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Crystal Structure of the Bacterial YhcH Protein Indicates a Role in
Sialic Acid Catabolism
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The yhcH gene is part of the nan operon in bacteria that encodes proteins involved in sialic acid catabolism.
Determination of the crystal structure of YhcH from Haemophilus influenzae was undertaken as part of a
structural genomics effort in order to assist with the functional assignment of the protein. The structure was
determined at 2.2-Å resolution by multiple-wavelength anomalous diffraction. The protein fold is a variation
of the double-stranded �-helix. Two antiparallel �-sheets form a funnel opened at one side, where a putative
active site contains a copper ion coordinated to the side chains of two histidine and two carboxylic acid
residues. A comparison to other proteins with a similar fold and analysis of the genomic context suggested that
YhcH may be a sugar isomerase involved in processing of exogenous sialic acid.

Sialic acids (Sias) comprise a family of about 40 derivatives
of the nine-carbon sugar neuraminic acid (56). The most wide-
spread form of Sia is N-acetylneuraminic acid (Neu5Ac), which
has an acetylated amino group at C-5. The hydroxylated form
of Neu5Ac, N-glycolylneuraminic acid, is also common in
many animal species (29, 39). Sias are usually located at the
end of a glycan chain in vertebrate glycoconjugates and are
involved in molecular and cellular recognition. Thus, the im-
mune system can distinguish between self and nonself struc-
tures according to their Sia patterns. Sias as components of the
capsular polysaccharide in pathogenic bacteria not only mask
the organisms from the immune system of the host but also
provide the means of host cell recognition.

Sia catabolism in bacteria involves cleavage of cell surface
glycoconjugates by sialidases, transport of free Sia molecules
through the membrane, and degradation of the molecules to
N-acetylmannosamine and pyruvate through the action of
Neu5Ac aldolase (lyase) (59). N-Acetylmannosamine is then
phosphorylated by a specific kinase and isomerized to
N-acetylglucosamine 6-phosphate, which enters the amino
sugar metabolic pathways. Sia thus can serve as the sole carbon
or nitrogen source in bacteria and as a source of amino sugars
for cell wall synthesis (45).

In many bacteria the genes involved in Sia catabolism form
an operon (59, 60). In Escherichia coli the operon includes the
nanATEK-yhcH genes coding for the aldolase, the transporter,
the epimerase, the kinase, and a protein with an unknown
function, respectively. Expression of the operon is controlled
by a repressor protein encoded by the upstream gene nanR

(31). Since the discovery of Sia catabolism in E. coli (60), the
pathway has also been described in Clostridium perfringens (61)
and Haemophilus influenzae (58). The complete bacterial
genomic DNA sequences revealed that nan systems are
present in diverse species, including gamma-proteobacteria,
clostridia, streptococci, staphylococci, and fusobacteria (59).

In this study, we focused on the uncharacterized protein
encoded by the yhcH gene of H. influenzae. This protein
emerged as a target in a structural genomics project aimed at
the functional assignment of proteins through determination
of their three-dimensional structures (17). It is highly ex-
pressed in H. influenzae and E. coli cells growing in rich me-
dium (33, 34). The YhcH homologs are present in gram-neg-
ative and gram-positive bacteria but not in archaea or
eukaryotes. No functional information for this protein family
has been available, other than that one of its members, E. coli
EbgC, showed up as a subunit of an experimentally evolved
beta-galactosidase (18). Although this observation did not pro-
vide any direct clue to the protein function in vivo, it has been
used for functional assignment in the Swiss-Prot and COG
databases (5, 52). In contrast, the Pfam database (6) lists YhcH
homologs as members of the Domain of Unknown Function
(DUF386) protein family.

The YhcH protein was cloned and expressed, and the crystal
structure was determined at 2.2-Å resolution. Analysis of the
structure and of the genome context suggested that YhcH may
function as a copper-dependent sugar isomerase. A possible
role in Sia catabolism may involve the processing of exogenous
glycolated neuraminic acid.

