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The nodZ gene, which is present in various rhizobial species, is involved in the addition of a fucose residue
in an a1-6 linkage to the reducing N-acetylglucosamine residue of lipo-chitin oligosaccharide signal molecules,
the so-called Nod factors. Fucosylation of Nod factors is known to affect nodulation efficiency and host
specificity. Despite a lack of overall sequence identity, NodZ proteins share conserved peptide motifs with
mammalian and plant fucosyltransferases that participate in the biosynthesis of complex glycans and poly-
saccharides. These peptide motifs are thought to play important roles in catalysis. NodZ was expressed as an
active and soluble form in Escherichia coli and was subjected to site-directed mutagenesis to investigate the role
of the most conserved residues. Enzyme assays demonstrate that the replacement of the invariant Arg-182 by
either alanine, lysine, or aspartate results in products with no detectable activity. A similar result is obtained
with the replacement of the conserved acidic position (Asp-275) into its corresponding amide form. The
residues His-183 and Asn-185 appear to fulfill functions that are more specific to the NodZ subfamily.
Secondary structure predictions and threading analyses suggest the presence of a “Rossmann-type” nucleotide
binding domain in the half C-terminal part of the catalytic domain of fucosyltransferases. Site-directed
mutagenesis combined with theoretical approaches have shed light on the possible nucleotide donor recogni-
tion mode for NodZ and related fucosyltransferases.

The symbiosis between rhizobial species and leguminous
plants, resulting in the formation of nitrogen-fixing root nod-
ules, is a species-specific process that is mediated by signal
molecules from both the plant and the bacterium. During the
initial phases of nodulation (root hair curling and bacterial
entry), flavonoids secreted by the host plant induce an activa-
tion of nod genes that are involved in the synthesis of lipo-
chitin oligosaccharides, called Nod factors. Once Nod factors
have opened the root hair door to the invading rhizobia, ad-
ditional bacterial signals appear necessary for continued de-
velopment of the infection (for recent reviews, see references
9, 41, and 51). The basic Nod factors comprise a chitin back-
bone formed by the assembly of a few B1,4-linked N-acetyl-D-
glucosamine (GIcNAc) residues and an acyl chain attached at
the nonreducing end (16). The nature of the fatty acyl chain,
the number of core GlcNAc residues, and the presence or
absence of extra substituents together determine the host spec-
ificity and nodulation efficiency of the bacterium. Among the
Nod factor substituents, fucose is frequently observed on C-6
of the reducing GlcNAc residue, where it may play subtle roles
in nodulation, perhaps by permitting interaction with certain
plants or by protecting Nod factors from degradation (3, 17, 37,
41).

The NodA, NodB, and NodC proteins are required for the
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synthesis of the acylated core of Nod factors (32, 47). Fucose
addition to Nod factors is encoded by nodZ in many rhizobia
(31, 45, 46, 52). Indeed, recombinant NodZ catalyzes the a1,6-
fucosylation of the chitin oligosaccharide backbone (45, 46).
Interestingly, this enzyme seems to have an activity comparable
to eukaryotic enzymes that fucosylate the chitobiosyl core of
complex-type N-linked oligosaccharide (46).

Fucosyltransferases (FucTs) are enzymes catalyzing the
transfer of fucose from GDP-fucose to various oligosaccharide
acceptor substrates. This class of enzymes is involved in the
synthesis of many oligosaccharides of biological importance in
eukaryotes (13). Many fucosyltransferase genes have been
cloned in humans and in various animal species (13, 36), as
have a few genes from invertebrates (15, 29, 56) and plants (19,
28, 42). In prokaryotes, in addition to the cloned bacterial
nodZ genes from Rhizobium species (45, 46), several studies
have reported the cloning and expression of fucosyltransferase
genes from the pathogenic bacterium Helicobacter pylori (23,
30, 61). All fucosyltransferases that have been cloned to date
transfer fucose either in a «1,2-linkage to a galactose residue,
or in «l,3-, al,4-, or al,6-linkage to a GIcNAc residue.

