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Abstract 

Bacterial non-hydrolyzing UDP-N-acetylglucosamine 2-epimerases catalyze the reversible 

interconversion of UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-N-acetylmannosamine (UDP-

ManNAc). UDP-ManNAc is an important intermediate in the biosynthesis of certain cell-surface 

polysaccharides, including in some pathogenic bacteria such as Neisseria meningitidis and Streptococcus 

pneumoniae. We present here two crystal structures of UDP-N-acetylglucosamine 2-epimerase from 

Neisseria meningitidis serogroup A (NmSacA). One crystal structure is of the completely substrate-free 

enzyme, and the other structure contains UDP-GlcNAc substrate bound to the active site. Both 

structures form dimers as seen in similar epimerases, and substrate binding to the active site induces a 

large conformational change where two Rossmann-like domains clamp down on the substrate. Unlike 

other epimerases, NmSacA does not require UDP-GlcNAc to initiate epimerization of UDP-ManNAc 

although UDP-GlcNAc is an activator. In spite of conserved residues involved in binding the allosteric 

UDP-GlcNAc, the structures presented here do not contain UDP-GlcNAc bound in the allosteric site, 

which is observed adjacent to the active site in similar epimerases. The structures presented here 

provide additional insight to the mechanism and regulation of this critical enzyme and improves our 

structural understanding of NmSacA’s ability to epimerize modified substrates.  
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1. Introduction 

Bacterial capsular polysaccharides (CPSs) are distinct, organized structures found on the surface of a 

wide range of bacterial species and are important virulence factors that provide protection from various 

circumstances, ranging from harsh environmental conditions to the immune system of a host (Roberts, 

1996, Cress et al., 2014).  

Neisseria meningitidis is a Gram-negative bacterium with at least twelve known serogroups which 

are classified based on their CPS structures. N. meningitidis serogroup A was historically responsible for 

large epidemics of meningitis and septicemia in the meningitis belt countries and still causes life-

threatening invasive meningococcal diseases (IMDs) in some countries (Aye et al., 2020, Dutta et al., 

2020, Novak et al., 2019). The CPS of Nm serogroup A is a homopolymer of [–6ManNAcα1-PO4–] and is 

unique from the other disease-causing Nm serogroups including serogroup X which has a CPS consisting 

of a [–6GlcNAcα1-PO4–] homopolymer (Xie et al., 2012) or B, C, W-135, and Y which all contain sialic acid 

in their CPSs (Fiebig et al., 2014, Jennings et al., 1977). The cps operon of Nm serogroup A contains four 

open reading frames, the first being sacA, which encodes an enzyme (NmSacA) that catalyzes the first 

step in Nm serogroup A CPS biosynthetic pathway (Swartley et al., 1998). This enzyme [EC: 5.1.3.14] 

catalyzes the conversion of uridine 5’-diphosphate N-acetylglucosamine (UDP-GlcNAc) to its C2”-epimer 

UDP-N-acetylmannosamine (UDP-ManNAc) (Zhang et al., 2016, Swartley et al., 1998).  

NmSacA was verified to be a non-hydrolyzing UDP-GlcNAc 2-epimerase (Zhang et al., 2016). The 

mechanism of this type of bacterial epimerases is believed to involve anti-elimination of the C2” proton 

and UDP from UDP-GlcNAc, generating enzyme-bound intermediates of UDP and 2-acetamidoglucal, 

followed by a subsequent syn-addition proton to C2” and UDP to the same face of the double bond, 

producing the UDP-ManNAc product (Morgan et al., 1997, Tanner, 2002). NmSacA was shown to release 

2-acetamidoglucal and UDP which were observed easily when the reactions were carried out for an 

extended period of time (Zhang et al., 2016). 

Bacterial non-hydrolyzing UDP-GlcNAc 2-epimerases are found in both Gram-negative and Gram-

positive strains and vary widely in their regulation. The ones from Gram-positive bacteria Bacillus 

anthracis (Velloso et al., 2008), Bacillus cereus (Kawamura et al., 1978), and Staphylococcus aureus 

(Mann et al., 2016) as well as the ones from the Gram-negative bacterium E. coli O14 K7 H (Morgan et 

al., 1997) and from archaea Methanococcus jannaschii (Chen et al., 2014) were shown to be 

allosterically regulated, requiring UDP-GlcNAc to catalyze the reversible epimerization of UDP-ManNAc 

to UDP-GlcNAc (Kawamura et al., 1979, Morgan et al., 1997). The crystal structures of these enzymes 
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reveal that the allosteric UDP-GlcNAc binds in a conserved site adjacent to the active site, which 

contains a bound UDP after the GlcNAc hydrolyzed off from UDP-GlcNAc in an extended incubation time 

for crystal growth (Chen et al., 2014, Velloso et al., 2008). The GlcNAc moiety of the UDP-GlcNAc 

allosteric effector makes extensive interaction with the pyrophosphate of the UDP in the active site. The 

allosteric UDP-GlcNAc binding is presumed to optimize the configuration of the active site and exclude 

solvent.  

