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Dehydrogenase/Reductase Superfamily
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ABSTRACT: Within recent years it has become apparent that protein
glycosylation is not limited to eukaryotes. Indeed, in Campylobacter jejuni, a
Gram-negative bacterium, more than 60 of its proteins are known to be
glycosylated. One of the sugars found in such glycosylated proteins is 2,4-
diacetamido-2,4,6-trideoxy-a-p-glucopyranose, hereafter referred to as QuiNAc4-
NAc. The pathway for its biosynthesis, initiating with UDP-GIcNAGg, requires three
enzymes referred to as PglF, PglE, and PlgD. The focus of this investigation is on
PglF, an NAD"-dependent sugar 4,6-dehydratase known to belong to the short
chain dehydrogenase/reductase (SDR) superfamily. Specifically, PglF catalyzes the
first step in the pathway, namely, the dehydration of UDP-GIcNAc to UDP-2-
acetamido-2,6-dideoxy-a-p-xylo-hexos-4-ulose. Most members of the SDR super-

A

family contain a characteristic signature sequence of YXXXK where the conserved tyrosine functions as a catalytic acid or a base.
Strikingly, in PglF, this residue is a methionine. Here we describe a detailed structural and functional investigation of PglF from
C. jejuni. For this investigation five X-ray structures were determined to resolutions of 2.0 A or better. In addition, kinetic analyses
of the wild-type and site-directed variants were performed. On the basis of the data reported herein, a new catalytic mechanism
for a SDR superfamily member is proposed that does not require the typically conserved tyrosine residue.

lycosylation has been well recognized as an important co-

or post-translational protein modification in eukaryotes
for nearly 80 years. Indeed, the first report of such a
modification was published in 1938." Originally thought to be
eukaryotic specific, it is now known that such modifications also
occur in prokaryotes.”> To date, the best understood
prokaryotic N-linked glycosylation pathway is that observed
in Campylobacter jejuni, a Gram negative organism that is a
major culprit in human bacterial gastroenteritis worldwide."
Indeed, as first reported in 1999, C. jejuni contains an N-linked
protein glycosylation pathway, and more than 60 of its proteins
are now known to be N-glycosylated by a conserved
heptasaccharide.”® The structure of the asparagine-linked
heptasaccharide unit, assembled using nucleotide-linked sugars,
has been shown to be the following: GalNAc-al,4-GalNAc-
al,4-[Glcp1,3-]GalNAc-al,4-GalNAc-al,4-GalNAc-al,3-di-
NAcBac-f1 where diNAcBac refers to 2,4-diacetamido-2,4,6-
trideoxy-a-D-glucopyranose (also known in the literature as
QuiNAc4NAc or N,N'-diacetylbacillosamine).” For this report
it will be referred to as QuiNAc4NAc.

The pathway for QuiNAc4NAc production is outlined in
Scheme 1.° Thus far, the structures and functions of both PglE
and PglD have been well characterized.” ' The focus of this
investigation is on the enzyme PglF, which catalyzes the first
step in the pathway, namely, the dehydration of UDP-GIcNAc
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to UDP-2-acetamido-2,6-dideoxy-a-D-xylo-hexos-4-ulose. PglF
is a NAD"-dependent membrane associated protein containing
590 amino acid residues. On the basis of its amino acid
sequence, it appears that PgIF is composed of three domains:
an N-terminal motif containing four transmembrane regions
(Met 1—Arg 129), a linker section of unknown function
defined by Met 130—Ile 247, and a C-terminal catalytic domain
formed by Ser 248—Tle 590."

The dehydration step catalyzed by PglF is common to many
pathways for the biosynthesis of unusual di- and trideoxy
sugars.'” The enzymes involved in such 4,6-dehydrogenation
events are known to belong to the short-chain dehydrogenase/
reductase (SDR) superfamily.*~"” Members of the family are
NAD(H)- or NADP(H)-dependent and are involved in a wide
range of biological processes including normal and metastatic
growth, fertility, and hypertension, among others.'®"” Despite
having limited amino acid sequence identities (15—30%) and
varying quaternary structures, members of the SDR superfamily
have similar bilobal subunit architectures with their N-terminal
regions dominated by a modified Rossmann fold. Two
characteristic signature sequences are found in SDR superfamily
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Scheme 1. Pathway for the Biosynthesis of UDP-
QuiNAc4NAc
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members: a YXXXK motif where the conserved tyrosine is
thought to serve as a catalytic acid/base and a GXXX[AG]XG
motif involved in dinucleotide binding.

