THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 12, pp. 74527462, March 20, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Identification and Characterization of a Novel Prokaryotic

Peptide

N-GLYCOSIDASE FROM ELIZABETHKINGIA MENINGOSEPTICA™

Received for publication, August 25, 2014, and in revised form, January 13,2015 Published, JBC Papers in Press, January 22,2015, DOI 10.1074/jbc.M114.605493

Guiqin Sun*®’, Xiang Yu"', Celimuge Bao*, Lei Wang*, Meng Li*, Jianhua Ganl, Di Qu*, Jinbiao Ma"*?, and Li Chen***
From the *Key Laboratory of Medical Molecular Virology, Ministry of Education and Health, Shanghai Medical College, Fudan
University, Shanghai 200032, China, the "State Key Laboratory of Genetic Engineering, Collaborative Innovation Center of Genetics
and Development, School of Life Sciences, Fudan University, Shanghai 200438, China, the HDepartment of Physiology and
Biophysics, School of Life Sciences, Fudan University, Shanghai 200433, China, and §Zhejiang Chinese Medical University,

Hangzhou 310053, China

Background: A putative peptide:N-glycosidase (PNGase), distinct from the well characterized PNGase F, was identified in

Elizabethkingia meningoseptica.

Results: The candidate protein possesses PNGase activity and a distinct substrate spectrum and domain structure.
Conclusion: The candidate (named PNGase F-II) is a novel PNGase.
Significance: Characterization of PNGase F-II may provide an alternative tool for glycobiology.

Peptide:N-glycosidase (PNGase) F, the first PNGase identi-
fied in prokaryotic cells, catalyzes the removal of intact aspar-
agine-linked oligosaccharide chains from glycoproteins and/or
glycopeptides. Since its discovery in 1984, PNGase F has
remained as the sole prokaryotic PNGase. Recently, a novel gene
encoding a protein with a predicted PNGase domain was iden-
tified from a clinical isolate of Elizabethkingia meningoseptica.
In this study, the candidate protein was expressed in vitro and
was subjected to biochemical and structural analyses. The
results revealed that it possesses PNGase activity and has sub-
strate specificity different from that of PNGase F. The crystal
structure of the protein was determined at 1.9 A resolution.
Structural comparison with PNGase F revealed a relatively
larger glycan-binding groove in the catalytic domain and an
additional bowl-like domain with unknown function at the N
terminus of the candidate protein. These structural and func-
tional analyses indicated that the candidate protein is a novel
prokaryotic N-glycosidase. The protein has been named
PNGase F-II.

Peptide:N-glycosidase (PNGase>; EC 3.5.1.52), also known as
peptide-N*-(N-acetyl-B-p-glucosaminyl) asparagine amidase,
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catalyzes the cleavage and release of N-linked glycan moieties
from glycoproteins and/or glycopeptides. The first PNGase
(PNGase A) was identified in almond emulsion in 1977 (1).
Subsequently, similar enzymes with deglycosylation activities
were identified in other plants and seeds (2—4). A fungal cyto-
plasmic PNGase was identified in the budding yeast, Saccharo-
myces cerevisiae (5). In 1991, it was observed that free oligosac-
charides accumulate in mature fish eggs and during the early
stages of embryogenesis of medaka fish (Oryzias latipes). This
led to the discovery of PNGase in animal sources, and a possible
role for PNGase-mediated deglycosylation in the embryogene-
sis of fish was suggested (6). Studies on the tissue distribution
and subcellular localization of PNGase in higher eukaryotes
illustrated the basal level of PNGase expression in all of the
tissues tested and relatively high levels of expression in the tes-
tis, liver, and brain (7, 8). Further studies suggested that
PNGase is a non-lysosomal soluble protein that may be
involved in the regulation of the thermal stability of glycosy-
lated proteins. Chantret et al. (9) reported that down-regula-
tion of the PNGase gene led to 30% inhibition of total free oli-
gosaccharides possessing the di-N-acetylchitobiose moiety in
human HepG2 cells. Cytoplasmic studies also indicated that
PNGase might be involved in the recycling of misfolded glyco-
proteins and endoplasmic reticulum-associated protein degra-
dation-mediated events (10, 11).

The first prokaryotic PNGase was isolated from Elizabethk-
ingia meningoseptica (formerly known as Flavobacterium
meningosepticum) in 1984 (12). It was named peptide:N-glyco-
sidase F (PNGase F), after the organism in which it was first
identified, and has been subjected to extensive structural and
functional analyses (13—16). PNGase F hydrolyzes a broad spec-
trum of asparagine-linked glycoproteins to generate carbohy-
drate-free peptides and detached full-length oligosaccharides.
PNGase F has been used extensively in protein glycosylation/
deglycosylation studies. Despite the fact that PNGase F
remained the only proximal N-glycosidase identified in bacteria
for many years, its biological significance has remained elusive.
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Recently, several genes encoding proteins with predicted
PNGase structures, including candidate PNGase proteins
from Deinococcus radiodurans (GenBank™ identifier (GI):
15807985) and Bacteroides fragilis (GI: 3288840), were identi-
fied in genome projects. However, to the best of our knowledge,
these proteins have not been characterized so far.