The eukaryotic fucosyltransferases are type II membrane
proteins sharing the same general topology as other Golgi-
resident glycosyltransferases, i.e., a short amino-terminal cyto-
plasmic tail, a transmembrane domain, a stem region, and a
large globular catalytic domain facing the luminal side (38). In
contrast, the bacterial enzymes appear to lack such transmem-
brane segment. Despite a lack of overall sequence identity, a
highly conserved peptide motif has been previously identified
in the catalytic domain of all a1,2-FucTs and «1,6-FucTs of
prokaryotic or eukaryotic origin (7). The a1,3-FucTs appear to
form a distinct family, since they lack the consensus peptide,
but some regions might display structural similarities to the
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TABLE 1. Primers used in PCR to obtain each of the desired mutations

Enzyme mutation Primer® Position”
Arg-182—Ala 5"-GATCGGCGTCCATATAGCGCACGGTAATGGCG-3' (sense) 528-559
5’-CGCCATTACCGTGCGCTATATGGACGCCGATC-3’ (antisense) 559-528
Arg-182—Asp 5'-CGTGATCGGCGTCCATATAGACCACGGTAATGGCGAAG-3' (sense) 525-562
5’-CTTCGCCATTACCGTGGTCTATATGGACGCCGATCACG-3' (antisense) 562-525
Arg-182—Lys 5'-GATCGGCGTCCATATAAAGCACGGTAATGGCGAAG-3' (sense) 528-562
5'-CTTCGCCATTACCGTGCTTTATATGGACGCCGATC-3’ (antisense) 562-528
His-183—Ala 5'-CGGCGTCCATATAAGGGCCGGTAATGGCGAAG-3' (sense) 531-562
5'-CTTCGCCATTACCGGCCCTTATATGGACGCCG-3' (antisense) 562-531
His-183—Arg 5'-GCGTCCATATAAGGCGCGGTAATGGCGAAG-3' (sense) 533-562
5'-CTTCGCCATTACCGCGCCTTATATGGACGC-3’ (antisense) 562-533
Asn-185—Ala 5'-GTCCATATAAGGCACGGTGCTGGCGAAGATATATTGG-3’ (sense) 535-571
5'-CCAATATATCTTCGCCAGCACCGTGCCTTATATGGAC-3' (antisense) 535-571
Asn-185—Asp 5'-CCATATAAGGCACGGTGATGGCGAAGATATATTGG-3' (sense) 537-571
5'-CCAATATATCTTCGCCATCACCGTGCCTTATATGG-3' (antisense) 571-537
Asp-275—Ala 5'-GCTGCGCTGGTCGCTATGCAACTGCTTTC-3’ (sense) 811-839
5'-GAAAGCAGTTGCATAGCGACCAGCGCAGC-3' (antisense) 839-811
Asp-275—Asn 5'-CGTTGCTGCGCTGGTCAATATGCAACTGCTTTC-3' (sense) 807-839
5'-GAAAGCAGTTGCATATTGACCAGCGCAGCAACG-3’ (antisense) 839-807

¢ Primer bases in boldface indicate mutations.

b Positions of primers are given in comparison with adenine residue of the initiation codon assigned as base one.

al,2- and «al,6-FucTs (6, 7, 36). These observations suggest
that fucosyltransferases share common structural and catalytic
features, at least in the conserved regions.

For many years, our knowledge of the mechanism of action
of glycosyltransferases was hampered by the lack of three-
dimensional (3D) structures. To date, eight crystallographic
structures, from prokaryotes and eukaryotes, have been deter-
mined (11, 21, 22, 24, 39, 43, 58, 60). These structures have
provided a wealth of information on the basis of substrate
binding, specificity, and catalysis. They have also shed light on
the role played by short conserved peptide motifs, such as the
aspartate-any residue-aspartate (DXD) motif. This motif has
been identified in many different glycosyltransferase families
(4, 5, 62) and was shown, in several crystal structures, to inter-
act mainly with the phosphate groups of nucleotide donor
through the coordination of a metal cation (11, 21, 39, 43, 58).
Indeed, enzymes sharing this motif have an absolute require-
ment for divalent cations for activity. Structural information
has also been obtained for glycosyltransferases that are not
metal dependent (24, 60). In the latter cases, basic residues
were shown to make direct contacts with the pyrophosphate
moiety of the nucleotide donor. From these structural data it
appears that the recognition of donor substrate is mediated by
residues that are found in the most conserved regions as dem-
onstrated for the large a3- and p4-galactosyltransferase fami-
lies (21, 22). In striking contrast, site-directed mutagenesis
studies performed on «l,3-FucTs indicate that the residues
involved in acceptor binding are mostly located in more vari-
able regions (18, 27, 34, 63).

At the present time, there is no structural information for
fucosyltransferases and the detailed mechanism of action re-
mains unclear. We failed to identify a conserved canonical
DXD motif in fucosyltransferases. Instead, the consensus pep-
tide motif shared by all of the known «l,2- and al,6-FucTs
comprises conserved basic residues (7, 36). In addition, the
mammalian a6-FucTs (59, 64) were shown to be insensitive to
EDTA. Taken together, these data suggest that for NodZ and
related proteins the interaction with the nucleotide donor

could be mediated by basic residues. To further our under-
standing of the NodZ reaction mechanism and of its functional
similarities with the eukaryotic al,2-/al,6-FucTs, we investi-
gated the role of the most conserved residues identified in the
catalytic domain of this large enzyme family. Threading anal-
yses strongly suggest the presence of a Rossmann fold in the
C-terminal part of the NodZ catalytic domain. Extensive pro-
tein sequence analysis coupled to mutagenesis allowed the
prediction of a role for some of the most conserved residues
present in this large protein family.

