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ABSTRACT: The unusual dideoxy sugar D-anthrose has been identified as an
important component in the endospores of infectious agents such as Bacillus anthracis
and Bacillus cereus. Specifically, it is the terminal sugar on the bacterium’s exosporium,
and it provides a point of interaction between the spore and the host. The biosynthesis
of p-anthrose involves numerous steps starting from a-p-glucose 1-phosphate. Here we
present a combined structural and functional investigation of AntD from B. cereus. This
enzyme plays a key role in D-anthrose biosynthesis by catalyzing the acylation of the
C-4" amino group of dTDP-4-amino-4,6-dideoxyglucose using 3-hydroxy-3-methyl-
butyryl-CoA as the acyl donor. For this investigation, two ternary complexes of AntD
were determined to 1.8 A resolution: one in which the protein contained bound
P-hydroxybutyryl-CoA and dTDP and the second with CoA and dTDP-4-amino-4,6-
dideoxyglucose. On the basis of these high-resolution structures, it was shown that the
side chain of Asp 94 lies within hydrogen bonding distance of the sugar C-4" amino
group, and the side chain of Ser 84 resides near the carbonyl oxygen of f-

hydroxybutyryl-CoA. To test the roles of these residues in the catalytic mechanism of AntD, various site-directed mutant proteins
were prepared and subjected to kinetic and structural analyses. The D94A and D94N mutant proteins demonstrated enzymatic
activity, albeit with significantly reduced catalytic efficiencies. The S84A mutant protein showed an approximate
10-fold decrease in activity. Interestingly, the S84C and S84T mutant proteins were both active but demonstrated substrate
inhibition. The three-dimensional structures of all of the mutant proteins were nearly identical to that of the wild-type enzyme,
indicating that the changes in their kinetic parameters were not due to major conformational changes. Taken together, these data
suggest that Asp 94 is important for substrate binding, but probably does not function as an enzymatic base, and that Ser 84 most

likely plays a role in the formation of an oxyanion hole.

Bacillus anthracis, the causative agent of anthrax, is a ubiquitous
soil-dwelling Gram-positive bacterium that typically infects
plant-eating mammals such as cattle, sheep, and goats. Like
other members of the Bacillus genus, it produces endospores
that can withstand extremely harsh environmental conditions
over extended periods of time." It is the entry of these endo-
spores into the host that leads to the development of anthrax.”
The outermost layer of the spore is termed the exosporium,
and it functions both as a permeability barrier and as a source of
antigens.3’4 The exosporium consists of approximately 50%
protein, 20% lipid, 20% carbohydrate, and 10% other com-
ponents.” Recent studies have suggested that the exosporium is
composed of approximately 20 different proteins.*®” One of
these is a glycoprotein referred to as Bc1A.* ' Two oligosaccharides
are attached to BclA, one of which contains an intriguing
dideoxy sugar termed p-anthrose [2-O-methyl-4-(3-hydroxy-3-
methylbutamido)-4,6-dideoxy-p-glucose].'®'" It is this
anthrose-containing species that is serving as a promising
target for the development of specific and sensitive detection
devices.'* Originally thought to be confined only to B. anthracis,
p-anthrose has now been observed in related Bacillus cereus and
Bacillus thuringiensis strains.'' Tt has also been reported in
the oligosaccharides of certain Pseudomonas, Shewanella, and
Mycobacterium organisms.la"14
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The proposed pathway for the biosynthesis of p-anthrose,
starting from dTDP-4-keto-6-deoxy-D-glucose, is shown in
Scheme 1." In the first step, the C-4" keto group is aminated
by the action of AntC, a PLP-dependent enzyme. AntD
catalyzes the next step, the transfer of an acyl group from 3-
hydroxy-3-methylbutyryl-CoA to the C-4" amino group of the
hexose. The amino acid sequence identity is 99% between the
versions of AntD from B. anthracis and B. cereus. The identity of
the enzyme that catalyzes the final O-methylation reaction
shown in Scheme 1 is unknown at present.