UDP-GlcNAc was not required for the activity of NmSacA in epimerizing UDP-ManNAc to UDP-

GlcNAc, but UDP-GlcNAc did appear to enhance the kinetics of epimerization (Zhang et al., 2016). To 

better understand the epimerization reaction mechanism of NmSacA, its apparent lack of the 

requirement of UDP-GlcNAc for reactivity, and to determine the structural basis of its activity on 

modified substrates, we solved two crystal structures of NmSacA, a ligand-free structure and a structure 

bound to the ligand UDP-GlcNAc. 
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2. Materials and methods 

2.1 Cloning, expression, and purification 

As reported previously (Zhang et al., 2016), the gene that encodes for NmSacA was amplified from 

the genomic DNA of N. meningitidis serogroup A stain M1027 and cloned into a pET22b(+) vector 

(Novagen) with a C-terminal His6-tag using the NdeI and XhoI restriction sites. Plasmids were sequenced 

to verify correct ligation and were transformed into E. coli BL21 (DE3) cells (Invitrogen) for expression.  

Plasmid-bearing strains were grown in LB-rich media with ampicillin (100 μg/mL) and grown to a 

density of OD600 nm = 0.8. Overexpression was induced with 0.1 mM of isopropyl-1-thio-β-D-

galactopyranoside (IPTG) and cultures were allowed to be incubated at 293 K for 20 h with shaking. 

After 20 h incubation, cells were pelleted from culture by centrifugation at 4,000 rpm for 2 h. Cell 

pellet was resuspended in a lysis buffer containing Tris-HCl buffer (100 mM, pH 8.0) and 0.1% Triton X-

100. Cells were lysed by treatment with 50 μg/mL of lysozyme and 3 μg/mL DNasel for 60 min at 310 K 

with vigorous shaking. Cell lysate was cleared by centrifugation at 12,000 rpm for 30 min. The His6-

tagged protein was purified from cell lysate by Ni2+-NTA column. The column was equilibrated with 10 

column volumes (CV) of binding buffer containing Tris-HCl (50 mM, pH 7.5), NaCl (500 mM), and 

imidazole (5 mM). The cell lysate was loaded to the column which was then washed with 8 CV of binding 

buffer followed by 10 CV of washing buffer containing Tris-HCl (50 mM, pH 7.5), NaCl (500 mM), and 

imidazole (40 mM). The protein was eluted from the column using an elution buffer containing Tris-HCl 

(50 mM, pH 7.5), NaCl (500 mM), and imidazole (200 mM). Elution fractions containing the purified 

protein were collected, dialyzed, and stored at 277 K. 

2.2 Crystallization 

For the ligand-free structure, purified NmSacA at 10 mg/mL was crystallized using hanging drop 

vapor diffusion equilibrated against reservoir of 50% (v/v) PEG-200, phosphate-citrate (100 mM, pH 4.2), 

and NaCl (200 mM). Crystals were flash-cooled in liquid nitrogen prior to data collection. 

For the substrate-bound structure, NmSacA (13 mg/mL) was crystallized by sitting-drop vapor 

diffusion against a solution of 22% PEG-5000, sodium citrate/citric acid (100 mM, pH 5.5), and UDP-

GlcNAc (10 mM). Crystals were briefly soaked in a solution of 30% ethylene glycol with UDP-GlcNAc (10 

mM) in mother liquor and flash-cooled in liquid nitrogen. 

2.3 Data collection and structure determination 
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X-ray diffraction data for the ligand-free structure were collected at SSRL on beamline 7-1 at a 

wavelength of 1.12709 Å with a 100 μM beam size on a ADSC Q315 detector at a distance of 200 mm. 