MATERIALS AND METHODS

Materials. GDP-fucose, ATP, and L-fucose were obtained from Sigma. Dowex
AG 1x8 resin (200 to 400 mesh; formate™ form) was from Bio-Rad. GDP-
[**C]fucose (310 mCi/mmol) was obtained from Amersham. The plasmid
pUCNZ, harboring the nodZ gene from Azorhizobium caulinodans, type strain
ORS571, was kindly provided by M. Holsters (Universiteit Gent, Ghent, Bel-
gium). The chitooligosaccharide (GlcNAc)s was a gift from E. Samain (CER-
MAYV, Grenoble, France). Oligonucleotides for PCR were purchased from Cy-
bergene (St-Malo, France).

Subcloning of NodZ into an E. coli expression vector. The 987-bp open reading
frame (ORF) of NodZ was amplified by PCR from the plasmid pUCNZ with the
forward primer (5'-ACTGGGATCCTATAACTCTGCCTGTCCTG) and the
reverse primer (5'-ACTCAAGCTTAACCGCTCGATGCGCC) to create
BamHI and HindlII restriction sites at each end of the gene. The PCR product
was obtained by using the Tag polymerase (Promega) in 30 cycles, with each cycle
comprising 45 s at 94°C, 1 min of annealing at 50°C, and 2 min of elongation at
72°C, and then was ligated to the T cloning vector pCRII (Invitrogen). The
resulting recombinant plasmid pCRNZ was used to transform Escherichia coli
XL1-Blue cells (Stratagene). Recombinant clones were identified by restriction
analysis and subsequently verified by DNA sequencing. A 992-bp fragment was
excised from a suitable clone with BarmHI and HindIIl and cloned into the
BamHI/HindIII sites of the expression vector pET29a to give the plasmid pET-
NodZ. By using this expression system, the recombinant enzymes are produced
as an N-terminal fusion with the S-Tag.

Site-directed mutagenesis. Mutant forms of NodZ were prepared by using the
plasmid pET-NodZ as the template. PCR-based mutagenesis (QuikChange site-
directed mutagenesis kit; Stratagene) was used for all mutations. The primers
used to create mutants of NodZ are described in Table 1. All of the recombinant
plasmids were propagated into XL1-Blue cells. The entire gene was sequenced to
confirm the desired mutation and to check PCR fidelity.
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Expression of recombinant enzymes. E. coli BL21(DE3)/pLysS cells were used
for expression of recombinant native and mutated NodZ. Cells transformed with
pET29a were used as control. A total of 50 ml of fresh Luria-Bertani medium,
containing 30 pg of kanamycin/ml and 34 pg of chloramphenicol/ml, was inoc-
ulated with 0.5 ml of an overnight preculture and incubated at 37°C. Optimal
protein production was achieved by induction with 0.1 mM IPTG (isopropyl-B-
D-thiogalactopyranoside) when the cultures had reached an optical density at 600
nm of 0.8, and incubation was continued overnight at 30°C. Cells were harvested
by centrifugation, washed once with phosphate-buffered saline, resuspended in 5
ml of chilled 20 mM HEPES (pH 7), and broken by three passages through the
French press (18,000 Ib/in?). Cell extracts were cleared by centrifugation
(50,000 X g, 30 min, 4°C), and supernatants were divided into aliquots and stored
at —80°C until they were used.

Western blot analysis. Recombinant enzymes were detected by Western blot
analysis. Proteins were separated on sodium dodecyl sulfate-10% polyacryl-
amide gels and electrotransferred to a polyvinylidene difluoride membrane (Pall
Gelman Laboratory). The presence of the S-Tag epitope was probed by using the
S-Tag Western blotting kit with alkaline phosphatase S-protein conjugate (No-
vagen) according to the manufacturer’s instructions.