During the past 17 years the sugar 4,6-dehydratases have
been the focus of numerous structural and biochemical
investigations.zo_‘?’6 From these studies, and as outlined in
Scheme 2, the conserved tyrosine, in its tyrosinate form, is
thought to function as the catalytic base that abstracts a proton
from the C-4' hydroxyl group of the sugar, while the hydride on
C-4' is transferred to a tightly bound NAD". In the second step,

a conserved glutamate (or sometimes a lysine) abstracts a
proton from C-5' of the sugar, while a proton from a conserved
aspartate is donated to the C-6" hydroxyl moiety thereby
leading to the elimination of a water molecule and the
formation of a NDP-4-keto-glucose-5,6-ene intermediate.
Transfer of the proton from the conserved glutamate back to
C-5’ and transfer of the hydride from NADH to C-6’ yields the
final product. Indeed, the mechanism highlighted in Scheme 2
represents the current dogma regarding these intriguing 4,6-
dehydratases. Remarkably, in PglF the conserved tyrosine is
replaced with a methionine residue, and yet the enzyme is
catalytically competent. This change from a tyrosine to a
methionine residue was first reported for WbpM from
Pseudomonas aeruginosa, which is a large membrane bound
4,6-dehydratase that catalyzes the same reaction as PglE.”” Its
three-dimensional structure is unknown, however. The
structure of another protein with the tyrosine to methionine
replacement was recently reported for CapE from Staph-
ylococcus aureus, an enzyme involved in capsular polysaccharide
biosynthesis.***

Herein we describe a detailed structural and functional
analysis of PglF from C. jejuni. Notably, the closest structural
homologue of PglF is FlaAl from Helicobacter pylori, which
contains the typical tyrosine residue.”” On the basis of the data
presented, a new catalytic mechanism is put forth for a member
of the short-chain dehydrogenase/reductase superfamily that
does not require a tyrosine residue to function as a catalytic
acid or base.

Scheme 2. Accepted Mechanism for the Sugar 4,6-Dehydratases
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Table 1. X-ray Data Collection Statistics

wild-type enzyme with
NAD(H) and UDP

D396N/K397A variant with
NAD(H) and UDP-GIcNAc

M40SY variant with
NAD(H) and UDP

T39SS variant with
NAD(H) and UDP

T39SV variant with
NAD(H) and UDP

resolution limits 50.0—2.00 50.0-1.80
(2.10-2.00)" (1.90-1.80)

space group P2,2,2, P2,2.2,
Unit Cell

a (A) 69.1 69.8

b (A) 107.9 108.5

¢ (A) 1102 109.0
B (deg)
number of 54971 (7076) 74633 (10235)
independent
reflections
completeness (%) 97.3 (93.4) 96.4 (89.3)
redundancy 3.7 (2.1) 42 (2.0)
avg I/avg o(I) 13.2 (4.6) 7.7 (2.0)
Rym (%)° 92 (25.3) 9.5 (31.0)

50.0-1.60 50.0—1.60 50.0-1.60
(1.63—1.60) (1.66—1.60) (1.66—1.60)
P2, P2,2,2, P2,2,2,
592 692 69.5

69.2 108.3 108.3

1015 108.4 109.7

100.4

104005 (5250)

106859 (10499)

103648 (9614)

97.6 (99.7) 99.0 (98.4) 94.7 (88.4)
4.5 (40) 68 (5.1) 6.6 (3.8)

457 (23.6) 58.1 (21.2) 58.3 (10.9)
6.3 (10.6) 6.7 (12.1) 6.6 (12.6)

“Rym = (XL =TI/ X T) x 100. bStatistics for the highest resolution bin.