MATERIALS AND METHODS

Cloning, expression, and purification. The YhcH (HI0227) gene was cloned by
PCR, using genomic H. influenzae DNA as a template, into the pET15b vector
(Novagen) and was expressed in E. coli strain B834(DE3). The cells were grown
in LB medium supplemented with 100 �g/ml ampicillin until the A600 reached
0.8, when expression was induced with 1 mM isopropyl-�-D-thiogalactoside. The
cells were harvested after 4 h, suspended in 20 mM Tris-HCl, pH 8.4, and lysed
in a French press at 8,000 lb/in2. The soluble extract was applied to a Poros HQ50
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anion-exchange column equilibrated with the same buffer. The flowthrough was
collected, examined by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate, dialyzed against 20 mM 4-morpholinolineethanesulfonic
acid (MES), pH 5.5, and applied to an HS20 cation-exchange column. The
protein was eluted in an NaCl gradient, concentrated to 12 mg/ml, and dialyzed
against 50 mM Tris-HCl, pH 7.5, 0.1 mM dithiothreitol, 0.1 mM EDTA. The
yield was 65 mg from 3.4 g cells obtained from a 3-liter culture. The molecular
mass measured by matrix-assisted laser-desorption ionization spectrometry
(17,663 Da) was consistent with the molecular mass calculated from the amino
acid sequence (17,670 Da).

Equilibrium sedimentation. The oligomeric state of the protein was investi-
gated by equilibrium sedimentation ultracentrifugation. The data were collected
at 25°C and 4°C in 50 mM Tris-HCl, pH 7.5, 0.1 mM dithiothreitol, 0.1 mM
EDTA buffer at a range of concentrations (0.1 to 2.2 mg/ml) and rotor speeds.
The data were fitted to an ideal single-species model. No attempt to model a
mixture of oligomeric states was made.

Crystallization and structure determination. YhcH crystals were grown by the
vapor diffusion hanging drop method at room temperature from 0.1 M HEPES,
pH 7.5, 25% polyethylene glycol 4000, 1 M sodium acetate. These crystals belong
to space group P21 with the following unit cell parameters: a � 41.9 Å, b � 153.9
Å, c � 53.8 Å, and � � 112.9°. There are four polypeptide chains in the
asymmetric unit with a solvent content of 45%. For X-ray data collection, the
crystals were flash-frozen in liquid propane in the crystallization solution.

The structure was solved by the two-wavelength anomalous diffraction method
(MAD) using a mercury derivative. Crystals were soaked in 2 mM KHgSCN
overnight and appeared to be nonisomorphous compared to the native crystals
(R-merge � 44.3%) with unit cell deviations of up to 3% (a � 43.1 Å, b � 152.3
Å, c � 53.4 Å, � � 113.6°). The 2.6-Å diffraction data for the derivative and the
2.2-Å data for the native crystal (Table 1) were collected on the IMCA-CAT
beamline at the Advanced Photon Source (Argonne, IL) equipped with a MAR
charge-coupled device detector. The following programs were used: HKL2000
(43) for data processing, SnB (37), MLPHARE (42), and DM (13) for phasing,
O (30) for model building, and REFMAC (40) for refinement. The atomic model
was built into the MAD-phased electron density and refined against the Hg
derivative data. It was used for further refinement against the native data at
2.2-Å resolution. No noncrystallographic symmetry restraints were applied to the
four independent protein molecules. The refinement statistics are shown in
Table 1. Water molecules were added at the (Fo-Fc) electron density peaks using
a cutoff level of 3�. The same native crystal was used for an X-ray fluorescence
absorption experiment at the copper edge (wavelength, 1.3804 Å). A complete
data set was collected at the peak wavelength (1.3766 Å) and used for anomalous
Fourier calculations. Programs from the CCP4 suite (12) were used for crystal-
lographic calculations, CLUSTALW (53) and ESPRIPT (26) were used for

sequence alignment, and MOLSCRIPT (35) and RASTER3D (36) were used for
ribbon diagrams.

Protein structure accession codes. The atomic coordinates and experimental
data for the native protein and the mercury derivative have been deposited in the
Protein Data Bank under accession codes 1S4C and 1JOP, respectively.