Diffraction data were integrated and scaled with XDS and XSCALE (Kabsch, 2010a, b). The phases were 

determined by molecular replacement using the structure of a non-hydrolyzing UDP-GlcNAc 2-

epimerase from Bacillus subtilis (PDB: 4FKZ). X-ray diffraction data for the UDP-GlcNAc-bound structure 

were collected at SSRL on beamline 7-1 at a wavelength of 1.03317 Å with a beam size of 150 x 100 μm 

on a ADSC Q315 detector at a distance of 300 mm. Data were collected using an oscillation angle of 0.2° 

over a 7-sec exposure time and integrated and scaled with XDS and XSCALE (Kabsch, 2010a, b). The 

phases were solved using molecular replacement using the ligand-free structure. The structures were 

refined using the program package PHENIX (Adams et al., 2010). The data collection and refinement 

statistics are summarized in Table 1.  

  

Page 6

001

002

003

004

005

006

007

008

009

010

011

012

013

014

015

016

017

018

019

020

021

022

023

024

025

026

027

028

029

030

031

032

033

034

035

036

037

038

039

040

041

042

043

044

045

046

047

048

049

050

051

052

053

054

055

056

057

058

059

060

061

062

063

064

065

066

067

068

069

070

071

072

073

074

075

076



RE
VI

EW
 D

O
CU

M
EN

T

 

 7

3. Results and discussion 

3.1 Crystal structure of NmSacA  

The NmSacA monomeric structure consists of two domains each folding into a three-layer (αβα) 

sandwich architecture of a Rossmann fold (Fig. 1a). Domain 1 consists of residues 1–170 and residues 

356–371 forming the C-terminal α-helix. Domain 2 spans residues 171-355. Domain 1 is made up of a 

central seven-stranded parallel β-sheet flanked by seven α-helices with a topology of a dinucleotide-

binding Rossmann domain. Domain 2 is comprised of a central six-stranded β-sheet with nine α-helices. 

Helices α9 to α15 pack against the central β-sheet forming the dinucleotide-binding domain, while 

helices α7 and α8 form a connecting segment that packs against the C-terminal domain (Fig. 1a). The 

cleft between the two domains defines the substrate binding pocket.  

The ligand-free NmSacA structure contains one dimer in the crystallographic asymmetric unit, with 

both monomers displaying nearly identical conformations (RMSD of 1.00 Å for 350 equivalent α-

carbons). The substrate-bound structure contains two dimers in the asymmetric unit, with the UDP-

GlcNAc substrate binding to only one monomer of each dimer (Chains A and C) (Fig. 1b). The dimer 

interface is very similar between the two types of dimers, substrate-bound and substrate-free. Three α-

helices (α3, α4, and α5) from each monomer of Domain 1 form a six-helix bundle mediating the dimer 

interaction, and buries a surface area of 1,401 Å2 and 1,368 Å2, for the structures without and with the 

substrate, respectively (Fig. 1c). 

3.2 Substrate UDP-GlcNAc bound in active site. 

The closed conformation was bound with UDP-GlcNAc in the active site. While the electron density 

strongly defines the UDP moiety, the density was weaker for the sugar GlcNAc and was refined to have 

~60% occupancy, suggesting some hydrolysis occurred in the crystal (Fig. 2a). At 100% occupancy, the 

sugar is surrounded by negative electron density in the Fo-Fc map. With only UDP modeled in the 

structure, heavy positive electron density extends off the end of the β-phosphate suggesting GlcNAc is 

present. Lowering the occupancy of the GlcNAc to 60% provided continuous electron density in the 2Fo-

Fc map and no density in the Fo-Fc map.  

The UDP-GlcNAc binds at the interface between the two domains. The uracil ring π-stacks with 

Phe275. The main chain carbonyl of Gln270 hydrogen bonds with N3 of the uracil ring (2.8 Å) and the 

side chain amide hydrogen bonds with O4 (3.0 Å). Both hydroxyls on the ribose sugar hydrogen bond 

with the side chain of Glu295 (2.8 Å for both oxygens). The ring-oxygen in the ribose sugar is hydrogen 
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bonded by Arg10 (2.8 Å), which also bonds to the α-phosphate oxygen (3.0 Å). The sidechain hydroxyl of 

Ser289 hydrogen bonds with both the α- and β-phosphates (2.7 and 3.1 Å, respectively). The main chain 

amide nitrogens of Gly290 and Gly291 both interact with the β-phosphate (both 2.9 Å). These two 

glycine residues are part of the conserved sequence DSGG and initiates the N-terminus of helix α12, 

suggesting the helix dipole contributes to anchoring the UDP. The closed conformation also orders a 

loop from His212 to Glu219, which has sparse electron density in the substrate-free open conformation 

monomer in the crystal. This loop is in close proximity of the substrate binding site with His212 

hydrogen bonding to the α- and β-phosphate oxygens (3.3 and 3.0 Å, respectively). 