Fucosyltransferase assays. The fucosyltransferase activity of NodZ and mu-
tants was assayed by a modification (8) of the method of Prieels et al. (44).
Standard reactions were conducted at 27°C for 15 min in a final volume of 50 pl
in the presence of 50 pM GDP-fucose, 110,000 cpm of GDP-['*C]fucose, 5 mM
acceptor (GlcNAc)s, 10 mM MgCl,, 1 mM ATP, and 10 mM L-fucose in 20 mM
HEPES-NaOH (pH 7). The reaction was initiated by addition of cell extract and
stopped by the addition of 1 ml of a mixed bed resin slurry AG 1-X8 (1:4 [wt/vol]
in water). Samples were vortexed, centrifuged, and washed once more with 600
wl of water. Supernatants (2 X 600 pl) were pooled, and the radioactivity was
measured by scintillation counting. Parallel control reactions were performed in
the absence of acceptor. An apparent K,,, value for GDP-fucose was obtained by
using 8 to 200 uM GDP-fucose with 5 mM acceptor and, for the acceptor, by
using 0.1 to 10 mM (GlcNAc)s with 100 pM GDP-fucose. The metal cation
requirement of recombinant NodZ was assessed by performing reactions in the
presence of 10 mM concentrations of various divalent cations or EDTA. Product
of the enzyme reaction was identified in preliminary experiments by thin-layer
chromatography as described elsewhere (46).

Sequence analysis. Protein sequences were retrieved from GenBank and pro-
tein data banks and analyzed by using BLAST programs (1), LALIGN (25) and
CLUSTALW (55). The accession numbers (from GenBank/EBI Databank) for
the selected peptide sequences displayed in the multiple sequence alignment are
as follows: M35531 (human, H), U17894 (human, Se), U80026_2 (Caenorhabditis
elegans, CE2FT-1), U46859_3 (Yersinia enterocolitica, WbcH), AF076779 (H.
pylori, FucT2), AF154111_1 (Arabidopsis thaliana, AtFT1), D89289 (human,
FucT-VIII), AF022968_5 (C. elegans, D), and L18897_8 (Azorhizobium caulino-
dans, NodZ). Secondary structure predictions were obtained with programs
available at the NPS@ server (12) and the JPred server (14), starting from either
a single peptide sequence or a multiple sequence alignment. The sensitive hy-
drophobic cluster analysis (HCA) method was used to compare protein se-
quences with very low level of sequence identity (10). HCA is a graphical method
based on the detection and comparison of hydrophobic clusters that are pre-
sumed to correspond to the regular secondary structure elements constituting
the architecture of globular proteins. Plots were obtained from the Drawhca
server (http://www.Imcp.jussieu.fr/~soyer/www-hca/hca-form.html). Fold recog-
nition analyses were performed with the program ProFIT that is based on an
energy-function potential (ProCeryon package, King’s Beech Biosoftware Solu-
tion) (20, 50). All runs were carried out with the default settings and by scanning
the database of 3D structures provided with the program as well as a homemade
3D database that comprised all of the known carbohydrate- and nucleotide-
interacting proteins (~150 protein structures). Protein sequences selected for
the fold recognition analysis are those displayed in the multialignment in Fig. 1A
(see above). Eight a3-FucT sequences were also included: the human FucT-IIT
(X53578), FucT-IV (M58596), and FucT-VII (X78031); mouse FucT-IX
(AB015426); H. pylori FucTA (AF194963); C. elegans CEFT-1 (Z466497_3);
Schistosoma mansoni FucT-A (AF183577); and mung bean FucT-C3 (Y18529).
The transmembrane and stem regions of eukaryotic sequences were deleted. For
each sequence, the 10 first best scores were taken into consideration, and they
were given a value ranging from 10 (first score) to 1 (tenth score). The selected
folds were those giving the highest score upon addition of individual values
obtained for the most representative protein members of each FucT group.
Information about protein fold type was extracted from the SCOP database (33).
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RESULTS AND DISCUSSION