RESULTS AND DISCUSSION

Molecular structure. The MAD-phased electron density
map allowed unambiguous modeling of the entire protein mol-
ecule, including the N- and C-terminal residues. The electron
density is weak for residues 53 to 60 and 135 to 141, which were
traced in only one of the four crystallographically independent
molecules. The atomic B-factors are relatively high even for
well-defined regions (around 30 Å2), which probably reflects
the degree of disorder of the crystal rather than the flexibility
of the protein molecule. This contention is supported by the
comparison of the protein monomers present in the asymmet-
ric part of the unit cell. The structures of these monomers are
essentially identical despite different crystal environments. The
monomers can be superimposed with a root mean square de-
viation of 0.22 to 0.31 Å for all C� atoms. The maximum
deviations do not exceed 1.3 Å. Clearly, the structure is not
influenced by crystal contacts.

The YhcH structure is composed of two antiparallel �-sheets
consisting of six �-strands each (Fig. 1A). The �-sheets form a
sandwich of a jelly roll type. One of the �-sheets is twisted by
almost 180°, as measured between the �-strands at the oppo-
site ends of the sheet. This leaves the �-sandwich open at one
end, so that the overall shape of the �-structure resembles a
funnel.

The YhcH fold is a variation of the double-stranded �-helix
that was given the name cupin (15). Cupins have two histidine-
containing motifs, originally designated GX5HXHX4EX6G
and GX5PXGX2HX3N, that correspond to strands �4/�5 and
�10/�11 of YhcH. In many cupin proteins these conserved

TABLE 1. X-ray data and refinement statistics

Parameter Hg peaka Hg edgea Native

Wavelength (Å) 1.0053 1.0087 1.1000
Resolution range (Å) 20–2.6 (2.65–2.6)b 20–2.7 (2.76–2.7) 20–2.2 (2.24–2.20)
Unique reflections 36,092 (1,951) 32,330 (2,079) 29,577 (1,033)
Completeness (%) 98.6 (97.2) 98.4 (95.1) 93.0 (64.4)
Redundancy 1.8 (1.8) 1.8 (1.8) 7.2 (2.3)
Rsym (��I-�I	�)/�I) 0.036 (0.142) 0.035 (0.112) 0.055 (0.090)
�I/�	 19.9 (4.6) 21.3 (6.2) 29.8 (6.2)
Fraction of refls with I
3� (%) 84.6 (57.3) 88.8 (64.9) 86.5 (71.4)
Rcryst (��F0�-�Fc�)/��F0�) 0.185 0.176
Rfree (5% data) 0.247 0.246
No. of protein atoms 4,508 4,758
No. of water molecules 78 154
RMSD in bonds (Å) 0.027 0.017
RMSD in angles (°) 2.8 1.9
Mean B-factor

Molecule A (Å2) 47.7 47.1
Molecule B (Å2) 52.1 52.0
Molecule C (Å2) 53.4 52.2
Molecule D (Å2) 56.3 55.3

B-factor from Wilson plot (Å2) 35.5 35.6

a Anomalous pairs not merged.
b The data in parentheses are the data for the highest-resolution shell.
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histidines bind the active site metal. Accumulation of new
sequences during the past few years has revealed that the
motifs are much less conserved than was first suggested (32).
Histidine residues in the first motif may be replaced by glu-
tamine, glutamate, or aspartate residues. Along with the se-
quence variability is the spectrum of metal ions employed by
these proteins. Fe2� has been found most frequently, although
Mn2�, Zn2�, Co2�, Ni2�, and Cu2� have also been detected.
Some proteins, such as the seed storage 7S proteins, do not
contain any metal at all despite the conservation of the three-
dimensional structure (32).