In 2012, our group isolated an E. meningoseptica strain
(FMS-007) from a T-cell non-Hodgkin’s lymphoma patient and
obtained its complete genome sequence in one contig (Gen-
Bank™ accession number CP006576).° In addition to the
known PNGase F gene, a putative gene encoding a protein with
significant structural homology to PNGase F at its C-terminal
end was identified by bioinformatics analysis in this E. menin-
goseptica strain. The protein was expressed, purified, and sub-
jected to biochemical and structural analyses. The results sug-
gest that the candidate protein is a new PNGase identified from
Elizabethkingia meningoseptica with a novel domain structure
and catalytic specificity. It has been named PNGase F-II or type
2 PNGase F.

EXPERIMENTAL PROCEDURES

Bioinformatics Analysis of the Novel PNGase from E.
meningoseptica—The DNA sequence of the putative PNGase
gene was obtained from the whole genome sequence of the
clinical isolate (FMS-007) of E. meningoseptica. Conserved
domains in the putative PNGase were identified using the Basic
Local Alignment Search Tool (BLASTp) from the National
Center for Biotechnology Information (NCBI) Web site. Pro-
tein sequences for the other PNGase used in the multiple-se-
quence alignment were downloaded from GenBank™. For
proteins with known structures, the .pdb files were obtained
from the Protein Data Bank. Multiple sequence alignments
were performed using Align X®. A phylogenetic tree was con-
structed using the neighbor joining method in the Molecular
Evolutionary Genetics Analysis (MEGA version 5.2.2) software.
The position of the signal peptide on the putative PNGase was
predicted using the online program, SignalP (version 4.1).

Protein Expression and Purification—The target gene was
cloned into the pET28a vector (kan"; Novagen, Darmstadt, Ger-
many) and expressed in Escherichia coli BL21(DE3) (Tiangen,
Shanghai, China) as follows. The candidate gene without the
predicted signal peptide was amplified by PCR using genomic
DNA isolated from E. meningoseptica strain FMS-007, and a
pair of designed oligonucleotides (5'-atccatggcccagacttatgaaat-
tacttatc-3’ and 5'-acctcgagttcttgccctaagagaacg-3'). The ampli-
fied PCR product was ligated between the Ncol and Xhol clon-
ing sites on the pET28a plasmid. The constructed expression
vector was transformed into E. coli BL21(DE3), and the trans-
formants were cultured at 37 °C for 12 h in Luria-Bertani
medium containing 50 ug/ml kanamycin. Isopropyl 1-thio-g-
D-galactopyranoside (1.0 mm) was used to induce the expres-
sion of the candidate protein at 28 °C for 12 h.

The expressed protein was purified in sequential steps. The
cells were harvested by centrifugation at 2683 X g (Beckman
Coulter Allegra™" 25R centrifuge, TA-14-250 rotor) for 20
min, and the pellet was resuspended in a lysis buffer (20 mm
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Tris-HCI, 500 mm NaCl, 25 mm imidazole, pH 8.0). The sus-
pended cells were treated with lysozyme (1 mg/ml) (Sigma-
Aldrich) for 30 min and sonicated (program: 3 s of sonication
followed by a pause (5 s) per cycle, 30% power, ¢ = 10) for 20
min on ice or disrupted using a high pressure homogenizer
(JNBIO®, Guangzhou, China). The debris was removed by cen-
trifugation (30 min, 15,455 X gusing a TA-14-50 rotor) at 4 °C.
The supernatant was purified using a B-PER His, fusion protein
purification kit (Thermo Scientific Pierce) or a HisTrap™™ col-
umn (GE Healthcare). The loaded column was washed twice
with a wash buffer (20 mm Tris, 500 mm NaCl, 25 mm imidazole,
pH 8.0), and the candidate protein was eluted in an elution
buffer (20 mm Tris, 500 mm NaCl, 300 mm imidazole, pH 8.0).
The protein was further purified by gel filtration using a Super-
dex® 200 16/60 preparation grade column (GE Healthcare) in a
gel filtration buffer (10 mm Tris-HCI, 100 mm NaCl, pH 8.0).

