans. However,
this approach requires relatively large amounts of “purified”
proteins and is time-consuming. In this study, we adopted a
more advanced glycoconjugate microarray system that is based
on a unique, evanescent field-assisted fluorescence detection
principle (22). The method is directly applicable to crude
extracts containing glycan-binding proteins with the aid of flu-
orescence-labeled specific antibodies. To examine the suitabil-
ity of thismethod, wild-type EW29Ch fusedwith anN-terminal
FLAG tag was expressed in E. coli, and the cells containing this
protein were lysed. The expression of the target protein was
visualized by SDS-PAGE, and the protein with a FLAG tag was
confirmed by Western blotting using an anti-FLAG M2 anti-
body (supplemental Fig. S1B). Further, the cell extract was
probed by incubationwith anti-FLAGM2 antibody followed by
Cy3-labeled secondary antibody. An aliquot of the labeled com-
plex (EW29Ch/anti-FLAG M2 antibody/Cy3-labeled second-
ary antibody) was applied to the array, and the binding was
monitored by an evanescent-type scanner at equilibrium with-
out washing steps. As shown in supplemental Fig. S1C, clear
binding signals were observed in FLAG-EW29Ch- expressed
cells but not in a negative control (without isopropyl 1-thio-
�-D-galactopyranoside induction), suggesting that the bind-
ing is specific to FLAG-EW29Ch. Notably, the binding profile
was almost the sameas thatof thepurifiedEW29Ch.All thesedata
indicate that the glycoconjugate microarray should provide a bet-
ter means to analyze the sugar-binding specificity of the selected
mutants in a rapid, sensitive, and high-throughput manner.
Selection of 6S-Gal Binding Lectins—Having refined the engi-

neering strategy, we performed random mutagenesis targeting
the open reading frame of EW29Ch. Error-prone PCRwas con-
ducted under conditions where approximately six mutations per
gene were introduced. The resultant mutant library was then
selected against a sulfated carbohydrate polymer, 6�-sulfo-N-
acetyllactosamine-polyacrylamide (6�-Sulfo-LN-PAA). Although
thewild-typeEW29Chhas an almost undetectable level of affin-
ity to 6S-Gal-terminated glycans (described later), 6�-Sulfo-
LN-PAA still precipitated a considerable amount of wild-type

andwild-type-like (neutral) mutants, possibly because they still
have a significantly enhanced affinity toward multivalent car-
bohydrate polymers. To reduce this undesired interaction, we
added excessive lactose to the selection system before mixing
with 6�-Sulfo-LN-PAA-coated beads. On the basis of this con-
cept, we first incubated the mutant library with excessive lac-
tose (10 mM) for 1 h and then with 6�-Sulfo-LN-coated beads.
As a result, the enriched population in the presence of lactose
showed a large reduction in the RT-PCR product (background
noise) after the first round of selection, probably because of
bulk elimination of the undesired background binding of the
wild type and its neutral mutants (Fig. 1A, upper panel). The
obtained fraction was subjected to another round of ribosome
display selection against 6�-Sulfo-LN. The enriched population
no longer showed a substantial difference in the RT-PCR anal-
ysis regardless of the presence or absence of lactose (Fig. 1A,
lower panel). This observation strongly suggests that some
mutants with target specificity (6�-Sulfo-LN) were enriched.

To confirm this, isolatedmRNAafter two rounds of selection
was reverse-transcribed, and the derived cDNA was treated
with NdeI and XhoI to insert the coding fragment into pET27b
containing an N-terminal FLAG tag. Twenty clones randomly
selected were sequenced. As a common feature, 14 clones
(1–14) were found to carry the mutation E20K in common in
the � subdomain, and six had E68K in the � subdomain (Fig.
1B). These mutants were expressed in E. coli, and 12 were suc-
cessfully expressed (1–8 and 15–18). The sugar-binding activ-
ity of the 12mutantswas analyzed by a glycoconjugatemicroar-
ray consisting of eight related sugars (results of the wild-type
and 4 are shown in Fig. 1C). Their relative affinity for
6�-Sulfo-LN was calculated by normalizing the signal with LN
(Fig. 1D). Eight of the 12 mutants (1–8) carrying the mutation
E20K exhibited a specific affinity for 6�-Sulfo-LN, whereas the
rest of the clones (15–18) without this mutation lacked such
affinity. Therefore, the point mutation E20K was strongly sug-
gested as being important for the binding with 6�-Sulfo-LN.
Quantitative Analysis of the Affinity of the Selected Mutants