On the basis of its amino acid sequence, it is clear that
AntD belongs to the left-handed fS-helix (LBH) superfamily of
N-acyltransferases.'® Members of the family contain repeated
isoleucine-rich hexapeptide motifs and rare left-handed cross-
over connections.'® In recent years, a number of these enzymes
that function specifically on nucleotide-linked sugars have been
structurally characterized.'’~>° Whereas they all adopt left-
handed f-helical structures, their active sites are considerably
different, and they accommodate their nucleotide-linked sugars
in remarkably different orientations. In some family members, it
is thought that an active site histidine serves as a catalytic base
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to remove a proton from the sugar amino group. In others,

it has been proposed that the sulfur of CoA ultimately functions

as the proton acceptor required for catalysis.'”*°

For the X-ray analysis presented here, we determined two
high-resolution structures of AntD from B. cereus: one in
complex with CoA and its dTDP-sugar substrate and the other
with bound f-hydroxybutyryl-CoA and dTDP. In addition, we
probed the roles of Ser 84 and Asp 94 in catalysis via site-
directed mutagenesis, kinetic experiments, and structural
analyses. Taken together, these data suggest that catalysis by
AntD most likely occurs via a substrate-assisted mechanism.

B MATERIALS AND METHODS

Cloning, Expression, and Purification. The AntD gene
was amplified via PCR from B. cereus SJ1 (NRRL B-59452)
genomic DNA using the forward primer 5-AAACATATGAA-
TAGTTTTTATAGTCAAG-3' and the reverse primer S5*-
AAACTCGAGTCAAGAGTTCATACTT-3', which added
Ndel and Xhol cloning sites, respectively. The purified PCR
product was subsequently A-tailed and ligated into a pGEM-T
vector (Promega) for screening and sequencing. A pGEM-T-
AntD vector construct of the correct sequence was then digested
appropriately, and the gene was ligated into a pET28]JT vector”!
for the production of protein with a TEV protease cleavable
N-terminal hexahistidine tag.

The pET28JT-AntD plasmid was used to transform Rosetta 2
(DE3) Escherichia coli cells (Novagen). Cultures were grown
with shaking at 37 °C in Luria-Bertani broth supplemented
with kanamycin and chloramphenicol until optical densities of
0.8 were reached at 600 nm. The flasks were then cooled to
16 °C, and the cells were subsequently induced with the addition
of 1 mM isopropyl f-p-1-thiogalactoside. Protein expression
was allowed to occur at 16 °C for 18 h following induction.
AntD was purified by standard procedures using Ni-nitrilotri-
acetic acid resin (Qiagen). The purified protein was dialyzed
against 10 mM HEPES (pH 7.5) and 100 mM NaCl,
concentrated to ~20 mg/mL, and flash-frozen in liquid
nitrogen.

Activity Assay. The natural substrate for AntD is 3-
hydroxy-3-methylbutyryl-CoA. This compound is commercially
unavailable. However, f-hydroxybutyryl-CoA can be obtained,
and it differs from the natural substrate by one methyl group
(Scheme 2). Previous studies have shown that AntD from
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B. anthracis can use this alternative substrate."> To verify that
AntD from B. cereus can also function on f-hydroxybutyryl-
CoA, reaction mixtures were set up to contain SO0 mM HEPES
(pH 7.5), 0.5 mM dTDP-4-amino-4,6-dideoxy-p-glucose,
0.5 mM f-hydroxybutyryl-CoA, and 1 mg/mL AntD. The required
dTDP-4-amino-4,6-dideoxy-p-glucose was synthesized accord-
ing to previously published procedures.”> The reaction mixtures
were incubated at 24 °C for 3 h, with samples taken at 0 and
3 h time points. Samples were passed through a 10 kDa cutoff
filter (Amicon) to remove the enzymes, and the filtrates were
diluted 1:9 with water.