The GlcNAc sugar moiety is bound by a series of hydrogen bonding interactions. Lys15 reaches into 

the binding pocket and binds to the C4 hydroxyl of GlcNAc (3.2 Å). The C4 hydroxyl is also ligated by the 

carboxyl group of Glu117 (2.5 Å). The C3 hydroxyl is bound by the carboxyl group of Asp95 (2.8 Å) and 

the guanidinium group of Arg312 (3.0 Å). Arg135 makes a long hydrogen bond to the acetyl group 

carbonyl oxygen of the carbohydrate (3.4 Å) (Fig. 2b). In summary, most of the contacts to the UDP 

moiety come from Domain 1 while most of the interacts to the GlcNAc sugar originate from Domain 2.  

The annotated catalytic residues of Asp95, Glu117, Glu131, and His212 (Samuel & Tanner, 2004), are 

all in close proximity to the sugar (Fig. 2b). The carboxyl group of Asp95 is 3.3 Å from the GlcNAc C2” 

carbon suggesting that it serves as the general base to generate the 2-acetamidoglucal intermediate. 

However, it is uncertain what residue can serve as the general acid for the syn-addition protonation of 

C2”. Nevertheless, it is interesting to note that His212 hydrogen-bonds to a β-phosphate oxygen, which 

in turn is 4.0 Å from the C2” carbon syn-face, suggesting that His212 may be a general acid where the 

proton is shuttle by the β-phosphate in a substrate-assisted fashion.  

3.3 UDP-GlcNAc substrate binding triggers a closed conformation. 

Substrate binding induces a conformational change where each domain closes down upon the UDP-

GlcNAc substrate, which binds at the cleft between the two Rossmann domains. The ligand-free 

monomers of each dimer (Chains B and D) reside in the open conformation very similar to both 

monomers of the completely ligand-free structure (RMSD range from 0.374 Å to 1.16 Å). Comparing the 

two conformations, each domain superimposes well between the substrate-free open structure and the 

closed UDP-GlcNAc-bound structure with an RMSD of 0.799 Å for Domain 1 and 2.077 Å for Domain 2 

(184 and 182 equivalent α-carbons, respectively). However, aligning Domain 1 from each structure 

reveals that Domain 2 rotates about 29° clamping down on the substrate (calculated by the program 

DynDom (Hayward & Lee, 2002)) (Fig. 3a). The interdomain connecting helix α7, serves as the pivot 
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point or hinge upon closure, which results in some α-carbon movements over 11 Å distal from the hinge 

in helix α10.  

The closed substrate-bound NmSacA conformation is stabilized by interactions between the UDP-

GlcNAc and residues from both domains. The closed state is further reinforced through the creation of 

new inter-domain ionic interactions.  Arg213 from Domain 2 forms a new ionic interaction with Glu131 

from Domain 1. Glu311 of Domain 2 also forms a new salt-linkage with Arg135 of Domain 1. Finally, 

Glu294 from Domain 2 ion-pairs with Lys15 of Domain 1. This substrate-induced closure is also seen in 

other non-hydrolyzing UDP-GlcNAc 2-epimerases (Chen et al., 2014). 

3.4 Na+ ion ligated in the open conformation  

The ligand-free open conformation structure revealed electron density of a potential metal ion with 

short contacts to mainchain carbonyl oxygens of Pro297, Ala349, and Ile351 as well as two water 

molecules in a trigonal bipyramidal geometry. Since the crystals were grown in 200 mM of NaCl, we 

modeled the cation as Na+ (Fig. 3a). The geometry and ligation distances are consistent with a Na+ ion as 

confirmed using the “CheckMyMetal” web server (Zheng et al., 2017). The Na+ ion was observed in both 

subunits in the asymmetric unit of the completely ligand-free structure as well as the two monomers in 

the open conformation that do not contain UDP-GlcNAc (Chains B and D) of the substrate-bound crystal 

form.  