Identification of conserved residues in NodZ. NodZ is a
358-amino-acid protein with no predicted transmembrane do-
main. Despite a lack of overall sequence identity, we have
previously demonstrated that NodZ displays similarities with
other al,2- and al1,6-FucTs from prokaryotic and eukaryotic
origin, suggesting a common origin (7, 36). The recent cloning
of plant al,2-FucT genes introduced further divergence that
led us to refine our sequence analysis. Since BLAST searches
with known a1,2- and a1,6-FucT protein sequences yielded ca.
100 entries (of these entries, ~90% encode known or putative
al,2-FucTs), we selected the most representative protein
members of each group, namely, six al,2-FucTs and three
al,6-FucTs, to generate the multiple sequence alignment dis-
played in Fig. 1A. The criterion for selection was to include the
more divergent sequences originating from animal, bacteria,
and plants. Of particular interest is the presence of the highly
conserved peptide motif present in the central part of the
catalytic domain of these enzymes (motif I [Fig. 1]). Although
less conserved, a second region of similarity was also identified
(motif IT). Reexamination of all of these sequences allowed the
identification of a third conserved region at the C terminus that
is shared by all of the «1,2- and «1,6-FucTs (motif III). All of
these motifs display significant similarities that are clearly ev-
idenced by the bidimensional HCA method. This unconven-
tional method has proven to be particularly sensitive for de-
tecting similarities in protein sequences sharing low levels of
sequence identity (10). Interestingly, the newly cloned plant
al,2-FucTs, although catalyzing a similar reaction as the mam-
malian «l,2-FucTs, display much more similarities with the
bacterial al,6-FucTs (NodZ), as judged from the HCA plot
comparison (Fig. 1B). This observation further supports the
hypothesis of a common genetic origin for all of these enzymes.
It is striking to note that the similarities cover almost all of the
catalytic domain of NodZ. In addition to the three above-
mentioned motifs, NodZ proteins display two other regions of
similarity with the plant a1,2-FucT sequences (motifs a and b),
which are located at the N-terminal side of the catalytic do-
main. Motif a, which is particularly well conserved, is also
partially present in a putative al,2-FucT, WbcH, from Y. en-
terocolitica (data not shown). However, we failed to detect
motif a in other protein members of the large al,2/al,6-FucT
family. From the revised sequence alignment presented in Fig.
1, a few residues were considered as good candidates for site-
directed mutagnesis experiments. Extensive sequence analysis
(including all of the known sequences) revealed the presence
of a unique invariant arginine residue located in motif I (R182
in NodZ) and a conserved acidic position in motif ITI. We have
therefore postulated a role for this basic residue in the transfer
reaction, more precisely in donor substrate binding, since the
common feature of all of these enzymes is the use of the same
nucleotide sugar. Two residues in motif I, which correspond to
amino acid positions specific to NodZ proteins (H183 and
N185), and the conserved acidic position in motif IIT (D275)
were also selected. Conservative and nonconservative muta-
tions were done to evaluate the functional importance of the
selected residues.

Characterization of native and mutant forms of NodZ ex-
pressed in E. coli. The entire NodZ ORF was cloned into the
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I IT ITI

a2-FucTs

h - H ARGDYLO<26 >HEAPVEVVISNGMEWCKENID<14 >ATPWKBFALLTOENHTIME . . . IGTEGFWAAYLAGG
h - Se RGDYVH<26>YSSLIFYVTSNGMAWCRENID< 14 >GSPAKDFALLTOCNHTIMT . . . IGTEGIWAAYLTGG
Ce- CE2FT1 GDYVN<22>HPGLYYLISDDP . KWWRKQIA<16>NAATIRDLYFSQAHCDSYLITAPSETEGWNIGYMSKN
Ye- WbcH AIEDFIGIMCEQODYILS. . . GETFSWRAAILNGN
Hp- FucT2 DYVG<21>PNMELEVFCED LKFT.QNLD<14>EEAYWDMLLMOSCKHGIIA. ..NSTYSWWAAYLMEN
At- AtFT1 360-K FDEDP<35>PKHKAVLVTSLNAGYA. ENLK<33>GKALAEMYLLSLSDNLVTS . . ARSTEGYVAQGLGGL
o6-FucTs ,

h - FucTVIII RTDKVG<28>DKKRVYLATDDP . SLLKEAKT <28 >RGVILDIHFLSQADFLVCTF . . SSQVERVAYEIMQT
Ce- D RTDKVG<29>LERRIFIASDDP . TVVPEAKN<28>MGYITDIYILSKVNYLYCTF . . SSQVCRMGYELRQP
Ac- NodZ GNGED<31>RSTKIFLCTDSP . AVSEWFRR<30>VAALVBMOLLSREDVLIRY . PPTSAFSRWPSLLVER

B.

T

FIG. 1. Protein sequence analysis of a1,2- and «1,6-fucosyltransferase sequences. (A) Sequence alignment of the three most conserved regions
(I, 11, and III) present in all a1,2- and a1,6-FucTs. The only invariant arginine residue is indicated in white on a black background. Similar amino
acids significantly present in both fucosyltransferase groups are shaded in gray (groups of similar residues are defined as follows: AILMV, FWY,
DENQ, RHK, and CST). Residues of NodZ that have been mutated in the present study are indicated by arrows. Accession numbers for the
selected peptide sequences are given in Materials and Methods. Abbreviations: Ac, Azorhizobium caulinodans; At, Arabidopsis thaliana; Ce, C.
elegans; h, human; Hp, H. pylori; Ye, Y. enterocolitica. (B) HCA comparison of NodZ and AtFT1. The protein sequences are written on a duplicated
a-helical net, and the contour of clusters of hydrophobic residues is drawn. The one-letter code for amino acids is used except for Gly, Pro, Ser,
and Thr, which are represented by diamonds, stars, squares with solid dots, and open squares, respectively. The five best-conserved regions have
been boxed. Residues that are strictly invariant in all NodZ proteins and plant a2-FucTs are indicated in white on a black background, and those

that are highly conserved are shaded in gray.