Table 2. Refinement Statistics

wild-type enzyme with
NAD(H) and UDP

D396N/K397A variant with
NAD(H) and UDP-GIcNAc

resolution limits (A) 50—2.0 50.0—1.8
R-factor”(overall)%/no. 19.5/54971 19.4/74633
reflections
R-factor (working)%/no. 19.3/52185 19.2/70815
reflections
R-factor (free)%/no. reflections 23.7/2728 23.2/3754
number of protein atoms 5400 5397
number of ligands (NAD(H) or 4 4
UDP or UDP-GIcNAc)
number of ethylene glycols 1 3
number of sodium ions 2 4
number of water molecules 490 612
average B values
protein atoms (A?) 17.3 18.1
ligands (A?) 11.7 10.3
solvent (A?) 224 26.1
weighted RMS deviations
from ideality
bond lengths (A) 0.009 0.011
bond angles (deg) 1.7 1.9
general planes (deg) 0.007 0.008
Ramachandran regions (%)
most favored 99.0 98.2
additionally allowed 1.0 1.6
generously allowed 0.1

M405Y variant with
NAD(H) and UDP

T39SV variant with
NAD(H) and UDP

T395S variant with
NAD(H) and UDP

50.0—1.6 50.0—1.6 50.0—1.6
17.5/104005 16.3/106859 17.0/103648
17.3/98833 16.2/96193 16.9/98441
20.5/5150 18.5/5315 19.6/5186
5326 5401 5371

4 4 4

4 5 s

4 8 6

697 731 727

17.8 15.9 209

124 8.6 159

289 28.7 32.6

0.011 0.011 0.013

17 17 1.9

0.008 0.008 0.008

99.6 99.7 99.4

04 03 0.6

“Rfactor = (ZIF, — FJ/ZIF,l) X 100 where F, is the observed structure-factor amplitude and F, is the calculated structure-factor amplitude.
“Distribution of the Ramachandran angles according to PROCHECK.*

B MATERIALS AND METHODS

Cloning, Expression, and Purification. A pglF gene
cloned from C. jejuni NCTC11168 served as the starting
template for PCR using Platinum Pfx DNA polymerase
(Invitrogen). Primers were designed that incorporated Ndel
and Xhol restriction sites. The PCR product was digested with
Ndel and Xhol and ligated into pET31b. Upon alignment of
the pglF gene sequence with those of other sugar 4,6-
dehydratases, a truncation was incorporated after the trans-
membrane region and linker domain to create a catalytic
globular domain (Ala 244 to the C-terminus). A purification tag
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at the C-terminus was also included with the following
sequence: AAGFNRIPAAALEHHHHHH.

The pET31 vector was utilized to transform Rosetta(DE3)
Escherichia coli cells (Novagen). The cells harboring the
pET31b-pglF plasmid were cultured in lysogeny broth
supplemented with ampicillin (100 mg/L) and chlorampheni-
col (50 mg/L). The cells were grown with shaking at 37 °C.
When the optical density reached 0.8 at 600 nm, the flasks were
cooled in an ice water bath, and the cultures were subsequently
induced with 1 mM isopropyl f-p-1-thiogalactopyranoside and
transferred to a refrigerated shaker at 16 °C where they were
allowed to express protein for 18 h after induction.

DOI: 10.1021/acs.biochem.7b00910
Biochemistry 2017, 56, 6030—6040


http://dx.doi.org/10.1021/acs.biochem.7b00910

Biochemistry

PglF with the C-terminal histidine tag was purified by
nitrilotriacetic acid resin (Qiagen) according to the manufac-
turer’s instructions. Following purification, the protein was
dialyzed against 10 mM Tris-HCI and 200 mM NaCl at pH 8.0
and concentrated to 22 mg/mL based on the calculated
extinction coefficient of 1.94 (mg/mL)™" cm™.

Site-Directed Mutagenesis. All site-directed mutant
variants of PglF were generated via the QuikChange method
of Stratagene. The following protein variants were expressed
and purified as described for the wild-type enzyme: D396N/
K397A, D396N, T395S, T395V, and M405Y.

Protein Crystallization and X-ray Structural Analyses.
Crystallization conditions were initially surveyed by the hanging
drop method of vapor diffusion using a sparse matrix screen
developed in the Holden laboratory. The first experiments were
conducted with the wild-type enzyme in complex with 10 mM
UDP at room temperature. X-ray diffraction quality crystals
appeared as thin plates after 1-2 days and were grown by
mixing 1:1 the protein sample at 22 mg/mL with a precipitant
solution composed of 22% monomethyl ether poly(ethylene
glycol) 5000, 2% 2-methyl-2,4-pentanediol, 10 mM UDP, and
100 mM MES (pH 6.0). Prior to X-ray data collection, the
crystals were transferred to solutions composed of 28%
monomethyl ether poly(ethylene glycol) S000, 2% 2-methyl-
2,4-pentanediol, 300 mM NaCl, 100 mM MES (pH 6.0), 10
mM UDP, and 15% ethylene glycol. The T395S, T39SV, and
M405Y mutant variants in the presence of UDP were
crystallized under similar conditions to those of the wild-type
enzyme.