to 6S-Gal-terminated Glycans by FAC—To assess the sugar-
binding affinity of the derived mutants from a more quantita-
tive aspect, two representative mutants (1 and 4) were purified
to apparent homogeneity in SDS-PAGE and were subjected to
FAC analysis as described previously (Fig. 2 and supplemental
Fig. S2). Both mutants as well as the wild-type EW29Ch dis-
played a similar affinity to Gal-terminated glycans (901 and
902), i.e. in terms of Kd, 2 � 10�5 M. However, the two mutants
exhibited a greatly increased affinity to a 6-sulfo-Gal-termi-
nated glycan (922) (Kd � 3�4� 10�6 M) to which thewild-type
EW29Ch showed no substantial affinity. Notably, no detectable
affinity was shown to the related structures, including 3-sulfo-
Gal (918), Neu5Ac�2–6-Gal (704), and 6-sulfo-GlcNAc (924).
A greatly reduced affinity to 923, the non-reducing terminally
unsulfated structure of 922, unambiguously confirms the
importance of 6-sulfation of Gal in the lacto-N-neotetraose
structure (902). Comparison of the affinity toward a panel of
129 PA-labeled glycans (supplemental Fig. S3) revealed that
EW29Ch and 4 have almost the same binding profiles except
for terminal 6S-Gal glycan (922) (supplemental Fig. S2). These
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results show that the mutants (1 and 4) have acquired a novel
affinity to 6S-Gal.
Investigation of the Effects of Hot Spot Mutation on the Affin-

ity for 6S-Gal-terminated Glycans—Although the above results
indicate that E20K (14 of 20) plays a critical role for the 6S-Gal

binding, the exact contribution of E20K is not clear, especially
as another mutation E68K (5 of 14) often accompanied the
E20K mutation. Mutants E20K, E68K, and the double mutant
E20K/E68K were constructed by site-directed mutagenesis,
and their sugar-binding specificitieswere analyzed by FAC (Fig.
3). As expected, the binding profiles of E20K were quite similar
to those of the twomutants, 1 and 4, described above (compare
with Fig. 2). E20K exhibited a much higher affinity to a 6S-Gal-
terminated glycan (922) compared with a corresponding non-
sulfated glycan (923).On the other hand, binding of E68K to the
6S-Gal-terminated glycan was not observed, and the double
mutant E20K/E68K showed a similar profile to that of E20K.
These results indicate that E68K is not essential for 6S-Gal rec-
ognition. The results also prompted us to investigate whether
mutation of Glu-20 to other basic residues could acquire the
target activity. For this, E20R and E20H were prepared, and
their sugar-binding activities were analyzed by glycoconjugate

FIGURE 1. Selection of 6S-Gal binding lectins. A, selection of 6�-Sulfo-LN binding lectins by pretreatment of the translation mixture with excessive lactose. The
EW29Ch library generated by error-prone PCR was selected with 6�-Sulfo-LN-coated beads with or without pretreatment of the translation mixture with
lactose. The precipitated mRNAs under individual conditions were isolated and reverse-transcribed to cDNA by one-step RT-PCR. A part of cDNA was used for
analysis by agarose electrophoresis. The rest of the cDNAs selected in the presence of lactose were subsequently used for the second round of ribosome
display. In all experiments, mannose-polyacrylamide was used as a negative control. B, alignment of the amino acid sequences of 20 selected mutants along
with the WT. The mutated amino acids are highlighted on black background. Three subdomains of EW29Ch, �, �, and �, are underlined. The key residue Asp-18
in the binding with Gal is indicated by arrows. C and D, analysis of the sugar-binding activity of selected mutants by glycoconjugate microarray. Twelve mutants
with an N-terminal FLAG tag (1– 8 and 15–18) were expressed in E. coli and lysed. The resulting lysates were Cy3-labeled and then applied to a glass slide where
eight kinds of glycans were immobilized. The binding of mutants to individual glycans was monitored by an evanescent-type scanner. C, the binding profile of
wild-type EW29Ch and a representative mutant (#4). The relative signal of 6�-Sulfo-LN to LN of 12 expressing mutants is indicated in D.