The reaction mixtures were analyzed via an AKTA Purifier
high-performance liquid chromatography (HPLC) system (GE
Healthcare) equipped with a Resource-Q 1 mL anion exchange
column (GE Healthcare). Using a 20 mL linear gradient from
0 to 600 mM ammonium bicarbonate (pH 8.5) run at a rate of
2 mL/min, a new peak was seen eluting in the 3 h sample. The
product corresponding to this peak was collected, and its
identity as a f-hydroxybutyrylated sugar was confirmed by ESI
mass spectrometry (Mass Spectrometry/Proteomic Facility at
the University of Wisconsin) as shown in Figure 1 with a parent
ion at m/z 632.

Crystallization of AntD. Crystallization conditions were
initially surveyed by the hanging drop method of vapor dif-
fusion using a sparse matrix screen developed in the laboratory.
The protein concentration was 15 mg/mL, and the sample
contained 10 mM dTDP and 10 mM CoA. X-ray diffraction
quality crystals of the N-terminally His-tagged protein were
grown by mixing in a 1:1 ratio the enzyme solution with
25% pentaerythritol ethoxylate (3:4 EO:OH ratio) and 2%
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Figure 1. Mass spectrum of the AntD product. The parent ion at m/z
632 corresponds to the dTDP-linked fB-hydroxybutyrylated sugar.

2-propanol at pH 6.0. These crystals belonged to the space group
P4, with the following unit cell dimensions: a = b = 72.3 A, and
¢ = 139.6 A. The asymmetric unit contained three monomers.

Structural Analysis of AntD. The initial structure of AntD
was determined by multiple isomorphous replacement with two
heavy atom derivatives. The crystals were first transferred to a
synthetic mother liquor containing 26% pentaerythritol
ethoxylate (3:4 EO:OH ratio), 10% poly(ethylene glycol)
3400, 2% 2-propanol, 200 mM NaCl, and 10 mM dTDP at pH
8.0 for at least 24 h. They were subsequently soaked in solu-
tions containing either 0.7 mM methylmercuric acetate or 29 mM
trimethyllead acetate for 2 h or 9 days, respectively. X-ray
data were measured at 4 °C with a Bruker AXS HI-STAR area
detector system equipped with Supper mirrors. The X-ray
source was Cu Ko radiation from a Rigaku RU200 X-ray
generator operated at 50 kV and 90 mA. Five mercury and five
lead binding sites were identified with SOLVE.>® Solvent
flattening with RESOLVE** generated an interpretable electron
density map, and a preliminary model of the enzyme was
constructed using Coot.”®

For higher-resolution X-ray data sets, crystals grown in the
presence of 10 mM dTDP and 10 mM CoA were soaked for
several hours in various synthetic mother liquors containing
either 10 mM dTDP-4-amino-4,6-dideoxy-p-glucose and 10 mM
CoA or 10 mM dTDP and 30 mM p-hydroxybutyryl-CoA, in
addition to 26% pentaerythritol ethoxylate (3:4 EO:OH ratio),
10% poly(ethylene glycol) 3400, 2% 2-propanol, and 200 mM
NaCl (pH 8.0). High-resolution X-ray data sets were collected
at 100 K with a Bruker AXS Platinum 135 CCD detector
equipped with Montel optics and controlled by the Proteum
software suite (Bruker AXS Inc.). These data sets 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. Both ternary complex models were constructed using
Coot and refined with REFMAC.?® Refinement statistics are
listed in Table 2.
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Table 1. X-ray Data Collection Statistics”

dTDP-sugar

S84C/CoA/
30.0—-1.9

dTDP

S84T/CoA/
30.0-1.9

dTDP-sugar

S84A/CoA/
30.0-2.2

dTDP

D94A/CoA/
30.0-2.5

dTDP

D94N/CoA/
30.0-2.3

CoA/dTDP

30.0—-1.8

enzyme/acyl-

dTDP-sugar

enzyme/CoA/
30.0—1.8

trimethyllead
acetate

methylmercuric
acetate

no bound ligands
30.0-2.7 (2.8-2.7)

wild-type enzyme/

(2.0-1.9)

(2.0-1.9)
52346 (6891)

(23-22)
33434 (3509)

(2.6-2.5)
22486 (2201)

(24-2.3)
29979 (3122)

(1.9-1.8)

(1.9-1.8)
57751 (7460)

(2.8-2.7)
19972 (1946)