For the in vitro biochemical assays, the elution buffer was
replaced with 10 mm PBS (pH 7.4) by ultrafiltration through a
filter with MWCO of 30,000 (Millipore, Bedford, MA) at
2173 X g (Beckman Coulter Allegta™ 25R, TA-14-50 rotor)
for 30 min at 4 °C. The protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific Pierce) or by measuring the absorption of UV light at
A,g. The purity of the candidate protein was verified by SDS-
PAGE analysis. The amount of purified PNGase F-II obtained
from different batches was 70 -90 mg/liter of culture. PNGase
F-II was stable at —80, —20, and 4 °C in PBS buffer for 1 month.
Prior to crystallization, the purified protein was concentrated
to 60 mg/ml using an Amicon® Ultra centrifugal device from
Millipore. All other chemicals were purchased from Sigma
unless indicated otherwise. PNGase F was used as the positive
control for all subsequent assays. A similar procedure was
adopted to clone, express, and purify PNGase F with a pair of
PNGase F-specific oligonucleotides (5'-atccatggatgctccgget-
gataatacc-3’ and 5'-ccctcgaggtttgtaactatcggageactaat-3').

Enzymatic Assay for PNGase Activity—To verify the N-glycosi-
dase activity of the candidate protein, bovine pancreatic ribonucle-
ase B (RNase B) with N-linked high-mannose oligosaccharide (Sig-
ma-Aldrich) was chosen as the standard substrate glycoprotein
and subjected to cleavage by PNGase F (New England Biolabs) and
the candidate protein. The oligosaccharides cleaved by the two
enzymes were analyzed by MALDI-TOF MS (17, 18). RNase B was
first dissolved in 50 mM ammonium bicarbonate buffer (pH 8.0) at
a concentration of 10 mg/ml. For each reaction, 100 ug of RNase B
in ammonium bicarbonate reaction buffer was denatured in a
95 °C water bath for 10 min and then mixed with 90 ul of PBS
containing 5 ug of PNGase F and the purified candidate protein in
separate vials. The digestion was carried out at 37 °C for 12 h, and
the released glycans were collected by ultrafiltration using a filter
with a molecular weight cut-off of 3000 (Millipore, Bedford, MA)
at 2683 X g for 30 min at 4 °C. One microliter of the filtered solu-
tion was deposited on the MALDI plate with 1 ul of saturated
2,5-dihydroxybenzoic acid using the dried droplet method for MS
analysis. Profiling of the glycans was performed in the positive ion
reflectron mode in an AXIMA MALDI-quadrupole ion trap TOF
mass spectrometer (Shimadzu Corp., Kyoto, Japan) using a nitro-
gen pulsed laser (337 nm) and an acceleration voltage of 20 kV (17,
19). The enzymatic activity was also analyzed by SDS-PAGE.

JOURNAL OF BIOLOGICAL CHEMISTRY 7453



Characterization of a Novel PNGase from E. meningoseptica

TABLE 1

Crystallographic data collection, processing, structure refinement, and model quality statistics

Se-Met PNGase F-11 Native PNGase F-1I

Data collection

Wavelength (A) 1.0000 1.0000
Space group . C2 P2,
Unit cell parameters (A)

a 161.449 81.864

b 55.431 94.165

c 71.187 165.815

o 90.000 90.000

B 102.231 91.403

v . 90.000 90.000
Resolution range (A)* 30.00-1.90 (1.97-1.90) 30.00-2.80 (2.90—2.80)
No. of unique observations 47,585 55,844
Completeness (%) 97.9 (86.1) 91.7 (82.0)
Ry (%) 9.9 (42.4) 13.6 (42.0)
1ol 15.56 (3.02) 9.87 (2.28)
Redundancy 4.0 (2.8) 2.8 (2.0)

Refinement
Resolution (A) 29.97-1.90 29.50-2.81
Ry 0.165 0.199
e 0.203 0.257
No. of reflections 45,187 52,973
Model quality

Estimated coordinate error (A) ) 0.13 0.44
Root mean square deviation bonds (A) 0.010 0.009
Root mean square deviation angles (degrees) 1.386 1.156

“Values in parentheses are for the highest resolution shell.

" Ryork = 2|IF,| = [EJI/X|F,|, where F, and F, are the observed and calculated structure factors, respectively.
“Reree = 2|IF,| = |FJ/2|E,| for 5% of the data not used at any stage of structural refinement.

Substrate Specificity—A panel of representative substrate
N-glycoproteins, including RNase B with N-linked high-man-
nose oligosaccharides, ovalbumin with N-linked hybrid oligo-
saccharides, human IgG with N-linked complex oligosaccha-
rides (provided by the Chinese Center for Disease Control and
Prevention), and horseradish peroxidase (HRP) with a—1,3
core-fucosylated oligosaccharides (which is resistant to
PNGase F digestion; Biodee Biotechnology, Beijing, China)
were selected for use in this study. Glycoprotein (10 mg/ml)
dissolved in ultrapure water (native substrate) or heat-dena-
tured at 100 °C for 10 min (denatured substrate) was assayed.
All reactions were conducted in 10 mm PBS buffer (pH 7.4) at
37°C for 12 h. The treated samples were analyzed by
SDS-PAGE.