FIGURE 2. Quantitative analysis of the affinity of selected mutants to
6S-Gal-terminated glycans by FAC.
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microarray. As shown in supplemental Fig. S4, E20R exhibited a
comparable binding ability for 6�-Sulfo-LN to E20K, whereas
E20H only slightly enhanced the affinity to 6�-Sulfo-LN. Taken
together, these results show that the presence of a strong basic
residue (Lys orArg) at position 20 is necessary and sufficient for
the acquisition of a novel affinity to 6S-Gal.
Binding of Mutants to CHO Cells in Which KSST or Gn6ST

WereOverexpressed—Todeterminewhether thesemutants are
of practical use for detecting 6S-Gal-terminated glycans in
complex samples, CHO cells were transfected with a 6S-Gal
catalyzing enzyme, KSST. Because KSST preferentially adds a
sulfate group to Gal adjacent to a sulfated GlcNAc (5), cotrans-
fection of KSST with Gn6ST was also performed. Cotransfec-
tion of KSST with Gn6ST not only enhances the expression of
6S-Gal but also that of highly sulfatedKS that can be recognized
by a specific antibody, 5D4 (26). Thus, binding of 5D4 was
detected in KSST and Gn6ST cotransfected cells, suggesting
that both enzymes are catalytically active when overexpressed
in CHO cells (Fig. 4A). Both E20K and wild-type EW29Ch
exhibited a similar binding tomock-transfected cells. However,
when KSST, but not Gn6ST, was overexpressed, a stronger
binding of E20K than EW29Ch was observed. The increased
binding of E20K was further enhanced when KSST and Gn6ST
were cotransfected (Fig. 4B). These results were also confirmed
by staining of KSST and Gn6ST cotransfected cells (supple-
mental Fig. S5). E20K exhibited more intensive staining than
that of EW29Ch. Double-staining of cotransfected cells with
5D4 and EW29Ch or E20K indicated that E20K, but not
EW29Ch, preferentially bound to KS-overexpressed cells, sug-
gesting that the enhanced binding of E20K was due to the
expression of KS (Fig. 4C).

Considering that much of the utility of the mutants devel-
oped in this study should be in the detection of 6S-Gal onN- or
O-linked glycans, not only for those on KS, to which specific
antibodies (5D4) are already available, we are interested in the
binding of E20K to KSST-transfected cells, to which binding of
5D4 was not observed (Fig. 4, A and B). To analyze whether
these glycoepitopes are from the N-linked glycans, we treated
the KSST-transfected cells with tunicamycin, a drug that inhib-
its the biosynthesis of allN-glycans, and swainsonine, an inhib-
itor of mannosidase II that can inhibit the biosynthesis of com-
plex N-linked glycans. The effects of both inhibitors on the
glycans of the cell surface were confirmed by binding with lec-
tins (supplemental Fig. S6). Tunicamycin inhibited the binding
of both ConA and Phaseolus vulgaris leucoagglutinin, whereas
swainsonine showed an increased binding of ConA and

decreased P. vulgaris leucoagglutinin binding. Concomitant
with the decrease of complex-typeN-linked glycans on the cell
surface, the stronger binding of E20K than EW29Ch to KSST-
transfected cells was completely abolished by tunicamycin and
partially inhibited by swainsonine (Fig. 4D), suggesting that
most of 6S-Gal in KSST-transfected cells were possibly from
the N-linked glycans. These results indicate that the mutants
developed in this study are useful not only for the detection of
6S-Gal-bearing KS but also 6S-Gal-bearing N- or O-linked
glycans.
Binding of Mutants to Sialidase-treated Cells—Although the