expression vector pET29a to create pET-NodZ. In order to
facilitate the detection and further purification of the recom-
binant protein, NodZ was produced as an N-terminal fusion
with the S-Tag epitope. Cell fractionation studies demon-
strated that with the E. coli BL21(DE3)pLysS cells, the recom-
binant protein was expressed for the most part (~90%) as an
active and soluble form in the cytoplasm, whereas the remain-
ing fraction that is recovered either as inclusion bodies or
membrane associated is totally inactive (data not shown).
Many glycosyltransferases exhibit an absolute requirement
for divalent metal cation to be active. However, the mamma-
lian al,6-fucosyltransferases were shown to be insensitive to
metal cations (59, 64). Therefore, the effects of EDTA and
various cations on NodZ activity were investigated. The NodZ
activity was assessed by using as an acceptor a penta-chitin-
oligosaccharide substrate since it was previously found to be

more effective than the lipo-chitin oligosaccharides (46). The
results given in Fig. 2 clearly show that NodZ is fully active in
the presence of 10 mM EDTA, and only a slight stimulation of
enzyme activity was observed for certain divalent cations such
as Mg?" and Ca®". The characteristics of NodZ are therefore
very similar to those of the mammalian «1,6-FucTs and are
indicative of metal-independent donor substrate binding.

As seen in Fig. 3, eight of the nine mutants were produced
at levels equivalent to the native enzyme in the cytoplasm of E.
coli. However, one mutant (D275A) was poorly expressed. In
region I, the substitution of the invariant basic residue R182 by
either alanine (A), lysine (K), or aspartic acid (D) resulted in
a complete loss of enzyme activity. These results indicate that
the invariant R182 is crucial for enzyme function and that both
the positive charge and the size of the side chain are necessary
for activity. The conserved acidic position in motif III (D275)
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FIG. 2. Effects of EDTA and divalent cations on NodZ activity.
Fucose transfer activity of NodZ was determined in the presence (gray
bars) or in the absence (white bars) of the (GIcNAc)s acceptor as
described in Materials and Methods. EDTA or the different divalent
cations were added at a final concentration of 10 mM. Each value
above a bar indicates the percent enzyme activity relative to the control
with no additive and is the average of at least three independent
determinations.

Activity (kepm)

is also crucial for enzyme activity since its replacement into the
corresponding amide form (D275N) completely abolished en-
zyme activity. Mutants HI83A and H183R exhibited very low
but significant levels of activity relative to the native enzyme
(0.3 and 5%, respectively). Interestingly, if the mutation
N185A resulted in a dramatic decrease in NodZ activity, with
only 0.1% of the level of the wild-type enzyme, the mutation
N185D yielded a completely inactive enzyme. Our data suggest
that these two amino acids (H183 and N185), which are ob-
served only in NodZ proteins, cannot be replaced by residues
that are present in the mammalian «l,2- and al,6-FucTs. A

100.

-
o

Relative activity (%)

o
—

Native
R182A
R182D
R182K
H183A
H183R
N185A
N185D
D275A
D275N

[

FIG. 3. Enzyme activity and expression levels of native NodZ and
mutants. NodZ was mutated at positions indicated in the legend to Fig.
1. The yield of recombinant protein was determined by Western blot-
ting after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(lower panel). Cell extracts were adjusted to give equivalent amounts
of native and mutant enzymes for enzyme assays. Fucosyltransferase
activity of mutants (gray bars) is expressed relative to the native en-
zyme (black bar). Values are the averages of at least three determi-
nations.
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TABLE 2. Kinetic parameters for the native NodZ and H183R

mutant
GDP-Fuc (GIcNAc)s
Nodz g Vimax K,
(M) (nmol/min/ml) (mM) (nmol/min/ml)
Native 30 20.02 1.54 1.01
HI183R 26 0.73 232 0.065

possible explanation is that these amino acids have evolved to
fulfill functions that are more specific to the NodZ subfamily.

Kinetic analysis of the native and mutant enzymes. Kinetic
parameters for the donor and acceptor were measured for the
native enzyme and for the only mutant that retained enough
enzyme activity (H183R). The apparent K,,,s for GDP-fucose
and the acceptor (GlcNAc)s of native NodZ are 30 uM and
1.54 mM, respectively (Table 2). Rather similar apparent K,,,
values have been obtained with the mutant H183R. Therefore,
the decrease in activity can be attributed only to a V,,,, effect.
These data indicate that a basic residue in this position in
NodZ is required for enzyme activity, with a His residue pro-
viding higher intrinsic activity. Therefore, His-183 does not
directly participate in donor or acceptor substrate binding, but
presumably it has a more complex function either by partici-
pating in catalysis or by maintaining an active enzyme confor-
mation.