Deglycosylation of HRP—Periodic acid-Schiff staining was
applied for positive and negative detection of the glycosylated
substrate and deglycosylated product, respectively. Denatured
HRP was treated with PNGase F and PNGase F-II separately in
PBS buffer (pH 7.4) at 37 °C for 12 h and separated by electro-
phoresis. The gel was cut into two halves; one half was stained
using Coomassie Blue for protein detection, and the other half
was stained using periodic acid-Schiff reagent, according to the
instructions provided in the glycoprotein staining kit manual
(Thermo Scientific Pierce). Western blot using anti-HRP poly-
clonal antibodies (LifeSpan BioSciences) was performed to ver-
ify the HRP protein. The digestion of a—1,3 core-fucosylated
asparagine oligosaccharide by PNGase F-II was verified by
MALDI-TOFE-MS.

Crystallization of PNGase F-1I—Selenomethionine (Se-Met)-
substituted PNGase F-II was obtained by expressing the protein
in M9 medium supplemented with 60 mg/liter Se-Met (Sigma-
Aldrich). Se-Met PNGase F-II was purified as described above,
except that 1 mm DTT was added to the gel filtration buffer.
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Se-Met PNGase F-1I (15 mg/ml) was crystallized using the
hanging-drop vapor diffusion method at 16 °C. The optimized
crystallization condition contained 10% polyethylene glycol
(PEG) 4000, 0.01 m MgCl,, 0.2 m KCl, and 0.05 M sodium caco-
dylate, pH 6.5. Native PNGase F-II crystals were obtained in a
crystallization condition comprising 12% PEG 3350 and 0.1 M
sodium malonate, pH 7.0. The crystals were flash-frozen in lig-
uid nitrogen in the mother liquor supplemented with 20% glyc-
erol as a cryoprotectant.

Data Collection and Structure Determination—X-ray dif-
fraction data were collected at the BL17U beamline of the
Shanghai Synchrotron Radiation Facility. All diffraction data
were indexed, integrated, and scaled using HKL2000 (20). The
crystal structure of native PNGase F-II was determined by
molecular replacement using the crystal structure of PNGg,
(B. fragilis; Protein Data Bank code 3KS7) as the search model.
The crystal structure for Se-Met PNGase F-1I was determined
by molecular replacement using the structure of native PNGase
F-1I as the search model. All of the structures were displayed
using the PyYMOL molecular graphics system (version 1.4.1).

Refinement and Model Building—All structural refinement
was carried out using the REFMACS5 program of the CCP4 suite
(21). Five percent of the data were randomly selected and set
aside for free R-factor cross-validation calculations. 2F, — F,
and F, — F, maps were used for manual rebuilding of the pep-
tide chain as well as for the addition of solvent molecules using
COOQOT (22). The refinement was continued until convergence
of the free R-factor. The final refinement statistics are listed in
Table 1.

Preparation of PNGase F-IIANBL—To further define the
function of the catalytic domain of PNGase F-II, a similar pro-
cedure was applied for the cloning, expression, and purification
of PNGase F-ITANBL (residues 184 —537, without the NBL
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domain). The mutant gene was amplified by PCR using the
following primer pair (5'-atccatgggaaagagcagatttatcactattc-
ctg-3’ and 5'-acctcgagctattcttgecctaagagaacg-3'). The ampli-
fied product was inserted between the Ncol and XholI cloning
sites on the pET28a plasmid. The constructed expression vec-
tor was transformed into E. coli BL21(DE3), and the transfor-
mants were cultured at 37 °C for 12 h in Luria-Bertani medium
containing 50 ug/ml kanamycin. The enzymatic activity of the
mutant protein PNGase F-II-ANBL was subjected to the same
assays applied for PNGase F-II.

RESULTS

A Novel Candidate PNGase Gene (pngF-11) Was Identified in
the Whole Genome Sequence of E. meningoseptica—FMS-007 is
a clinical strain of E. meningoseptica that was isolated from the
sputum collected from a T-cell non-Hodgkin’s lymphoma
patient; its whole genome sequence (comprising 3,938,967
base pairs in one contig) was obtained in 2012. Bioinformatics
analysis of the genome led to the identification of an ORF with a
mature protein of 537 amino acids plus a signal peptide of 30
amino acids. The protein contained a domain with unknown
function at the N terminus (residues 1-170) followed by a
PNGase F domain (PNGF domain; residues 184—537). The
protein was named PNGase F-II. The pngF-II gene
(FMSX7GL000700) was localized in the Scaffold1:749867—
751570 (—) of the genome sequence. Phylogenetic analysis of
the PNGF domain with other PNGase (both published and pre-
dicted) in GenBank™ revealed that the proteins could be
divided into two separate clades, with PNGase F in one clade
and the newly predicted PNGase in the other (Fig. 1C). Clade-
specific conserved amino acids were also identified from the
alignment (Fig. 1B). These results indicated that the candidate
protein might have PNGase activity distinct from that reported
for well characterized PNGase F protein.