Cupins represent one of the most functionally diverse pro-
tein superfamilies (16, 32). 2-Oxoglutarate and Fe2�-depen-
dent dioxygenases constitute perhaps the largest group both in
terms of the range of species and in terms of the substrates.
Bacterial antibiotic synthases are the best-characterized mem-
bers of this group. Another group of cupins, according to the
SCOP database (41), includes germin-like seed storage pro-
teins (62, 63), oxalate decarboxylase (3), phosphoglucose and
phosphomannose isomerases (7, 11, 51), dTDP-4-dehydrorham-
nose 3,5-epimerase RmlC (10, 14, 24), and dioxygenases acting
on homogentisate (54), acireductone (46), and quercetin (21).
These are the proteins that exhibit the greatest structural sim-
ilarity to YhcH, as revealed by a DALI (27) search. Quercetin
2,3-dioxygenase (QDO) is ranked first, with the Z-score of 6.4.
The r.m.s. deviation between the superimposed structures is
1.9 Å for 85 common C� atoms when the “catalytic” N-termi-
nal domain of QDO is used. Curiously, the inactive metal-free
C-terminal domain of QDO fits YhcH better, with an r.m.s.
deviation of 1.6 Å for the same 85 C� atoms. The largest
deviations between the structures occur in the two loops that
are partially disordered in YhcH.

Oligomeric structure. Cupins typically form dimers that may
further assemble into hexamers. The dimer consists either of
two separate polypeptide chains or of topologically identical
domains within a single polypeptide. A common theme in
dimer formation is the incorporation of an N-terminal segment
of one subunit in the �-sheet of the other subunit. Such an
arrangement yields a symmetrical dimer with an extensive in-
terface. The active site of the cupin protein is located in the
crevice between the �-sheets. In the dimer, both active sites
remain accessible, although in some proteins (e.g., RmlC) the
N-terminal protrusion from the other subunit forms part of the
substrate binding site (24). There have been no reports on the
cooperativity of substrate binding in these oligomeric enzymes.

YhcH also exists in a dimeric form according to the equilib-
rium sedimentation data collected at 25°C and 4°C at pH 7.5.
The crystal structure reveals two tightly associated dimers in
the asymmetric part of the unit cell. The solvent-accessible
area buried upon dimerization is over 2,000 Å2, which is one-
quarter of the total surface area of the monomer. However, the
association of monomers in the YhcH dimer differs from that
in the typical cupin dimer. The interface is formed by �-strands
�1 and �9 at the narrow end of the �-funnel and their sym-
metry-related equivalents in the other molecule (Fig. 1A). The
twofold molecular symmetry yields a continuous �-sandwich
spanning the dimer. Besides the main chain hydrogen bonds
between the �-strands, there are a few other contacts that
include residues of the loop following �1. YhcH dimerization

FIG. 1. Crystal structure of YhcH. (A) Ribbon diagram of the
dimeric molecule of YhcH. �-Strands are represented by arrows and
are numbered consecutively. Cu ions are indicated by green spheres.
(B) Putative active site in subunit B of YhcH as viewed from the left
with respect to panel A. (C) Cu coordination in subunit A. The acetate
molecule is gray. Amino acids are labeled with their one-letter abbre-
viations. Cu coordination bonds are indicated by green lines, and the
hydrogen bond network is indicated by dashed magenta lines.
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leaves the putative active sites accessible from the opposite
ends of the dimer.

Metal binding. The YhcH molecule contains a cation bind-
ing site at the opening of the �-funnel. The ion in the native
crystal was identified as copper by using X-ray fluorescence
spectroscopy. Scanning the crystal in the appropriate X-ray
energy range revealed an absorption edge at 8,982 eV (1.3804
Å), which corresponds to the value for copper. The anomalous
signal from the data collected at a peak wavelength of 1.3766
Å confirmed the presence of the Cu ion in the structure. Since
copper was not added to the protein during purification and
crystallization, this result suggests that copper is the physiolog-
ical metal for YhcH.

The coordination of the Cu ion is different in the crystallo-
graphically independent molecules. In molecule B four resi-
dues (Glu63, His65, Asp70, and His130) and a water molecule
are involved in the metal coordination (Fig. 1B). Both carbox-
ylate groups are monodentate ligands so that the geometry can
be described as a distorted square pyramid. The bond lengths
are in the range from 1.9 to 2.2 Å for all ligands except Glu63,
which is 2.7 Å from Cu. In molecule A the electron density at
the solvent position is great enough to accommodate a four-
atom molecule. The ion was modeled as an acetate ion because
it was present at a high concentration in the crystallization
solution. The Cu-O distances for the acetate are 2.1 and 2.9 Å.
On the other hand, Glu63 in molecule A is farther away from
the metal, so that the Cu geometry is close to tetrahedral (Fig.
1C). In molecules C and D, the electron density is not so well
defined. It was modeled with the solvent position occupied by
water and Glu63 oriented away from the Cu ion. The observed
flexibility of Glu63 may have functional importance, as dis-
cussed below. It should be noted, however, that the difference
in Cu coordination may reflect the effect of partial chelation by
EDTA during protein purification. The structural differences
between the four subunits are primarily restricted to the coor-
dination sphere of the metal. There are no significant differ-
ences in the rest of the protein structure.