Recently, the roles of some of the most conserved residues
in motif I of human «1,6-FucT have been explored by using a
similar approach (54), and it was shown that the replacement
of the invariant Arg (R365 in the human enzyme) by Ala or Lys
led to a complete loss of enzyme activity. Also, substitution of
the neighboring R366 (corresponding to H183 in NodZ) by
Ala and Lys resulted in a decrease in activity to ca. 3% of the
level of the wild type. These results are consistent with those
obtained in the present study with NodZ. However, in striking
contrast, the kinetic data of Takahashi et al. (54) showed that
the replacement of R366 by Ala or Lys significantly alters the

apparent K,,, values for both the donor and acceptor and also
the K., app determined by varying the GDP-Fuc concentration.

The data obtained with the human enzyme are in favor of a
direct participation of R366 in sugar donor binding. These
observations suggest that subtle differences probably occur in
the active sites of these two enzymes in a way to accommodate
the donor substrate.

Prediction of the fold of NodZ and related enzymes. In the
absence of a crystal structure of any related protein, protein
sequence analysis and mutagenesis studies constitute alterna-
tive approaches to provide insights into the structure-function
relationships of fucosyltransferases. From this work and pre-
vious studies (7, 19, 36, 54), it is now clear that all «1,2- and
al,6-FucTs constitute a large protein family sharing structural
similarities on a large part of the catalytic domain. The o3-
FucTs constitute a homogeneous and distinct group showing
no sequence similarity with the a2- and a6-FucTs. Comparison
of all of the known a1,3-FucT sequences revealed the presence
of a highly conserved motif located in the C-terminal half of
the catalytic domain (7, 30, 36). This motif comprises a few
invariant residues, namely, one Lys, two Glu, and two aromatic
residues. However, little is known regarding the role of these
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TABLE 3. Fold prediction results for the different fucosyltransferase families

Score”

PDB code Protein Class” Description” Reference
al,3-FucT «l,2/1,6 FucT

1C3J 35 30 BGT (B-GlIcT) o/ Three-layer o/B/a sandwich 60
(Rossmann fold; B-sheet)

1CTN - 14 Chitinase A o/ TIM /o barrel 40

1DEA 19 15 Glucosamine-6-phosphate deaminase o/B Three-layer o/B/a sandwich 35
(Rossmann-like; B-sheet)

1DPG 8 16 Glucose-6-phosphate dehydrogenase o/B Domain 1: Rossmann fold 48

atB Domain 2: two-layer sandwich

(mixed B-sheet)

1ETU 9 23 Elongation factor TU o/B Three-layer o/B/a sandwich 26
P-loop containing NTP
hydrolases (mixed B-sheet)

1FOK 21 10 MurG (B-GIcNAcT) o/B Three-layer o/B/a sandwich 24
(Rossmann fold)

1GKY 19 6 Guanylate kinase o/B Three-layer o/B/a sandwich P- 53
loop containing NTP hydrolases

10G8 23 7 SpsA (hypothetical glycosyltransferase) o/B Three-layer o/B/a sandwich 11
(mixed B-sheet)

1UAG 13 7 MurD (UDP-N-acetylmuramoyl-L- o/B Three-layer o/B/a sandwich 2

alanine:D-glutamate ligase)

(mixed B-sheet)

“ Statistical analysis was performed as described in Materials and Methods. The best significant scores for each FucT family are in boldface. —, not predicted.
® Class and description of the fold are extracted from the SCOP database (33). TIM, triosephosphate isomerase; NTP, nucleoside triphosphate.

conserved residues. It was recently demonstrated for a human
enzyme that the invariant Lys residue in the conserved al,3-
FucT motif is probably involved in GDP-fucose binding (49).
In a previous study (6), Breton et al. proposed, based on HCA
and threading analyses, that all fucosyltransferases share, at
least partially, a similar topology and postulated the presence
of a “Rossmann-type” nucleotide binding domain within the
catalytic domain, similar to the one present in a B-glucosyl-
transferase (BGT) from phage T4 (60). It must be noted that
the BGT was at that time the only available glycosyltransferase
crystal structure. In the past 2 years, seven new crystal struc-
tures of glycosyltransferases, which use various UDP-sugars as
a donor, have been determined (11, 21, 22, 24, 39, 43, 58).
Interestingly, comparison of crystal structures reveals that gly-
cosyltransferases are probably comprised of an unexpected
small number of protein folds. Although they belong to differ-
ent glycosyltransferase families showing no primary sequence
identity, the various 3D structures reported so far share, par-
tially, a common structural feature: a similar class of fold
consisting in a three-layer o/B/a sandwich that resembles the
“Rossmann fold” (5, 57).