The pngF-1I Gene Encoding a Protein with PNGase Activity—
The profile of the released glycans from RNase B (Fig. 24) was
compared with that obtained for the PNGase F control (Fig.
2B). The result generated by PNGase F was consistent with that
reported in previous studies (23). The glycans released by the
candidate protein were identical to the ones produced by
PNGase F (Fig. 2). This result indicated that the putative
PNGase has activity similar to that of PNGase F; they both
hydrolyzed the glycan moiety in the innermost N-acetylgluco-
samine (GlcNAc) from denatured RNase B. Therefore, the can-
didate protein was named PNGase F-II.

Substrate Specificity of the Candidate PNGase—To define the
substrate specificity of PNGase F-1I, three representative glyco-
proteins with N-linked glycans (RNase B (high mannose type),
ovalbumin (hybrid type), and IgG (complex type)) were
digested with PNGase F-II and PNGase F. Substrate digestion
was verified by the downward shift of the substrate glycopro-
tein band observed on SDS-PAGE analysis (Fig. 3). The results
revealed that PNGase F-II could release N-linked glycans from
denatured but not native RNase B and ovalbumin (Fig. 3, A1
and A2), whereas PNGase F could cleave both denatured and
native substrates (Fig. 3, BI and B2). Both enzymes were more
active toward native IgG than toward denatured IgG (Fig. 3, A3
and B3).
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Only PNGase F-II Could Release a—1,3 Core-fucosylated
Glycans from HRP—To further distinguish the activities of
PNGase F-II and PNGase F, plant N-glycoprotein HRP was
used as the substrate in the deglycosylation assay. HRP contains
a—1,3 core-fucosylated glycans and is known to be resistant to
PNGase F digestion (24). When heat-denatured HRP was
treated with PNGase F-II and PNGase F, a band down-shifted
to an approximate size of 35 kDa was detected only for the
PNGase F-II-treated sample (Fig. 4A4). Western blot analysis
indicated that anti-HRP antibodies recognized the down-
shifted band. To confirm that the down-shifted band was a
deglycosylated product of PNGase F-II digestion, the proteins
on the gel were subjected to glycoprotein staining. The 35 kDa
band was negative for glycan staining, whereas the intact HRP
band stained positive (Fig. 44). The glycans released from HRP
on PNGase F-II digestion were analyzed by MALDI-TOF MS;
the resultant profile was consistent with the reported N-glycan
profile for HRP (25). Because PNGase F does not show activity
toward proteins with a—1,3 core fucosylation, the digestion of
HRP by PNGase F-II indicated that PNGase F-II might have a
function distinct from that of PNGase F.

Crystal Structure of PNGase F-II—PNGase F-1I, crystallized
in two different space groups, C2 (Fig. 5, A and B) and P2, (Fig.
5, C and D). Native PNGase F-II crystallized in the P2, space
group with four molecules in the asymmetric unit; the crystals
diffracted x-rays to a resolution of 2.8 A. Se-Met PNGase F-II
crystallized in the C2 space group with one molecule in the
asymmetric unit; the crystals diffracted x-rays to a resolution of
1.9 A. The crystal structures of both forms were solved by
molecular replacement. Because the structures of both forms
were identical, the Se-Met PNGase F-II structure was used as
the reference structure for all structural analyses.

The structure of PNGase F-II contained two spatially inde-
pendent domains, an N-terminal bowl-like (NBL) domain with
unknown function (residues 1-170; Fig. 5A4) and a core catalytic
domain. The bridge between the NBL domain and the PNGF
domain was a “linker” a-helix. In the P2, space group (native
PNGase F-II), there were four molecules in the asymmetric
unit: chains A, B, C, and D (Fig. 5C). These four chains and the
single chain in the C2 asymmetric unit (Se-Met PNGase F-1I)
shared a common structure with minor differences. Structural
alignment of the five different chains revealed that the “linker”
a-helix might function to provide flexibility (Fig. 5D) between
the two domains. Chains B and C of the P2, space group had the
same structure, whereas chains A, D, and Se-Met PNGase F-1I
showed minor variations. When the PNGF domains of chains
A, D, and Se-Met PNGase-II were aligned with that of chain
B/C as the reference molecule, the NBL domains of chains A, D,
and Se-Met PNGase-II were shifted by 9.2, 11.9, and 17.6°,
respectively, from the “linker” a helix. Thus, the “linker” a-helix
may play a role in coordinating the location of the NBL domain
with respect to the PNGF domain. The hexahistidine tag and
the bound Zn>* at the C terminus were derived from the
pET28a expression vector.