X-ray diffraction quality crystals of the PglF D396N/K397A
variant in the presence of 10 mM UDP-GIcNAc were also
grown from hanging drop by mixing 1:1 the protein sample at
20 mg/mL with a precipitant solution composed of 13%
monomethyl ether poly(ethylene glycol) 5000 and 100 mM
MES (pH 6.0). Prior to X-ray data collection, the crystals were
transferred to solutions composed of 24% monomethyl ether
poly(ethylene glycol) 5000, 300 mM NaCl, 10 mM UDP-
GlcNAc, 100 mM MES (pH 6.0), and 15% ethylene glycol.

X-ray data sets for the PglF wild-type and D396N/K397A
mutant variant crystals were collected at 100 K with a Bruker
AXS Platinum 135 CCD detector controlled by the Proteum
software suite (Bruker AXS Inc.). The X-ray source was Cu Ko
radiation from a Rigaku RU200 X-ray generator equipped with
Montel optics and operated at 50 kV and 90 mA. These X-ray
data were processed with SAINT version 7.06A (Bruker AXS
Inc.) and internally scaled with SADABS version 2005/1
(Bruker AXS Inc.). Relevant X-ray data collection statistics are
listed in Table 1.

The structure of wild-type PglF was determined via
molecular replacement with the software package PHASER®
and using as a search model the partially refined PglF X-ray
coordinates from the laboratory of Dr. Allan Matte. Iterative
cycles of model building with COOT* and refinement with
REFMAC™ reduced the R, and R;,, to 19.3% and 23.7%,
respectively, from 50 to 2.0 A resolution. The structure of the
PglF D396N/K397A/UDP-GIcNAc complex was refined in a
similar manner. Iterative cycles of model building with COOT
and refinement with REFMAC reduced the R, and R, to
19.2% and 23.2%, respectively, from SO to 1.80 A resolution.
Relevant refinement statistics are listed in Table 2. Note that
noncrystallographic symmetry restraints were never utilized
during the model refinements.

6033

X-ray data sets from the T395S, T395V, and M405Y mutant
protein crystals were collected at the Structural Biology Center
beamline 19-BM at a wavelength of 0.9794 A (Advanced
Photon Source). The X-ray data were processed and scaled
with HKL3000."" The structures were solved via molecular
replacement with the software package PHASER using the
wild-type enzyme coordinates as the search model. Relevant
refinement statistics are listed in Table 2.

Kinetic Analyses. The kinetic constants for the wild-type
PglF and all mutant variants were determined via a
discontinuous assay using an AKTA HPLC system. The
reaction rates were determined by coupling PglF with the
aminotransferase (PglE) which immediately follows it in the
biosynthetic pathway (Scheme 1) and calculating the amount
of aminated product (UDP-4-amino-4,6-dideoxy-N-acetyl-a-p-
glucosamine) formed on the basis of the peak area on the
HPLC trace as measured at 262 nm. The area was correlated to
concentration via a calibration curve created with standard
samples that had been treated in the same manner as the
reaction aliquots. The P§IE required for the assay was prepared
as previously described.

Specifically, the kinetic parameters for the wild-type enzyme
with UDP-GIcNAc as a substrate were determined using 2.5
mL reaction mixtures containing SO mM HEPPS (pH 8.0), 1
mM pyridoxal 5'-phosphate, 50 mM sodium glutamate, 1 mg/
mL PglE, 0.088 uM PglF, and substrate concentrations ranging
from 0.1 to 10 mM UDP-GIcNAc. Eight 250 uL aliquots were
taken at time points over 3.5 min, and the reactions were
quenched by the addition of 6 uL of 6 M HCIL. Subsequently,
200 pL of carbon tetrachloride was added, the samples were
vigorously mixed and spun at 14000 X g for 2 min, and 100 uL
of the aqueous phase was taken for analysis via HPLC. The
samples were diluted with 2 mL of water and loaded onto a 1
mL ResQ column. The products were quantified after elution
with a 10-column volume gradient from 0 to 725 mM
ammonium acetate (pH 6.0).