This cation binding site is far from the active site (>20Å). It is located in a place where Domain 2 

transitions back into Domain 1 and fastens the loop between α15 and α16 to helix α12. Interestingly, 

the Na+ ion is absent in the ligand-bound closed conformation. Upon closing, the end of helix α15 

unravels a partial turn, shifting the loop connecting helices α15 to α16. Ile351 in the loop swings over 

and occludes the sodium site. This results in the flipping of Ile351 and moving of Ala349, breaking the 

trigonal-planer geometry of the main-chain ligations and displacing a water ligand (Fig. 3b). The cation 

does not appear to be involved in catalysis or conformational flexibility as treatment with 

ethylenediaminetetraacetic acid (EDTA) had little to no effect on catalytic activity (Zhang et al., 2016).  

3.5 Comparison with other epimerase structures 

NmSacA shares high sequence and structural homology with many epimerase structures in the PDB 

(Badger et al., 2005, Campbell et al., 2000, Chen et al., 2014, Mann et al., 2016, Velloso et al., 2008) (Fig. 

4a). The most similar protein is the UDP-GlcNAc 2-epimerase from E. coli (UniProtKB: P27828, PDBID: 

1VGV) (Badger et al., 2005), which shares 56% identity with NmSacA. The E. coli structure also 
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crystallized with two dimers in the asymmetric unit, where UDP-GlcNAc is bound to only one monomer 

of each dimer. Although it should be noted that this structure, which is the result of a high-throughput 

structural genomics consortium, modeled in the UDP-ManNAc epimer in the structure, but labeled it as 

UDP-GlcNAc. 

The two UDP-GlcNAc-bound chains of NmSacA align with the two substrate-bound chains of 1VGV 

with RMSDs that range from 0.655 Å to 0.949 Å for 300 α-carbons (Fig. 4b). However, the E. coli 

structure actually exhibits a little more of a domain closure upon binding substrate resulting in higher 

RMSDs for ligand-free superposition comparisons between E. coli and NmSacA, which range between 

1.15 Å to 1.44 Å for 300 α-carbons.  

The only major structure difference between the substrate-bound structures is the disposition of 

helix α10 and the loop between β9 and α9 above the UDP moiety in Domain 2. The β9-α9 loop in 

NmSacA contains Arg213, which makes a new inter-domain ionic bond with Glu131 upon binding 

substrate. In the E. coli structure even though Glu121 is conserved, this loop shifts greatly resulting in 

the guanidinium group of Arg213 to swing over 13 Å to become solvent exposed (Fig. 4c). The β9-α9 

loop in NmSacA also contains a 310 helix, which is not observed in the E. coli structure.  

The structures of other epimerases with ligands bound in the active site from Burkholderia 

vietnamiensis (PDBID 5DLD, 48.7% identity), Bacillus subtilis (PDBID 4FKZ, 51.3% identity), Bacillus 

anthracis (PDBID 3BEO, 50.6% identity), Staphylococcus aureus (PDBID 5ENZ, 47.2% identity), and 

Methanocaldococcus jannaschii (PDBID 4NES, 36.4% identity), all have the conformation of α10 and the 

β9-α9 loop similar to what is observed in NmSacA. This suggests that the E. coli enzyme may be unique 

in displaying a different conformation near the active site when binding the substrates. Yet the residues 

implicated in catalysis are in similar positions and orientations to all other epimerases.  

3.6 Allosteric site 

Most of the non-hydrolyzing UDP-GlcNAc 2-epimerases were shown to require UDP-GlcNAc to 

initiate the epimerization of UDP-ManNAc (Kawamura et al., 1979, Kawamura et al., 1978), suggesting it 

possesses a distinct allosteric regulatory site. It has also been demonstrated that UDP-GlcNAc stimulates 

the enzyme activity resulting in sigmoidal velocity curves with a Hill coefficient of over 2 (Kawamura et 

al., 1979). However, it appears that NmSacA may be a unique non-hydrolyzing epimerase in that it does 

not required UDP-GlcNAc to initiate the epimerization of UDP-ManNAc, although UDP-GlcNAc does 

stimulate the epimerase activity resulting in sigmoidal kinetic curves (Zhang et al., 2016). 
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Four of the non-hydrolyzing UDP-GlcNAc 2-epimerase structures have been determined with UDP-

GlcNAc bound to the allosteric site, all with UDP also bound in the adjacent active site. These 

epimerases are from Burkholderia vietnamiensis (PDBID 5DLD), Bacillus subtilis (PDBID 4FKZ), Bacillus 

anthracis (PDBID 3BEO), and Methanocaldococcus jannaschii (PDBID 4NES). Overlaying the NmSacA 

structure with the epimerase from B. anthracis reveals that while the overall structures are very similar 