newly developed lectins in this study have acquired the novel
affinity to 6S-Gal, they still retain the affinity of the parental
lectin EW29Ch toGal. This seems to pose a significant problem
when these lectins are used for detection of 6S-Gal in the sam-
ples, which are rich in non-sulfated Gal. To test the possibility,
we investigated the binding of E20K and EW29Ch to the CHO
cells that are treatedwith sialidase to increase theGal on the cell
surface (Fig. 5A). Although the binding of both E20K and
EW29Ch to the Mock or KSST and Gn6ST cotransfected cells
were significantly increased by the treatment of sialidase, the
preferential binding of E20K than EW29Ch to KSST and
Gn6ST cotransfected cells, in which KS-expressing cells com-
prised only 7% of the total cells (indicated by 5D4), was still
observed. Therefore, it is expected that these lectins are useful
for the detection of 6S-Gal even in the presence of a large
amount of non-sulfated Gal.
To examine further whether thesemutants could be used for

the detection of endogenous 6S-Gal on cells other than the
engineered CHO cells, we investigated the binding of E20K and
EW29Ch to a glioblastoma cell line, LN229, which has been
shown to express highly sulfated KS (2). As shown in Fig. 5B,
none of these lectins showed significant binding to intact
LN229 cells. However, we found a relatively stronger binding of
E20K than EW29Ch after the treatment with sialidase, suggest-
ing that these cells contain sialylated 6S-Gal on the cells,
although further structural analysis is necessary for this proof.
Taken together, the above results indicate that thesemutants

are potentially useful tools in distinguishing cells containing
6S-Gal-bearing glycans.

DISCUSSION

In this study, lectins with novel affinity to 6S-Gal-terminated
glycans were obtained from error-prone PCR-based lectin
library after only two rounds of the ribosome display selection.
Although the essence of the method has already been estab-
lished (27), the high efficiency of enrichment achieved in this
study is attributed to the several modifications made to the
previous strategy. First, reduction of nonspecific (background)
selection was achieved by use of synthetic biotinylated carbo-
hydrate PAA as glycan ligands instead of natural glycoproteins,
which are obviously heterogeneous in the glycan moieties.
When these biotinylated carbohydrate polymers were coupled
on the streptavidin-coatedmagnetic beads at high density (con-
centration 100 �g/ml), they could not only capture the mutant
with target activity in the solution but also reduce the nonspe-
cific interaction caused by the streptavidin-coated magnetic
beads (supplemental Fig. S1A). Second, specific enrichment of

FIGURE 3. Quantitative analysis of the affinity of site-directed mutants to
6S-Gal-terminated glycans by FAC.
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FIGURE 4. Binding of mutants to CHO cells in which 6S-Gal-catalyzing enzymes were overexpressed. The CHO cells were transfected with KSST or Gn6ST
or cotransfected with KSST and Gn6ST for 24 h. The binding of 5D4 (A), wild-type EW29Ch, and E20K (B) to these transfected cells was investigated by flow
cytometry as described under “Experimental Procedures.” C, the double staining of KSST and Gn6ST cotransfected cells with 5D4 and EW29ch or E20K. D, the
binding of EW29Ch and E20K to KSST-transfected cells that were treated with 1 �g/ml tunicamycin or 5 �g/ml swainsonine for 12 h.

FIGURE 5. Binding of mutants to sialidase-treated cells. A, the binding of 5D4, EW29Ch, and E20K to the mock or KSST and Gn6ST cotransfected cells with or
without sialidase treatment is shown. B, the binding of 5D4, EW29Ch, and E20K to a glioblastoma cell line, LN229, with or without sialidase treatment is shown.
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target mutants was achieved by preblocking with excessive lac-
tose to prevent the undesired selection of wild types or those
preserving similar activity (neutral mutants).
In addition, we have introduced the advanced technology of

evanescent field fluorescence-assisted glycoconjugatemicroar-
ray into our evaluation system in place of FAC to facilitate
screening lines of mutants derived by the above selection pro-
cedures. Because the microarray technique provides us with a
highly sensitive and high-throughput screening, it greatly facil-
itated analysis of the sugar-binding activity of a series of candi-
date clones even in the form of crude extracts (supplemental
Fig. S1C).
With the improved method, we took up the challenge of