Kinetic parameters for the M40SY variant with UDP-GIcNAc
were determined in a similar manner using 2.5 mL reaction
mixtures containing SO mM HEPPS (pH 8.0), 1 mM pyridoxal
5'-phosphate, 50 mM sodium glutamate, 1 mg/mL PglE, 1.3
UM PglF, and substrate concentrations ranging from 0.05 to 4
mM UDP-GIcNAc. Eight 200 uL aliquots were taken at time
points over 10 min, and the reactions were quenched by the
addition of 6 uL of 6 M HCL

Kinetic parameters for the T395S variant with UDP-GIcNAc
were also determined in a similar manner using 2.5 mL reaction
mixtures containing SO0 mM HEPPS (pH 8.0), 1 mM pyridoxal
5'-phosphate, 50 mM sodium glutamate, 1 mg/mL PgIE, 0.10
UM PglF, and substrate concentrations ranging from 0.1 to 20
mM UDP-GIcNAc. Eight 200 uL aliquots were taken at time
points over 10 min, and the reactions were quenched by the
addition of 6 uL of 6 M HCL

Using the above assay conditions, no enzymatic activity could
be detected for the D396N and T395V variants. Relevant
steady state kinetic parameters are listed in Table 3.

Table 3. Steady State Kinetic Parameters

enzyme Ky (mM) ke (s71) keu/Kyg (M7 s71)
wild-type 0.99 % 020 461 + 035 4700 + 700
T395S variant  2.25 + 036 495 + 0.56 2200 + 260
M40SY variant 020 + 0.04  0.086 % 0.014 430 + 75

DOI: 10.1021/acs.biochem.7b00910
Biochemistry 2017, 56, 6030—6040


http://dx.doi.org/10.1021/acs.biochem.7b00910

Biochemistry

L457 L457

= % D3%
vaza] . e
%

(@]

Figure 1. Structure of PglF. Shown in (a) is a ribbon representation of the PglF dimer with subunits 1 and 2 depicted in violet and green cyan,
respectively. The bound NAD(H) and UDP ligands are drawn in space filling representations. A stereoview of subunit 1 is presented in (b) with the
a-helices displayed in violet and the f#-strands colored in green cyan. The bound ligands are drawn in stick representations. A close-up stereoview of
the active site for subunit 1 is provided in (c). Water molecules are represented by red spheres. Possible hydrogen bonding interactions, within 3.2 4,
are indicated by the dashed lines. All figures were prepared with PyMOL.*
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(b)

Figure 2. Structure of the PglF/(D396N/K397A)/NAD(H)/UDP-GIcNAc complex. The electron densities corresponding to the bound ligands are
shown in (a). The electron density map was calculated with (F, — F,) coefficients and contoured at 30. The ligands were not included in the X-ray
coordinate file used to calculate the omit map, and thus there is no model bias. A close-up view of the active site is depicted in (b). Water molecules
are displayed as red spheres, and possible hydrogen bonding interactions are indicated by the dashed lines. As indicated by the green line between C-
4’ of the sugar and C-4 of the nicotinamide ring, the substrate is ideally positioned in the active site for hydride transfer.

Note that the concentration of PglE utilized in the assays
ensured that the aminotransferase reaction was not rate-
limiting.

Stopped-flow kinetic experiments were performed with a
KinTek SF-2001 instrument using absorbance detection with
the monochromator set at 340 nm. The mixing chamber was
maintained at 25 °C with a circulating water bath. Identical
solutions were prepared in H,O and in D,O. One syringe
contained 108 yM PglF and the other contained 20 mM UDP-
GIcNAc; both solutions were buffered with SO mM HEPES,
pH(D) 8.0, and 150 mM NaCl

B RESULTS AND DISCUSSION

Overall Architecture of PglF. PglF is a membrane bound
protein. In order to simplify the structural analysis, various
truncation mutant variants were constructed in the linker

6035

region. In most cases, catalytic activity was retained, and the
variants expressed well in E. coli. Importantly, only those
mutant proteins that were truncated near the catalytic domain
yielded preliminary crystals. After many trials, the final protein
construct utilized in this investigation extended from Ser 248 to
Lys 587. Also, the cofactor is referred to as NAD(H)
throughout this paper in light of the fact that its exact oxidation
state is unknown.