(RMSD 1.01 Å) the β2-α2 and β3-α3 loops are in a different conformation in B. anthracis compared to 

NmSacA because these loops help shape the allosteric UDP-GlcNAc binding pocket (Fig. 5). These B. 

anthracis loops are in the similar conformation to the three other epimerase structures with bound 

allosteric effector. Interestingly, all the residues involved in binding allosteric UDP-GlcNAc are conserved 

in all epimerases with the exception of Glu41 in NmSacA, which is a Gln in many other epimerases 

including Bacillus subtilis (Fig. 4a). It is unknown why UDP-GlcNAc is not observed binding to the 

allosteric site in NmSacA. It could be that the allosteric effector may have a weaker binding affinity in 

NmSacA since this enzyme does not require UDP-GlcNAc binding to initiate UDP-ManNAc epimerization. 

Or it could also be due to the low pH of crystal growth, which was hypothesized to prevent allosteric 

binding in the E. coli epimerase (Velloso et al., 2008). The E. coli enzyme was crystallized at pH 5.2 and 

the NmSacA crystals presented here were grown at pH 5.5, which is well below the optimal enzyme 

activity pH of 8.5 (Zhang et al., 2016).  

3.7 Structural basis for tolerance of modified UDP-ManNAc substrates.  

NmSacA was shown to epimerize UDP-ManNAc substrates with various modifications at the N-acetyl 

position of carbon 2 (carbon that is epimerized) (Zhang et al., 2016). The mannosamine sugar must still 

contain the N-acetyl group, but some modifications of the acetyl group can serve as substrates. UDP-

sugars containing a sugar without the N-acetyl group, such as UDP-mannose or UDP-ManNAc derivatives 

where the N-acetyl group is replaced by fluorine, amine, or azide, do not serve as substrates. Only small 

structural additions to the N-acetyl group such as N-propyl (with an additional methyl) and N-glycolyl 

(with an additional hydroxyl) groups can be tolerated, while UDP-ManNAc derivativities with larger N-

acyl groups such as N-butyl, N-azidoacetyl, N-phenylacetyl are not epimerized by NmSacA (Zhang et al., 

2016).  

The structure of NmSacA complexed with UDP-GlcNAc reported here helps explain its substrate 

specificity and the tolerance of certain sugar modifications. The oxygen of the acetyl group forms a week 

hydrogen bond (3.4 Å) to the conserved Arg135 (Fig. 2b). This explains the requirement of the N-acyl 

group, or at least a hydrogen-bonding accepting atom three atoms off the C2” sugar ring. Sugars without 

Page 11

001

002

003

004

005

006

007

008

009

010

011

012

013

014

015

016

017

018

019

020

021

022

023

024

025

026

027

028

029

030

031

032

033

034

035

036

037

038

039

040

041

042

043

044

045

046

047

048

049

050

051

052

053

054

055

056

057

058

059

060

061

062

063

064

065

066

067

068

069

070

071

072

073

074

075

076



RE
VI

EW
 D

O
CU

M
EN

T

 

 12

the acetyl group or other small acyl groups are incapable of hydrogen bonding with Arg135, and 

therefore may not properly position the sugar for the initial C2” proton abstraction. For tolerance of 

small additions to the acetyl group, the structure revealed that the methyl moiety of the N-acetyl group 

points towards a small pocket defined the loop between β11 and α12 and the loop between β12 and 

α13. It is interesting to note that the methyl group points towards Gly290 at the start of α12, which is 

strictly conserved. Inspection of this pocket explains why NmSacA can only tolerate a sugar with the 

addition of a single hydroxyl or methyl group off the acetyl methyl, because anything larger would clash 

with the protein (Fig. 6). 

 

4. Conclusions 

Two crystal structures of NmSacA were determined, one in the absence of any ligands and one with 

UDP-GlcNAc bound in the active site. The substrate-bound structure contains two dimers in the 

asymmetric unit. Each dimer consists of a monomer without a bound substrate and another with the 

substrate UDP-GlcNAc bound in the active site. The structure reveals a common fold among non-

hydrolyzing UDP-GlcNAc 2-epimerases, two domains each with a three-layer αβα-sandwich of a 

Rossmann fold. As observed in similar epimerases, substrate binding triggers a closure between the two 

domains, which adds important information to the potential epimerization mechanism. The reaction has 

been shown to be non-hydrolyzing (Zhang et al., 2016) and the mechanism likely goes through Asp95, 

which would act as the general base to deprotonate the sugar moiety, but the general acid cannot be 

discerned from the structure. Nevertheless, conserved His212 may serve as a general acid where the 

proton is relayed by the β-phosphate in a substrate-assisted fashion. 