PNGase F-1I Contains a Larger N-Glycan-binding Groove—
Like all of the other PNGases, the core catalytic domain of
PNGase F-II consists of two eight-stranded antiparallel 8
sheets, PNGF-N (B1 and p4-10) and PNGF-C (B11-15 and
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Putative PNGase
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FIGURE 1. Sequence alignment of the candidate protein (putative PNGase) with PNGase listed in GenBank™. A, schematic diagram of the domain
architecture of the predicted PNGase from E. meningoseptica (FMS-007). B, multiple-sequence alignment of the catalytic domain of the candidate protein with
PNGase from the following species: E. meningoseptica (PNGg,,,; Gl: 157833537), Salmo salar (PNG,; Gl: 223648018), Danio rerio (PNGp,.; Gl: 33417217), D. radio-
durans (PNGp,,; Gl: 15807985), B. fragilis, (PNGg; Gl: 60680363), and Bacillus massiliensis (PNGg,,,; Gl: 492737344). C, unrooted phylogenetic tree of PNGase from

different species.
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FIGURE 2. MALDI-TOF mass spectra of the glycans released from denatured RNase B. A, spectra of the glycans released by the candidate PNGase. B, spectra

of the glycans released by PNGase F.
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FIGURE 3. SDS-PAGE analysis of N-glycoproteins treated with PNGase F-1l. A, comparison of the deglycosylation activities of PNGase F-II (F-/l) and PNGase
F (F) toward denatured substrates (glycosylated and deglycosylated forms of the substrates are indicated by +CHO and —CHO, respectively). B, comparison of

the deglycosylation of native substrates by PNGase F-ll and PNGase F.

B17-19) (Figs. 1B and 5A). These two eight-stranded antipar-
allel B sandwiches lie side by side with parallel principal axes.
Unlike PNGase F, which contains three pairs of disulfide bonds,
only one disulfide bond was detected in PNGase F-II (between
Cys*®° and Cys*®®), and these two residues were conserved in
the PNGase family (Fig. 1B).
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The substrate-binding region of the core catalytic domain
was identified by superimposing its crystal structure on the
structure of PNGase F with or without a glycan product (Fig. 6,
A and B; EmPNG (Protein Data Bank code 1PNF), crystal struc-
ture complexed with the product N,N’-diacetylchitobiose;
EmPNG (Protein Data Bank code 1PNG), crystal structure
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FIGURE 4. Deglycosylation of HRP by PNGase F-II. A, deglycosylation of HRP by PNGase F-Il. PNGase F-ll-digested HRP was subjected to Coomassie Blue
staining (/eft), glycoprotein staining (middle), and Western blot analysis with polyclonal anti-HRP antibodies (right). PBS, only substrate; Fll, PNGase F-ll and
substrate. Glycosylated and deglycosylated forms of HRP are indicated by +CHO and —CHO, respectively. B, MALDI-TOF mass spectra of glycans released from

HRP.

without the product). As in PNGase F, an N-glycan-binding
groove located between the two eight-stranded antiparallel 3
sandwiches with a negatively charged surface was identified
(Fig. 6F). Previous studies indicated that the residues Asp®’,
Glu''®, and Glu**® in EmPNG are essential for catalytic activity,
with Asp®® as the primary catalytic residue (26). Two of these
three residues were identified at corresponding positions in
PNGase F-II (Asp>*® and Glu**®). Residue Glu''® in EmPNG
was found to be replaced by residue Gly**° in PNGase F-11 at the
corresponding position. However, the carboxylic group of
Glu®®*® in PNGase F-II was found in the same position as that of
Glu''® in PNGase F (Fig. 6, C—E). These results suggest that
PNGase F-II and PNGase F may have similar glycan-binding
grooves and catalytic sites. Notably, the side chain of Trp*®! in
EmPNG is extended toward the outside of the groove (Fig. 6D),
whereas the side chain of His**” in PNGase F-11 is positioned on
the inner surface of the groove (Fig. 6E). This provides more
room for proximal GlcNAc inside the glycan-binding groove of
PNGEF-II (Fig. 6F). This may allow PNGE-II to bind, cleave, and
release glycans from substrates with core a—1,3 fucosylation.
Based on the configuration of the proximal GlcNAc inside
the glycan-binding groove, the peptide-binding site and the
core mannose-binding site could be located on the right and left
sides of the groove, respectively (Fig. 6G). Together, these three
sites form a substrate-binding region for glycoproteins. Inter-
estingly, three insertions surrounding the substrate-binding
region were identified only in the PNGase F-II structure (Figs.
1B and 6B). Insertion I is the largest (residues 259-293),
whereas insertions II (residues 312—324) and III (residues 469 —
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478) are on the predicted peptide-binding side of the substrate-
binding region (Fig. 6G). These two extended insertions may
function as spatial barriers to prevent the binding of native pro-
teins, providing a possible explanation for the preference of
PNGase F-II for denatured substrates (Fig. 3).

The N-terminal Domain of PNGase F-11 Is Not Required for Its
Deglycosylation Activity—A DALI search revealed that the NBL
domain has a unique structure without any significant
homologs. This domain has a bowl-like structure comprising
10 B-sheets and two « helices (Fig. 7A). The pocket of this bowl
is ~27 A in length and 24 A in width. A divalent ion was found
outside the bowl in coordination with residues Glu®' and
Asp'®® (Fig. 7A). The electrostatic surface potential diagram
showed that the bottom of the bowl is relatively hydrophobic,
whereas one side of the bowl is positively charged and the other
is negatively charged (Fig. 7B).