The first structure determined in this investigation was that
of the PglF/NAD(H)/UDP ternary complex. The crystals
utilized belonged to the space group P2,2,2, with two subunits
in the asymmetric unit. These two subunits were related by
180° rotation suggesting a dimeric quaternary structure. The
model was refined at 2.0 A resolution to an overall R-factor of
19.5%. A ribbon representation of the dimer is presented in
Figure la. It has overall dimensions of ~58 A X 81 A X 63 A

DOI: 10.1021/acs.biochem.7b00910
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and a total buried surface area of 2400 A% The quaternary
structure of PglF, as observed in the asymmetric unit, is
decidedly different from that for other dimeric sugar 4,6-
dehydratases. Typically, in these enzymes the interface is
formed by a four a-helical bundle with each subunit providing
two a-helical regions.”” Additionally, the adenosine amino
groups of the bound NAD(H) cofactors are separated by ~22
A. In PglF, the two a-helical regions required for the formation
of the four a-helical bundle are located nearly on the opposite
sides of the subunit—subunit interface. As a consequence, the
adenosine amino groups of the bound NAD(H) cofactors in
PglF are separated by only ~11 A. One caveat, however, is that
the transmembrane linker was removed from PglF, and thus it
is possible that the packing arrangement seen in the crystalline
lattice is an artifact. Nevertheless, the total buried surface area
as well as the nature of the subunit/subunit interface is
suggestive of a dimeric quaternary structure. Furthermore, gel
filtation experiments on the protein utilized in this investigation
were indicative of a dimer (unpublished data).

The a-carbons for the two subunits of the PglF dimer
superimpose with a root-mean-square deviation of 0.1 A. Given
the close structural correspondence, the following discussion
refers only to subunit 1 in the X-ray coordinate file unless
otherwise indicated. Shown in Figure 1b is a ribbon
representation of the subunit which displays a bilobal type
architecture. The polypeptide chain initiates with a short a-
helix followed by random coil. The N-terminal domain
responsible for binding NAD(H) is dominated by an eight-
stranded parallel B-sheet flanked on each side by three a-
helices. The C-terminal domain that houses the substrate
binding site is characterized primarily by two a-helices and two
P-sheets containing two f-strands each.

A close-up stereoview of the active site is displayed in Figure
lc. Both the UDP and NAD(H) ligands are anchored into the
active site via numerous hydrogen bonding interactions.
Specifically, the uracil ring of UDP lies within 3.2 A of the
carbonyl oxygen and the backbone amide nitrogen of Thr 456
and Thr 458, respectively. The UDP ribose adopts the C2'-endo
pucker with the C-2 hydroxyl group hydrogen bonding to the
side chains of Thr 458 and Glu 526. The side chains of Lys 397,
Asn 433, and Arg 464 interact with a S-phosphoryl oxygen of
the UDP ligand whereas the backbone amide nitrogen of Val
441 hydrogen bonds to an a-phosphoryl oxygen. Five water
molecules within 3.2 A surround the UDP ligand. As expected
for members of the short chain dehydrogenase/reductase
superfamily, the nicotinamide moiety of the NAD(H) adopts
the syn conformation thereby positioning the B-side of the ring
toward the UDP ligand. The side chain of Ser 437 and the
amide nitrogen of Val 434 hydrogen bond to the carboxamide
group of the nicotinamide ring. Those side chains that play key
roles in anchoring the NAD(H) cofactor into the active site
cleft include Asp 303, Asn 308, Lys 355, Asn 370, Lys 409, and
Ser 438. Additionally, the backbone amide nitrogens of Thr
282, Ile 283, and Ile 330 and six ordered water molecules aid in
cofactor positioning. Both Asp 396 and Lys 397 are conserved
among some sugar 4,6-dehydratases, but strikingly Met 405
resides in the region normally occupied by a tyrosine residue,
which is thought to serve as a catalytic base in these enzymes.