Orthogonal enzymes share a very similar structure and active site pocket, and conserved residues 

are nearly identically as NmSacA. The allosteric site of the non-hydrolyzing UDP-GlcNAc 2-epimerases is 

largely conserved in NmSacA yet nothing was observed to bind to the allosteric site. Structural 

differences in the β2-α2 and β3-α3 loops explain why no allosteric effector was bound, however all but 

one of the allosteric-binding residues are conserved in NmSacA. Further studies are required to 

determine if NmSacA does indeed bind UDP-GlcNAc in an allosteric site. In all, the NmSacA structure and 

the analysis with structurally homologous enzymes shed additional light on the enzymatic mechanism 

and an initial understanding of the non-allosteric nature of the enzyme. 
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Table 1  

Data collection and refinement statistics for NmSacA 

Structure No substrate With UDP-GlcNAc Substrate 

PDB ID 6VLB 6VLC

X-ray Source SSRL 7-1 SSRL 7-1

Wavelength (Å) 1.12709 1.03317

Temperature (K) 100 100

Detector ADSC Q315 ADSC Q315

Crystal-detector distance(mm) 200 300

Rotation range per image (°) 0.2 0.2

Exposure time per image (s) 10 7 

Space group C2 C2221

Unit-cell parameters (Å, o) A=211.55, b=49.51, c=81.22 a=124.88, b=129.74, c=213.39 

 α=γ=90, β=90.3 α=β=γ=90

Resolution (Å) 105.76-1.85 (1.89-1.85) 38.98-2.15 (2.20-2.15) 

Rmerge
a (%) 7.7 (49.8) 6.3 (56.4)

<I/σ(I)> 10.80 (2.65) 18.68 (2.45) 

CC1/2 (%) 99.7 (89.0) 99.9 (73.6)

No. of reflections 254,006 (19,336) 348,834 (24,367) 

No. of unique reflections 71,340 (5,160) 92,958 (6,787)

Completeness (%) 98.7 (97.0) 98.8 (98.6)

Redundancy 3.56 (3.75) 3.75 (3.59)

Refinement Statistics  
Resolution (Å) 105.76-1.85 (1.89-1.85) 38.98-2.15 (2.20-2.15) 

No. of reflections (F>0) used in 

refinement 
67,746 (4,873) 94,030 (2,719) 

Rfactorb (%) 18.59 16.79 

Rfreec (%) 21.56 21.17 

RMS bond length (Å) 0.011 0.012 

RMS bond angle (°) 1.22 1.492 

Overall B Value (Å2) 36.0 43.3 

Ramachandran Plot Statisticsc 

Residues 371 371

Most favored Region 97.6% 96.5% 

Allowed Region 2.3% 2.8%

Disallowed 0.1% 0.7%
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a Rmerge = [∑h∑i|Ih – Ihi|/∑h∑iIhi] where Ih is the mean of Ihi observations of reflection h. Numbers in parenthesis 
represent highest resolution shell. b Rfactor and c Rfree = ∑||Fobs| - |Fcalc|| / ∑|Fobs| x 100 for 95% of recorded data 
(Rfactor) or 5% data (Rfree). c From MolProbity (Chen et al., 2010) 

 

Figure Legends 

Figure 1. Structure of NmSacA. (a) Overall structure of NmSacA monomer bound to UDP-GlcNAc 

substrate. The protein is color-coded through the rainbow spectrum starting with blue at the N-terminus 

and ending with red at the C-terminus. Secondary structure elements used in the manuscript are 

labeled. The UDP-GlcNAc substrate is show as ball-and-stick with grey-colored carbon atoms. (b) Dimeric 

structure of one dimer in the crystallographic asymmetric unit of the NmSacA substrate-bound 

structure. Each dimer only displays UDP-GlcNAc substrate binding (Space-filling spheres) in one 

monomer of each dimer (Chain A, green-colored). The substrate-free monomer is in an open 

conformation (Chain B, sand-colored). For clarity the other dimer (Chains C and D) is not shown. (c) 

Dimer interaction is mediated by three helices (α3, α4, and α5) of each monomer forming a six-helix 

bundle at the dimer interface. UDP-GlcNAc substrate is shown as space-filling spheres with green-

colored carbon atoms (bound to chain A). Similar dimeric interactions are observed in the substrate-free 

structure. 