In proteins, copper has been observed in one of the two
oxidation states, Cu� or Cu2� (28). While Cu� is preferably
complexed by cysteine and methionine residues, Cu2� is li-
gated mostly by histidine, hydroxyl groups of serine, threonine,
or tyrosine residues, and water. From this point of view, the
likely species of the metal in YhcH is Cu2�.

Most cupins contain metal ions bound at the site observed in
YhcH. Typically, two or three amino acid ligands (one or two
histidines and a carboxylic acid) are located in a short stretch
of the sequence that matches strands �4 and �5. Another
ligand, which is invariably a histidine, may be separated by up
to 150 residues in the sequence but spatially comes from a
�-strand next to �4 (�11 in YhcH). The wide diversity of metal
ions and their coordination geometries in the cupins contribute
to the variety of reactions catalyzed by these enzymes. Inter-
estingly, QDO (21) is the only Cu-dependent enzyme in this
structural superfamily.

Comparison of the metal-binding sites in QDO and YhcH
revealed remarkable similarity between the two proteins. First,
the geometry of the site is the same. The amino acid ligands of
Cu2� in QDO, His66, His68, Glu73, and His112, match the
YhcH ligands Glu63, His65, Asp70, and His130, respectively.
These ligands are associated with the same secondary struc-

tural elements in both proteins. Second, QDO is the only
known protein with carboxylate ligation of a Cu ion. Therefore,
YhcH is possibly the first example of double carboxylate liga-
tion. Third, the alternate conformations of the glutamate li-
gand have been observed in both structures. In apo-QDO, the
metal is predominantly bound in a tetrahedral geometry by
three histidines and a water molecule (21). In complexes with
substrates and substrate analogs, Cu2� is pentacoordinated
with Glu73 bound to both the metal and the substrate (50). In
YhcH different coordination states are observed in one crystal.
In the apo form represented by molecule B, Cu2� is bound by
all four protein groups and a water molecule. When an acetate
ion replaces a water ligand, Glu63 leaves the coordination
sphere of Cu2�. Thus, in both proteins the metal coordination
is sensitive to the presence of an exogenous molecule, and the
glutamate ligand follows this rearrangement, albeit in opposite
ways.

Amino acid sequence analysis. A BLAST (2) search in com-
bination with a PROSITE (4) search using Cu-coordinating
residues as a template identified over 40 YhcH homologs.
These homologs are widely represented in gamma-proteobac-
teria as well as in streptococci, clostridia, and Mollicutes. No
homologs have been found in archaea and eukaryotes. The
levels of amino acid identity in the family range from 88%
(between Salmonella enterica serovar Typhi STY4129 and
Klebsiella oxytoca YiaL) to 18% (between S. enterica serovar
Typhi STY4129 and Mycoplasma pulmonis MYPU6600).
Three groups of highly conserved residues can be identified
from the sequence alignment (Fig. 2). One group includes
Glu63, His65, Asp70, and His130 involved in Cu2� coordina-
tion. Another group includes residues that are likely important
for the stability of the three-dimensional structure. These res-
idues are Gly37 preceding �2, Gly77 in the loop between �5
and �6, Asp101 H bonded to the amino groups of the �4-�5
loop, and Pro126 in the �10-�11 loop. All of them are located
in loops providing the necessary conformational flexibility (gly-
cine) or rigidity (proline) at the sharp turns of the polypeptide
chain. Asp101 stabilizes the reverse turn between �4 and �5
through hydrogen bonds to the main chain amino groups. The
proper fold of this fragment is particularly important as it
supports the conformation of the metal binding site.