In the light of these new crystallographic data, fucosyltrans-
ferase sequences were reexamined by using fold recognition
methods. The program ProFIT (ProCeryon package) was used
throughout this study (20, 50). Representative protein mem-
bers of each FucT group (six a2-FucTs, three a6-FucTs, and
eight a3-FucTs) were selected for the fold recognition analysis.
Selection was made to include the more divergent protein
sequences originating from mammals, invertebrates, bacteria,
and sometimes plants. Statistically, the protein folds that gave
the best scores by using the various FucT sequences are given
in Table 3. Results were obtained by using a homemade data-
base which contained ca. 150 protein folds, all of which are
carbohydrate and nucleotide interaction proteins. These data
strongly indicated that all fucosyltransferases share an o/p fold
(also confirmed by using various secondary structure predic-

tion methods) that most probably consists of the standard
three-layer «/B/a sandwich. This type of fold occurs in many
nucleotide binding proteins as well as in the known glycosyl-
transferase structures. The three-layer o/B/a sandwich was also
given as a highly probable fold for most FucTs when the basic
PDB-derived database supplied with the ProCeryon package
was used. It is striking that among the selected folds, three
correspond to glycosyltransferases (BGT, MurG, and SpsA).
From these results, the BGT fold (PDB code 1C3J) still ap-
pears to be the most probable one since it was given the highest
score for the a1,2- and a1,6-FucT peptide sequences. Interest-
ingly, it is also given as the most probable fold for the al,3-
FucT group.

If we assume that fucosyltransferases share a Rossmann fold
in their catalytic domain, the next step consists in predicting its
location. The three best-conserved regions that were identified
in all a1,2- and «al1,6-FucT sequences probably constitute an
essential part of the active site. In addition, since enzymes of
this large family have only in common the use of the same
sugar donor, a role for the invariant Arg residue in GDP-
fucose binding can reasonably be postulated. Threading meth-
ods have become more reliable for the detection of remote
evolutionary relationships and particularly for recognizing the
correct fold. However, if high-scoring sequences may be cor-
rectly aligned with their corresponding target profiles, most
often the threading alignments provided are of poor quality.
As for NodZ, because the sequence-structure alignment does
not seem satisfactory, we used a combination of HCA and
secondary structure predictions in order to produce the best
sequence alignment between NodZ and the target protein
model (BGT). When all of the information (conserved motifs,
site-directed mutagenesis, secondary structure elements, etc.)
is managed effectively, we can expect the prediction to be more
accurate.

As shown in Fig. 4A, the region in NodZ sequence that is
predicted to correspond to the nucleotide binding domain cov-
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FIG. 4. Secondary structure predictions and topology diagram of the nucleotide binding domain of NodZ. (A) Schematic representation of
NodZ showing the location of the three best-conserved regions (I to III). Structurally conserved regions (B-strands and a-helices) between BGT
and NodZ were determined by combining results from secondary structure predictions and HCA analysis; they are shaded in gray in the sequence
alignment. Residues in boldface are proposed to interact with the donor sugar GDP. (B) Topology diagram (Rossmann fold) deduced from the
C-terminal domain of the BGT crystal structure (60), showing the locations of the two residues of NodZ (R182 and D275 in bold in Fig. 4A).
B-Strands are represented as broad arrows, and a-helices are represented as cylinders.

ers a large part of the C-terminal half of the catalytic domain
of NodZ and comprises the three best-conserved regions (I, II,
and III). The structurally conserved regions corresponding to
the secondary structure elements that form the protein core of
this domain have been determined by using the above-men-
tioned methods. In the proposed model, the nucleotide bind-
ing domain in NodZ is composed of a six-stranded parallel
B-sheet (order 321456) flanked by at least three a-helices (Fig.
4B). By analogy to the BGT and from the present mutagenesis
results, two residues of NodZ are proposed to interact with
GDP-fucose: (i) the invariant R182, which makes direct con-
tacts with the phosphate groups, and (ii) D275, which possibly
interacts with the ribose ring. Since acidic residues are the
prime candidates to act as catalytic residues and also because
its replacement by alanine or asparagine led to a totally inac-
tive enzyme, a direct role in the catalysis of the residue D275
is conceivable.

In the absence of an experimental 3D structure, site-directed
mutagenesis combined with theoretical approaches (HCA and
fold recognition) have shed light on the possible nucleotide
donor recognition mode for fucosyltransferases. It is postu-
lated that for NodZ and related proteins, the interaction with
the nucleotide donor is mediated by basic and acidic residues,
in a way similar to what is observed in the crystal structure of

the BGT in complex with UDP. The proposed model may
contribute to a better understanding of the molecular mecha-
nisms underlying substrate specificity of this class of glycosyl-
transferases.
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