Figure 2. UDP-GlcNAc substrate binds at the interface between the two domains of NmSacA and is 

bound by both aromatic interactions and hydrogen bonding. (a) Domain 1 is shown in salmon and 

domain 2 is shown in green. The electron density map (2FO-FC) around the UDP-GlcNAc is shown in the 

blue mesh and is contoured to 1σ. (b) Interactions between UDP-GlcNAc (gray-colored carbon atoms) 

and NmSacA are shown. Hydrogen bonds to the UDP-GlcNAc substrate are shown as yellow dashes. 

Newly formed inter-domain ionic interactions, by substrate induced enzyme closure, are shown with 

gray-colored dashes. Ordered water molecules that interact with UDP-GlcNAc are shown as small red 

spheres. The residues involved in binding are labeled and the catalytic residues are highlighted with the 

underlined text. (c) Superposition of substrate-bound (green) and ligand-free (brown) NmSacA 

structures. Domain 1 is aligned (RMSD of 0.799Å), showing the closure of Domain 2 onto the substrate. 

Domain 2 rotates 29°. 

Figure 3. Na+ ion is coordinated in the open conformation. (a) The open conformation coordinates what 

is assumed to be a Na+ ion through three main chain carbonyls (Pro297, Ala349, Ile351) and two waters. 

It is coordinated in the trigonal bipyramidal geometry. The distances of each bond are shown. (b) The 
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Na+ ion is not found in the closed conformation. Upon substrate-induced conformational change the 

loop between helices H17 and H18 shifts, breaking the planer geometry of the main-chain coordinating 

residues and displacing a water and consequently the Na+ ion. 

Figure 4. Comparison of bacterial UDP-GlcNAc-2-epimerases. (a). Sequence alignment of all known 

bacterial UDP-GlcNAc-2-epimerase structures in PDB. Secondary-structure elements defined by NmSacA 

structure are drawn above the sequence alignment. Red boxes indicate residues conserved in all 

epimerases. The putative catalytic residues are designated by a blue asterisk (*) below the sequence, 

residues that bind UDP-GlcNAc substrate are designated by magenta triangle (∆), and residues observed 

to bind the UDP-GlcNAc allosteric effector in other epimerase structures are represented by an orange 

cross (+). (b) Superposition of NmSacA epimerase from N. meningitidis (green) onto E. coli (salmon) 

(PDBID: 1vgv). Superposition of the substrate-bound monomers with UDP-GlcNAc bound (shown as 

sticks). The RMSD ranges between 0.655 Å to 0.949 Å (300 α-carbons) in comparing the two substrate-

bound monomers from each structure. (c) Closeup view of the active site revealing the major structural 

difference between the two epimerases seen in the shift of helix α10 and the β9-α9 loop. Residues are 

labeled in their respective colors for each epimerase. Yellow dashed lines represent interactions. 

Figure 5. Allosteric UDP-GlcNAc binding site. Shown is superposition of NmSacA (green) onto UDP-

GlcNAc 2-epimerase from B. anthracis (PDBID 3BEO) (sand color), whose structure was determined with 

UDP-GlcNAc binding to the allosteric site (brown-colored carbon atoms), and UDP bound to active site. 

Shown are side chains that interact with the allosteric UDP-GlcNAc in the B. anthracis structure, with the 

corresponding NmSacA residues labeled in green. Yellow dashed lines show interactions to allosteric 

UDP-GlcNAc in B. anthracis. All residues are conserved in binding UDP-GlcNAc except Glu41, which is Gln 

in B. anthracis. Also shown is the UDP-GlcNAc bound in the NmSacA active site (light-green colored 

carbon atoms). 

Figure 6. Slice through a space-filling representation of the NmSacA structure bound with UDP-GlcNAc 

bound in the active site. Protein is shown in green-colored surface with the UDP-GlcNAc shown in sticks 

with gray-colored carbon atoms. The C2” atom is labeled along with the small pocket off the N-acetyl 

group (red circle). The structure explains how the NmSacA enzyme can accept small modifications of the 

N-acetyl methyl group in UDP-GlcNAc analogs. 
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