Quite unusually, the position of Met1 is conserved in the
alignment, indicating the importance of the length of the N-
terminal �-strand. Strand �1 is part of the dimer interface, and
the exact position of the N terminus may influence the dimer-
ization of the protein.

There are three other strictly conserved residues (Glu79,
Lys145, and Lys149) that are located close to the metal binding
site and may therefore be functionally important. Together
with Gln72 they form a network of H-bonded side chains that
connects the Cu2�-bound carboxylate of Asp70 with the sol-
vent-inaccessible carboxylate of Glu79 located deep in the ac-
tive site cavity (Fig. 1B). Gln72 is replaced by a histidine in
some members of the family, while it retains the ability to be
part of the network. The buried position of Glu79 surrounded
by hydrophobic residues implies its basic character and sug-
gests that the network may function as a relay system.

Some bacteria possess several genes coding for the YhcH
homologs. E. coli, for instance, has three such paralogs (YhcH,
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YiaL, and YjgK), and the levels of sequence identity between
them are around 30%. Each of these three proteins belongs to
a separate subfamily, the members of which are characterized
by higher levels of sequence similarity to each other than to the
proteins belonging to the other subfamilies. Thus, the entire
family is usually referred to as YhcH/YiaL/YjgK. The three
subfamilies must have the same fold but may differ in substrate
specificity or regulation.

The YhcH crystal structure indicates three residues that may
define the substrate specificity of the group of proteins from

proteobacteria. Asn48, Met50, and Lys60 are located at the rim
of the active site entrance (Fig. 1B) and may directly interact
with a substrate bound close to the Cu ion. Their conservation
in proteobacteria (Fig. 2) suggests a common substrate for this
group of proteins (e.g., an amino sugar with a particular sub-
stituent). The same positions in the YjgK subfamily are occu-
pied by Leu, Ser, and Arg, which are also highly conserved in
the sequences. The lack of a conservation pattern in the YiaL
subfamily may reflect broader substrate specificity among the
members of this subfamily.

FIG. 2. Sequence alignment of the YhcH/YiaL/YjgK protein family. Residues conserved in the entire family are indicated by white letters on
a black background. Residues of the “specificity triad” are enclosed in boxes. The numbering corresponds to that of YhcH from H. influenzae
(HI0227). Sequences are labeled with the gene tags in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank). Abbreviations of organism
names: PM, Pasteurella multocida; B, Escherichia coli; STM, Salmonella enterica serovar Typhimurium; YPO, Yersinia pestis; VF, Vibrio fischeri; FN,
Fusobacterium nucleatum; SP, Streptococcus pneumoniae; DVU, Desulfovibrio vulgaris; BF, Bacteroides fragilis; CPE, Clostridium perfringens; MGA,
Mycoplasma gallisepticum; CAC, Clostridium acetobutylicum; SO, Shewanella oneidensis; ECA, Erwinia carotovora; VV, Vibrio vulnificus; VC, Vibrio
cholerae.
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Genome context. In bacteria, metabolism of Sia can proceed
by either of two routes; the molecule can be catabolized to
GlcNAc and eventually enter glycolysis, or it can be used for
sialylation of the surface lipopolysaccharide (57, 58). Besides
these routes, pathogenic bacteria have developed a pathway
for Sia biosynthesis from GlcNAc that includes GlcNAc phos-
phorylation and epimerization (siaA, neuC, or nnaA) and con-
secutive synthesis of Neu5Ac (siaC, neuB, or nnaB) and CMP-
Neu5Ac (siaB, neuA, or nnaC), which is incorporated into the
polysaccharide by a specific transferase (neuS or siaD) (19, 20,
23). The corresponding genes are part of an operon that is
present in pathogens such as Campylobacter jejuni, Neisseria
meningitidis, Fusobacterium nucleatum, and E. coli K1. How-
ever, the operon is missing from nonpathogenic strains of E.
coli K-12 and H. influenzae KW20, suggesting that the gene
products of the nan and nna operons have nonoverlapping
functions despite the similar reactions catalyzed by the en-
zymes.