30.0-2.7

(2.8-2.7)
19034 (1803)

30.0—-2.7

resolution limits (A)

52194 (7076)

60265 (7806)

18559 (1700)
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Table 2. Refinement Statistics

enzyme/CoA/ enzyme/acyl- D94N/CoA/
dTDP-sugar CoA/dTDP dTDP

space group P4, P4, P4,
unit cell dimensions a=b=711,c= a=b=709,c= a=b=713c=
(A) 1382 138.6 1382
resolution limits (A) 71.0—1.8 71.0-1.8 71.0-2.3
Ryer® (%)/n0. of  20.0/57719 18.1/60245 19.2/29957
reflections
Ryoiing (%)/mo. of  19.8/54826 17.8/57176 18.9/28459
reflections
Ry, (%)/no. of 24.5/2893 22.8/3069 25.9/1498
reflections
no. of protein atoms 4340 4386 4316
no. of heteroatoms  560° 665° 3487
average B value (A%)

protein 27.2 24.7 354

atoms

ligands 27.7 31.1 48.8

solvent 31.8 32.5 329
weighted rmsd from
ideality

bond lengths  0.01 0.01 0.01

4)

bond angles 2.3 2.3 2.3

(deg)

general 0.009 0.009 0.009

planes (A)

D94A/CoA/ S84A/CoA/ S84T/CoA/ S84C/CoA/
dTDP dTDP-sugar dTDP dTDP-sugar
P4, P4, P4, P4,
a=b=7l1l,c= a=b=713,c= a=b=710,c= a=b=707c¢c=
137.7 138.4 138.9 138.7
71.1-2.5 71.0-2.2 71.0—-1.9 70.8—1.9
20.0/22458 19.0/33423 18.0/52311 17.3/52146
19.6/21291 18.6/31748 17.7/49653 17.0/49516
27.7/1167 25.2/1675 22.2/2658 22.0/2630
4312 4319 4448 4397
281° 40V 5228 595"
28.3 30.2 20.3 18.0
41.1 31.5 22.7 22.3
19.7 28.4 254 23.6
0.01 0.01 0.01 0.01
22 22 24 24
0.009 0.010 0.011 0.009

“R = (YIF, — Fl/YIF,l) X 100, where F, is the observed structure factor amplitude and F, is the calculated structure factor amplitude. “These
include one chloride ion, three CoA molecules, three dTDP-sugars, 298 waters, and three bicarbonate ions. “These include one chloride ion, three f-
hydroxybutyryl-CoA molecules, three dTDP molecules, and 427 waters. 9These include one chloride ion, three CoA molecules, three dTDP
molecules, and 129 waters. “These include one chloride ion, three CoA molecules, three dTDP molecules, and 61 waters. FThese include one
chloride ion, three CoA molecules, three dTDP-sugars, and 151 waters. #These include one chloride ion, three CoA molecules, three dTDP
molecules, 290 waters, and three bicarbonate ions. “These include one chloride ion, three CoA molecules, three dTDP-sugars, 333 waters, and three

bicarbonate ions.

Production of Site-Directed Mutant Proteins. The
D94N, D94A, S84A, S84T, and S84C mutations were introduced
using methods described within the QuikChange site-directed
mutagenesis kit (Stratagene). All mutant proteins were expressed,
purified, and dialyzed in a manner identical to that for the wild-
type enzyme. The mutant protein samples were concentrated to
15—20 mg/mL and flash-frozen in liquid nitrogen.

Activity assays were conducted for all mutant proteins. For
each protein variant, the reaction mixture was identical to that
previously described. Reactions were allowed to run for 3 h,
and the samples were prepared and isolated via HPLC. As
observed with wild-type AntD, a new peak was seen eluting for
all of the mutant proteins. The product corresponding to this
peak was collected, and the identity of the S-hydro-
xybutyrylated sugar was confirmed by ESI mass spectrometry
with a parent ion at m/z 632.

Crystallization and Structural Analyses of the AntD
Mutant Proteins. All mutant protein crystals were grown
under conditions nearly identical to those used for the wild-
type enzyme, and they belonged to the space group P4, and
had similar unit cell dimensions.