To further define the functional domain of PNGase F-1I, a
deletion mutant (PNGase F-IIANBL, comprising residues 184 —
537 and without the NBL domain) was constructed, expressed,
purified, and subjected to functional assays. The enzymatic
activities of PNGase F-IIANBL and PNGase F-II were com-
pared. PNGase F-IIANBL could release N-linked glycan moi-
eties from heat-denatured RNase B (Fig. 7C) and HRP (data not
shown). These results indicated that the C-terminal PNGF
domain of PNGase F-II is sufficient for its PNGase activity and
that the NBL domain is probably involved in the other func-
tions, such as substrate selectivity, protein stability, and inter-
action with other molecules. Unlike PNGase F-II, the purified
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ChainB

ChainA ChainC

FIGURE 5. The crystal structure of PNGase F-II. A, structure of PNGase F-Il in the C121 space group. The two domains are marked with different colors. The
N-terminal bowl-like domain is colored green, whereas the PNGF domain is colored violet. The hexahistidine tag at the C terminus was bound with a metal ion
(blue sphere). B, the four molecules in the asymmetric unit of the P2, space group. Chain A is colored green, chain B is cyan, chain C is light magenta, and chain
Dis yellow. C, angle shift observed in the different chains. The five chains were superimposed on each other. Chain A is colored green, chain B is cyan, chain Cis
magenta, chain D is yellow, and Se-Met PNGase F-Il is red. The angles are represented by black lines.

shorter protein (PNGase F-IIANBL) precipitated easily at 4 °C
(data not shown).

DISCUSSION

PNGase (EC 3.5.1.52) is a critical enzyme implicated in many
biological processes. It catalyzes the cleavage of the full-length
glycan from the proximal GlcNAc residue on N-glycoproteins
and N-glycopeptides. Although PNGase isolated from different
species may have different biological functions, they all act on
substrates composed of two biologically important but struc-
turally different polymers: a peptide with a signature sequence
of Asn-X-Thr/Ser and a polysaccharide with a core oligosac-
charide of di-N,N'-acetylchitobiosyl plus three mannose resi-
dues. Altmann ez al. (27) showed that the size of the carbohy-
drate moiety in the substrate has little influence on the
enzymatic activities of N-glycosidase and that the hydrolysis
rates of PNGase enzymes are primarily determined by the
length of the peptide. Studies on the substrate requirements of
PNGase F showed that Asn-linked GIcNAc occupied the most
critical position for substrate binding and that PNGase F
requires at least the di-N,N’-acetylchitobiosyl core unit and a
tripeptide for its activity (28).

In vitro biochemical studies demonstrated that both PNGase
F-1I and PNGase F showed activity toward substrates with high
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mannose (RNase B), hybrid N-glycans (ovalbumin), and com-
plex N-glycans (IgG) of bi-, tri-, and tetra-antennary oligosac-
charides (12, 15), but only PNGase F-II showed activity toward
horseradish peroxidase, a plant N-glycoprotein with fucose
linked a—1,3 to Asn-GlcNAc (25). The resistance of HRP to
PNGase F digestion observed in this study is consistent with a
previous report (24). These observations indicate that the sub-
strate specificity of the novel PNGase characterized in this
study differs from that of the well established PNGase F and
that this PNGase might serve as an alternative for PNGase F and
complement its function. In this study, deglycosylation assays
were first conducted with denatured substrates. In order to
explore the potential biological function of the candidate
PNGase, the assays were also conducted with non-denatured
substrates. Our results indicated that both enzymes showed
activity toward denatured RNase B, denatured ovalbumin, and
native IgG (IgG, hepatitis B immune globin, and globins; data
not shown). PNGase F had relatively low activity toward native
RNase B and ovalbumin, whereas PNGase F-1I showed no activ-
ity. The biological significance of these observations is yet to be
elucidated.

A previous mutagenesis study of the active sites suggested
that Asp®, Glu'*®, and Glu?°® were essential amino acids for
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FIGURE 6. Substrate-binding region and active site of PNGase F-Il. A, superimposition of the PNGF domain of PNGase F-Il and EmPNG (Protein Data Bank
code 1PNG). The PNGF domain of PNGF-Il is colored violet,and EmPNG is colored cyan. B, superimposition of the PNGF domain of PNGase F-ll and EmPNG with
product (N,N'-diacetylchitobiose) (Protein Data Bank code 1PNF). The PNGF domain of PNGF-Il is colored violet, and EmPNG is colored agquamarine. The three
insertions in PNGF-Il are colored red. C, superimposition of the glycan-binding sites of PNGase F and PNGase F-Il. D and E, glycan-binding sites of PNGase F and
F-II, respectively. F, electrostatic surface potential diagrams of the glycan-binding grooves. The grooves are marked by yellow lines. G, PNGase F-Il with an
N,N’-diacetylchitobiose molecule modeled in the glycan-binding groove. The putative peptide-binding cleft is marked by green lines.