Analysis of the genome context that relies on characteristics
such as conserved gene neighborhoods, phylogenetic patterns,
and coexpression in microarray experiments may provide cer-
tain clues to the function of a “hypothetical” protein (22, 44).
Complete genome sequences are available for all members of
the YhcH/YjgK/YiaL family. Although the H. influenzae
HI0227 gene itself does not belong to any apparent gene string,
its homologs in many other organisms are part of the nan
operon that encodes the enzymes of the Sia degradation path-
way (33, 59). The three-dimensional structure of the protein
suggests an isomerase (epimerase) function, as it is typical for
cupins. However, an epimerase, which catalyzes the intercon-
vertion of N-acetylmannosamine 6-phosphate and GlcNAc-6-
phosphate, is encoded by the nanE gene. As an epimerase,
YhcH may have different substrate specificities depending on
the tolerance of the nanT and nanA gene products involved in
the first steps of Sia uptake. Neu5Ac aldolase (NanA) is spe-
cific to Neu5Ac as the most ubiquitous Sia in host organisms.
However, the original study using the E. coli deletion strains
indicated that the nature of the C-5 amino substituent in Sia
does not affect transport or degradation (60). The aldolases
from C. perfringens and E. coli are capable of cleaving a range
of neuraminic acid derivatives with different substituents at
C-5, including formyl, succinyl, and glycolyl neuraminic acids
(1, 48). Regarding the NanT permease, it has been established
that many bacteria, both gram negative and gram positive,
exhibit an active proton symporter-type mechanism (59). Since
it is highly specific for Sias, the NanT transporter can bind a
range of neuraminic acid derivatives. For instance, inhibition
studies with Pasteurella hemolytica revealed that N-glycolyl-
neuraminic acid, Neu5Ac methyl ester, and 2,3-dihydro-2-de-
oxy-Neu5Ac may be taken up by a common transport system
(49).

The cupin superfamily includes dioxygenases, isomerases/
epimerases, and sugar binding proteins lacking any enzymatic
activity (16, 32). Given that the YhcH protein is encoded in the
nan operons of several strictly anaerobic bacteria, such as C.
perfringens and F. nucleatum (33, 59), it is very unlikely that it
could function as a dioxygenase. We suggest that YhcH may be
an epimerase specific to neuraminic acid derivatives other than
Neu5Ac, so that its activity would be complementary to NanE.
This would allow utilization by YhcH-encoding bacterial

pathogens of alternatively substituted neuraminic acids, such
as those found in blood (9). One possible candidate for the
YhcH substrate is a hydroxylated form of Neu5Ac, N-glycolyl-
neuraminic acid. This molecule is one of the two major Sias on
the surfaces of most primate cell types (29, 39).

In Haemophilus ducreyi, the neu gene locus is part of a larger
cluster that also includes rmlBACD genes responsible for the
synthesis of L-rhamnose for incorporation into lipopolysaccha-
ride (25). The rmlC gene product, dTDP-4-keto-6-deoxy-D-
glucose 3,5-epimerase, catalyzes the third step of the pathway.
This enzyme belongs to the cupin structural superfamily, al-
though unlike most cupins, it is metal independent. Assuming
that YhcH may also be involved in sugar processing, this struc-
tural similarity between YhcH and RmlC may be a case of
protein fold accommodation for different but structurally sim-
ilar substrates. Such cases, which often occur within a single
pathway, have been observed for many functionally related
proteins (55). For instance, in amino sugar metabolism, the
gene products of neuA (Neu5Ac cytidylyltransferase) and glmU
(GlcN-1P uridyltransferase) have a common fold (8, 38).

An alternative evolutionary path, adaptation of structurally
unrelated proteins for the same biochemical activity, has also
been documented. For sugar isomerization, there is the case of
phosphoglucose isomerase (PGI), which is represented by two
distinct protein families. In most organisms, the enzyme is a
homodimer of 60- to 70-kDa subunits with an ��� sandwich
topology. The general acid-base catalysis by PGI is metal in-
dependent (47). PGI of the second type has been found in
some Euryarchaeota species. This type forms dimers of 21-kDa
subunits with the cupin fold and catalyzes Glc-6P isomerization
in a metal (presumably Fe2�)-dependent manner (7). If YhcH
is a sugar epimerase, this PGI may represent the closest analog
in terms of the reaction mechanism.
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