X-ray data sets were collected for each of the mutant proteins
and their structures solved by molecular replacement using the
software package Phaser and the wild-type enzyme model as the
search probe.”” Relevant X-ray data collection and model
refinement statistics are listed in Tables 1 and 2, respectively.

Measurement of Enzymatic Activity. N-Acyltransferase
activity was monitored spectrophotometrically by following the
increase in absorbance at 412 nm due to the reaction of the free
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sulthydryl group of the CoASH product with 5,5-dithiobis(2-
nitrobenzoic acid). This reaction results in a disulfide inter-
change that leads to the formation of S-thio-2-nitrobenzoic acid,
which has a characteristic absorbance at 412 nm and an extinction
coefficient of 14150 M™' em™". The use of this compound for
quantification of free CoASH was first reported by Tomkins et
al,?® and our assay method was similar to that described in ref 29.
Reactions were continuously monitored with a Beckman DU
640B spectrophotometer. All reaction mixtures contained 50 mM
HEPES (pH 7.5) and § mM 5,5 dithiobis(2-nitrobenzoic acid) in
addition to enzyme and substrates. The reactions were initiated
by the addition of AntD to final concentrations of 0.1 yg/mL for
the wild-type protein and 10 pg/mL for each of the D94N,
D94A, S84A, S84T, and S84C mutant proteins.

Kinetic parameters for the wild-type enzyme were measured as
follows. For determination of the K, of the enzyme for dTDP-4-
amino-4,6-dideoxy-D-glucose, the concentration of f-hydroxybu-
tyryl-CoA was held constant at 4 mM while the dTDP-sugar
concentration varied from 0.25 to 15 mM. For the determination
of the K, of the enzyme for f-hydroxybutyryl-CoA, the dTDP-
sugar concentration was held constant at 10 mM while the -
hydroxybutyryl-CoA concentration varied from 0.07S to 4 mM.

To determine the K, values of the mutant proteins for the
dTDP-sugar substrate, the concentration of f-hydroxybutyryl-CoA
was held constant at S mM. The D94A mutant protein required
concentrations of the dTDP-sugar in the range of 2—50 mM,
whereas the D94N mutant protein required dTDP-sugar con-
centrations ranging from 0.5 to 75 mM. For the S84A mutant
protein, dTDP-sugar concentrations from 0.5 to 60 mM were

dx.doi.org/10.1021/bi201650c | Biochemistry 2012, 51, 867—878
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Table 3. Kinetic Parameters”

K,, (mM) ke (s71) ke/ Koy (M 57
protein dTDP-sugar acyl-CoA dTDP-sugar acyl-CoA dTDP-sugar acyl-CoA
wild type 21 +02 0.67 + 0.06 69.1 + 2.7 69.4 + 2.5 33 x 10 104 x 10*
D94N 20.5 + 1.4 2.33 + 078 13+ 0.1 1.9 + 02 6.5 X 10 82 X 107
D94A 158 + 2.9 0.32 + 0.03 0.18 + 0.01 0.59 + 0.01 1.1 x 10 1.8 x 10°
S84A 24+ 05 0.15 + 0.01 6.6 +£ 03 58 +0.1 2.7 X 10° 3.9 x 10*
S84T 22+ 12 nd® 48 + 15 nd® 1.9 x 10° nd®
$84C L1 +04 nd® 5.5+ 11 nd? 5.1 % 10° nd®

“Standard errors are reported. Not determined.

used. Both the S84T and S84C mutant proteins required dTDP-
sugar concentrations of 0.1—50 mM.

The K, values of the mutant enzymes for S-hydroxybutyryl-
CoA were also determined. The D94N mutant protein reactions
were run with the dTDP-sugar concentration held constant at
120 mM while the S-hydroxybutyryl-CoA concentrations varied
from 04 to 25 mM. The D94A mutant protein reactions were
run with the dTDP-sugar concentration held constant at 80 mM
while the f-hydroxybutyryl-CoA concentrations varied from 0.1
to 5.0 mM. In reactions using the S84A protein, the sugar
concentration was held constant at 15 mM while the pS-
hydroxybutyryl-CoA concentration varied from 0.1 to 5.0 mM.