engineering lectins having specificity to 6S-Gal-bearing glycans
because no effective probes to this biologically important gly-
coepitope have been reported. TJA-I is a quite interesting lectin
purified from tuberous roots of Trichosanthes japonica, show-
ing binding to 6S-Gal. However, it can also recognize both
Neu5Ac�2–6Gal and terminal Gal (28). Therefore, this prop-
erty will hinder its use for specific detection of 6S -Gal. On the
other hand, the 6S-Gal binding lectins developed in the present
study exhibited substantially no binding to sialylated glycans
(supplemental Fig. S2). Though these mutants still retain the
affinity of the parental lectin toGal, specific detection of 6S-Gal
on cells can be achieved by combinational use with EW29Ch.
Because E20K and EW29Ch have almost the same binding pro-
file except for 6S-Gal (Fig. 3), thus, if we see increased binding of
E20K to cells compared with EW29Ch, it is highly possible that
these cells contain 6S-Gal. Consistently, we observed a stronger
binding of E20K than EW29Ch to KSST-transfected cells, or
KSST and Gn6ST cotransfected cells, in which 6S-Gal was
overexpressed (Fig. 4B). Moreover, the preference was main-
tained even in the presence of a large amount of non-sulfated
Gal after the sialidase treatment (Fig. 5). Thus, the 6S-Gal bind-
ing lectins developed in this study will be of great use in detec-
tion of the unique glycoepitope 6S-Gal.
In our previous study (21), we have chosen EW29Ch as a

starting template because of several properties advantageous
for lectin engineering. They include 1) adequate size (�14.5
kDa) for stability and error-prone PCR; 2) complete solubility,
enabling high productivity in a conventional E. coli expression
system; and 3) knowledge of the protein structure on the basis
of both x-ray crystallography (29) and NMR analysis (30). A
previous x-ray crystallographic analysis revealed that EW29Ch
has a ricin-B chain-like �-trefoil structure consisting of three
homologous (�, �, and �) subdomains, with the � and � sub-
domains possessing the Gal-binding activity (29). Later study
by NMR titration experiments demonstrated that the � sub-
domain predominantly contributes to the Gal-binding activity
of EW29Ch (30).Multiple hydroxyl groups attached to the non-
reducing terminal Gal, except for the C6 position, have been
shown to be directly involved in the hydrogen bonding with the
hydrophilic residues Asp-18, Lys-36, and Asn-41 in the � sub-
domain (supplemental Fig. S7A). We therefore considered
EW29Ch as the optimal template to direct evolution targeting
6-O-modified Gal (e.g.Neu5Ac�2–6Gal, 6S-Gal) with the least
destruction of the global structure. As a result, we observed
“convergent” evolution at a molecular level. An acidic amino

acid, Glu at position 20, was found to be changed to basic Lys in
70% of the selected clones for acquisition of a novel binding
activity for 6S-Gal, whereas the parental EW29Ch has no such
activity. Glu-20 located two amino acids downstream of invari-
ant Asp-18, a key residue in the bindingwithGal (supplemental
Fig. S7A). In the reported crystal structure of EW29Ch, Glu-20
is located in a loop structure proximal to the 6-OH of Gal.
Therefore, it is anticipated that an electrostatic interaction
between the negative sulfo- group of 6S-Gal and the positive
Lys-20 of themutantwould be formed, which could account for
the enhanced activity for 6S-Gal-terminated glycans. We also
observed that changing Glu to another basic amino acid, Arg,
improved the binding activity for 6S-Gal-terminated glycans,
whereas His had only a limited effect (supplemental Fig. S4).
Preferred enrichment of E20K rather than E20R can be attrib-
uted, at least in part, to single-nucleotide mutagenesis (GAR to
AAR) to cause this code change, rather than dual mutagenesis
(GAR toCGN/AGR). Interestingly, sequence alignment of sub-
domains from EW29Ch and several other R-type lectins indi-
cates that mistletoe lectin-1 (ML1), ricin, and its non-toxic
isolectin RCA120, possess a basic residue (Arg) in the corre-
sponding position (supplemental Fig. S7B). This may explain
whyRCA120 bound strongly to 6S-Gal glycans in a recent study
(31).
Overall, we have succeeded here in engineering novel lectins

for 6S-Gal-terminated glycans for which no practical probes
have been available. Thus, these lectins should be highly useful
for future studies involving sulfated glycans, i.e. sulfoglycomics.
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