Active Site Geometry of PgIF. From previous reports on
a similar sugar 4,6-dehydratase, it can be speculated that both
Asp 396 and Lys 397 in PgIF play critical roles in catalysis.”’
Thus, in order to prepare a ternary complex of the enzyme with
NAD(H) and its substrate, UDP-GIcNAc, a double site-
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directed mutant protein, D396N/K397A, was subsequently
prepared. Crystals of this mutant variant with bound NAD(H)
and UDP-GIcNAc also belonged to the space group P2,2,2,
with a dimer in the asymmetric unit. The model was refined at
1.8 A resolution to an overall R-factor of 19.4%. The root-
mean-square deviation between the a-carbons for the wild-type
enzyme and the mutant variant superimpose with a root-mean-
square deviation of 0.3 A, thus indicating little structural change
upon UDP-sugar binding, at least in the crystalline state. Shown
in Figure 2a is the observed electron density corresponding to
the bound ligands in subunit 1. As can be seen, the electron
density is unambiguous for both the UDP-sugar and the
NAD(H) cofactor. The pyranosyl group of the UDP-sugar
adopts the *C, conformation. A stereoview of the PglF ternary
complex active site is presented in Figure 2b. Those side chains
important for anchoring the pyranosyl group to the protein
include Lys 355 and Thr 395. In addition, nine waters surround
the bound substrate. Importantly, the sugar C-4' lies within 3.9
A of the nicotinamide C-4 carbon, and it is also in the proper
orientation for hydride transfer.

Kinetic Analyses of PgIF. Given that the typical tyrosine
residue in the sugar 4,6-dehydratases is not found in PglF, the
question then arises as to the identity of the catalytic base
required to initiate the first half of the reaction outlined in
Scheme 2. It is particularly noteworthy that in the wild-type
structure, the side chain of Thr 395 is positioned at 3.5 A from
a carboxylate oxygen of Asp 396, and in the ternary complex it
is located at 2.8 A from the sugar C-4’ hydroxyl group. It can
thus be envisioned that the side chain of Thr 395 might
function as a proton shuttle by linking the sugar C-4" hydroxyl
group to the side chain of Asp 396, which would ultimately
serve as the catalytic base.

To more fully address the roles of the individual amino acids
in the activity of PgIF, the following site-directed mutant
proteins were constructed: T395S, T395V, D396N, and
M405Y. Under the assay conditions utilized, no measurable
activity was detected for the D396N mutant variant. Because
the crystals of the D396N mutant variant were not of high
quality, the structure of it will not be reported here.

Mutation at Thr 395 showed an interesting pattern. When
changed to a serine, the enzyme retained catalytic activity albeit
at a reduced level (Table 3). The major cause for the reduced
catalytic efficiency was the increased Ky, for the UDP-sugar
substrate: 0.99 + 0.20 mM for the wild-type enzyme versus
225 + 0.36 mM for the T395S variant. Within experimental
error, the k., values for the two proteins were the same,
however (Table 3). Given that Thr 395 is important in
positioning the pyranosyl group into the active site, it is not
surprising that the Ky; would be affected. The loss of the methyl
group in substituting a serine for a threonine most likely opens
the active site enough to raise the Ky for the UDP-sugar
substrate. The three-dimensional structure of the T395S
mutant variant was subsequently determined to 1.6 A
resolution, and the model was refined to an overall R-factor
of 17.5%. The wild-type protein and T395S mutant variant
structures are remarkably similar such that their a-carbons
superimpose with a root-mean-square deviation of 0.1 A.
Unlike that observed for the T395S variant, mutation of Thr
395 to a valine residue resulted in a completely inactive protein.
To ensure no major structural changes occurred upon this
mutation, the structure of the T395V mutant protein was
subsequently determined to 1.6 A resolution (overall R-factor
of 16.3%). As expected, the structures of the wild-type enzyme
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Figure 3. Major change that occurs upon substitution of a tyrosine residue for the active site methionine. Shown in stereo are the positions of the
NAD(H) cofactors and the side chains in the wild-type (violet) and the M40SY mutant variant (light blue).

Scheme 3. Proposed Mechanism for the PgIF Reaction
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and T39SV protein variant are nearly identical such that their
a-carbons superimpose with a root-mean-square deviation of
0.2 A. The above results clearly indicate the importance of a
hydroxyl group at position 395 for the PgIF reaction
mechanism.

We sought additional evidence for a proton-shuttle
mechanism from a proton inventory experiment. Hydride
transfer to NAD" is concomitant with proton abstraction from
the hydroxyl group at C-4'; if this proton removal is mediated
by Thr 395, which is itself deprotonated by Asp 396, the
formation of NADH would occur with two protons in flight in
the transition state. However, the transient increase in
absorbance at 340 nm observed in multiturnover experiments
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conducted in either protio or deuterio solvent, with enzyme
saturated with UDP-GIcNAc, was negligible, equivalent to no
more than 0.3% of the enzyme active sites, frustrating our
attempt to perform the proton inventory experiment. The
absence of NADH accumulation indicates that its formation is
rate-limiting in the catalytic cycle.