PNGase F activity (26). Identical residues were found at two of
the corresponding sites in PNGase F-II (Asp™®®F'2%> and
GluF20¢/F11435) " Although Glu*''® in PNGase F is replaced by
Gly* 3% in PNGase F-II, the Glu®**° residue in the active site of
PNGase F-II might compensate for this substitution.

On a core-fucosylated GIcNAc molecule, the al-3- and
al-6-linked fucose moieties are located on different sides of
the central line defined by the 81-4 bond formed between two
GIcNAc molecules. An earlier study has shown that al-6-
linked fucose is located on the solvent side of the glycan binding
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site (26), indicating that a1-3-linked fucose is probably sitting
on the interface between the substrate and PNGase F-II

We noticed that, in PNGase F-II, His**’ is located on the
inner surface of the groove, whereas in PNGase F, Trp'®' is on
the outer surface of the groove, providing a barrier in the space
between the substrate and the enzyme. To address the role of
His*?” in PNGase F-1J, site-directed mutants H427W, H427A,
and H427K were produced, and their substrate specificities
were analyzed (data not shown). Three mutants retained enzy-
matic activities toward RNase B, but lost the activity toward
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Native
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4= RNase B-CHO

Denatured
4= RNase B+CHO
4= RNase B-CHO

FIGURE 7. NBL domain of PNGase F-Il. A, the NBL domain of PNGF-II. The domain is represented in rainbow colors. The N terminus, C terminus, and divalention
are colored blue, red, and orange, respectively. B, electrostatic surface potential diagram of the NBL domain. C, SDS-PAGE analysis of RNase B treated with
PNGase F-IIANBL. PBS, only RNase B; Fll, PNGase F-Il and RNase B; FIIAN, PNGase F-IIANBL and RNase B; F, PNGase F and RNase B. Glycosylated and deglycosy-

lated forms of RNase B are indicated by +CHO and —CHO, respectively.

HRP, indicating that His**” of PNGase F-II was responsible for
its unique substrate specificity toward HRP. A similar approach
was used to examine the significance of Trp''® in the inner
surface of the groove in the crystal structure of PNGase F-II;
three mutants (W119H, W119A, and W119Y) were active
toward RNase B but not toward HRP. This result indicated that
a single residue change was not enough to create room for the
binding of HRP in PNGase F. These structural features explain
why PNGase F showed activity toward a—1,6-fucosylated sub-
strates only, whereas PNGase F-II showed activity toward
a—1,3-fucosylated glycoproteins as well. A substrate-binding
region was identified in the catalytic domain (Fig. 6H), with a
glycan-binding groove at the center and two predicted binding
sites on either side. Three insertions in the PNGase F-II sur-
round the substrate-binding region and provide additional
space barriers to prevent the binding of native glycoproteins.
Therefore, PNGase F-II has low activity toward most native
glycoproteins.

Compared with PNGase F, PNGase F-II had an additional
domain with a bowl-like structure at its N terminus. A deletion
assay conducted in this study suggested that this domain is not
required for PNGase activity. Additional domains involved in
non-catalytic functions, such as protein-protein interactions,
have been reported for eukaryotic PNGases. Mouse PNGase
has N- and C-terminal domains in addition to its central cata-
lytic domain. The N-terminal domain is known to be involved
in protein-protein interaction (29), whereas the C-terminal
domain may function as a mannose-binding module (30). Allen
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et al. reported that the N-terminal PUB domain of human
PNGase consists of five « helices that pack into a short three-
stranded antiparallel 8 sheet. This domain may assist the bind-
ing of the p97 protein to the D1 ATPase domain, the D2 ATPase
domains, or both, thereby coordinating the ATP hydrolysis-de-
pendent substrate-extracting activity of p97 with PNGase-cat-
alyzed deglycosylation (31). Although the extra non-catalytic
domain is probably a common feature of some PNGase pro-
teins, elucidating the structures and functions of these domains
merits further studies.

In conclusion, we identified a new PNGase from E. meningo-
septica that has structure and substrate specificity different
from that of PNGase F. It contains a bowl-like domain of
unknown function at its N terminus. The identification of this
isozyme may help us to understand the biological role of bacte-
rial PNGase. In addition, to the best of our knowledge, this is the
first study to demonstrate the presence of two PNGase proteins
in a bacterium. The co-existence of two isozymes in E. menin-
goseptica indicates that PNGase activity is critical for this spe-
cies. Because protein N-glycosylation is a rare event in bacteria,
we speculate that PNGase activity may provide a niche in host-
bacterium interactions.
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