Given that the typically conserved tyrosine residue in the
sugar 4,6-dehydratases is a methionine in PglF, we were curious
as to whether the enzyme would retain activity if the
methionine was converted to a tyrosine. Thus, the M405Y
variant was constructed, and its enzymatic activity assessed. As
can be seen in Table 3, the Ky, decreased to 0.20 + 0.04 mM,
whereas the k., was severely reduced to 0.086 + 0.014 mM.
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The structure of the M405Y, determined at 1.6 A resolution
(overall R-factor of 17.0%), reveals the largest three-dimen-
sional perturbation among the site-directed mutant proteins
that were studied in this investigation. Whereas the a-carbons
for the wild-type enzyme and the M40SY mutant variant
superimpose with a root-mean-square deviation of 0.2 A, the
substitution of a tyrosine for a methionine effectively positions
the ribose of the NAD(H) more into the active site pocket as
shown in Figure 3.

Catalytic Mechanism of PgIF. On the basis of the
observed residues in the active site and the kinetic behavior of
the PgIF variants that were characterized, a mechanism that
does not rely on a tyrosinate is proposed (Scheme 3). The
proton transfer that initiates the catalytic cycle is mediated by
Thr 395 and Asp 396. The critical roles played by these
residues are evident from the fact that the D396N and T395V
variants exhibited no detectable catalytic activity. The carboxyl
group of Asp 396 is about 4.3 A from the substrate hydroxyl
group that must be deprotonated. This distance is too great for
Asp 396 to serve as the general base directly, unless it moves
closer to the substrate during the catalytic cycle. However, Thr
395 is positioned to act as an intermediary between the
substrate hydroxyl and the carboxylate of Asp 396 (Figure 4).

Figure 4. Model of the PgIF active site before catalysis. The composite
illustration was prepared by superimposing the structure of the wild-
type PglF with that of the D396N/K397A variant. The positions of the
UDP-GIcNAc substrate and the cofactor are derived from the double
mutant structure whereas the positions of the side chains of Thr 395
and Asp 396 are based upon the wild-type structure.

Concerted proton transfers between the C-4’ hydroxyl, Thr
395, and Asp 396 effect the deprotonation of the substrate and
obviate any need for Asp 396 to move. On the basis of the
kinetic behavior of the T395S mutant variant, it appears that
serine can also act as a bridge between the substrate and Asp
396. After the initial proton transfer, Asp 396 is in the correct
position and protonation state to act as a general acid to
facilitate dehydration of the intermediate in the next step of the
reaction. Lys 397 is positioned to abstract the C-S’ proton
required to initiate the dehydration. The catalytic cycle closes
when NADH delivers a hydride to C-6' and a proton is
returned to C-5" by Lys 397. The residues that mediate all the
proton transfers that occur are in the same protonation state at
the end of the catalytic cycle as they are at the beginning.
Although the sugar 4,6-dehydratases and the sugar C-4'
epimerases share little amino acid sequence homology, their
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strikingly similar architectures and catalytic mechanisms have
caused them to be linked together within the SDR superfamily.
The “SYK” catalytic triad in the C-4’" epimerases has been
studied in detail, and its role in catalysis appears unequiv-
ocal.™* Many of the sugar 4,6-dehydratases also have the
“SYK” catalytic triad. In some, however, a conserved “SMK”
motif has been identified, raising the question of how a
methionine residue could substitute for a tyrosine as a general
base.” ™" From the work presented here and in light of basic
chemical principles, the methionine does not serve as a catalytic
base. Rather it is the combination of Thr 395 and Asp 396 that
ultimately removes the proton from the C-4" hydroxyl group.
As such, the analogy between the “SMK” and the “SYK” motifs
that has been made in the literature is somewhat misleading.””

In conclusion, the subunit structure of PglF from C. jejuni
adopts the classical fold for those members belonging to the
SDR superfamily. Strikingly, however, whereas its quaternary
structure is dimeric, the manner in which the two subunits
arrange themselves is unique. Importantly, the typically
conserved tyrosine that plays a key role in the catalytic
mechanisms of members of the SDR superfamily is a
methionine in PglF. On the basis of both kinetic analyses and
site-directed mutagenesis experiments, a catalytic mechanism is
proposed for PglF that involves a proton shuttle between the
C-4' hydroxyl group of the hexose, the hydroxyl group of Thr
395, and the carboxylate group of Asp 396.
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