All data were fitted by initial velocity Michaelis—Menten
kinetics to the equation v = (V,,,[S])/(K, + [S]), and k, values
were calculated according to the equation k., = Vy,,./[Er]. The
kinetic data are listed in Table 3.

Both the S84C and S84T mutant enzymes demonstrated
substrate inhibition at dTDP-sugar concentrations of >7.5 mM.
As a consequence, it was not possible to determine the K, of
these mutant proteins for f-hydroxybutyryl-CoA. The reported
K., values of these two mutant proteins for the dTDP-sugar
were determined using initial velocity kinetics and fitted to the
equation v = V. [S]/K,, + [S](1 + [S]/K;), where K, is the
inhibition constant (SigmaPlot version 8.0).

B RESULTS AND DISCUSSION

Overall Structure of AntD. The first structure of AntD
determined in this investigation was that of the protein in a
complex with CoA and dTDP-4-amino-4,6-dideoxy-a-p-glu-
cose. Note that each subunit of the trimeric enzyme contains
188 amino acid residues. The crystals diffracted to 1.8 A
resolution and belonged to space group P4, with a complete
trimer in the asymmetric unit. Overall, the quality of the model
was excellent with 87.2 and 12.8% of the ¢ and y values lying
within the core and allowed regions of the Ramachandran plot,
respectively.*® The electron densities corresponding to two of
the bound ligands in the asymmetric unit are presented in
Figure 2a, and as can be seen, the conformations for both the
CoA and nucleotide-linked sugar are unambiguous. The entire
electron density map was well-ordered for all three polypeptide
chains in the asymmetric unit, the exceptions being several
regions at the N- and C-termini. Interestingly, there was a piece
of “mysterious” electron density wedged between the dTDP-
linked amino sugar ligand and the CoA in each subunit.
Given the planar shape of the electron density and the fact that
ammonium bicarbonate was used to prepare the dTDP-sugar,
we assigned it to a bicarbonate ion with an occupancy of 0.5. In
two of the site-directed mutant protein structures described
below (S84T and S84C), the bicarbonate appeared to be at full
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occupancy, most likely due to differences in the amount of
bicarbonate contamination in the dTDP-sugar preparations.

The polypeptide chain of each AntD subunit initiates with an
extended region followed by a short a-helix defined by Gln 7—
Lys 11 (Figure 2b). From there, the backbone folds into a left-
handed f-helix of seven turns. The regularity of the f-helix is
interrupted by an extended loop delineated by Ala 91 and Gly
116. This loop contains a two-stranded antiparallel -sheet and
a type I turn formed by Pro 107—Tyr 110. The loop extends
toward another subunit in the trimer where it provides a binding
platform for the CoA ligand and the dTDP-sugar substrate
(Figure 2c). Following the f-helix motif, the polypeptide chain
extends toward a second a-helix defined by Lys 174 to the
C-terminus (Figure 2b). Pro 164, which abuts the adenine ring of
CoA, adopts the cis conformation. The barrel of the f-helix is
lined by five walls of hydrophobic residues, which are typically
leucines, isoleucines, or valines. The AntD trimer has overall
dimensions of 70 A X 56 A X 70 A with the three active sites
situated between subunits (Figure 2c). The buried surface
area for each subunit in the trimer is ~2700 A%

Close-up views of the binding pockets for the cofactor and
the nucleotide-linked sugar substrate are presented in panels a
and b of Figure 3, respectively. The CoA moiety adopts a
decidedly curved conformation such that the hydroxyl group of
its pantothenate moiety lies within 2.7 A of N-7 of its adenine
ring. Only two side chains, Lys 151 and Lys 169, are directly
involved in anchoring the cofactor to the protein, both of which
interact with the pyrophosphoryl group of CoA. They are
located on opposite sides of the pyrophosphoryl group and are
contributed by two different subunits of the trimer. The
backbone amide nitrogens of Ala 128 and Ala 146, along with
the carbonyl oxygen of Ala 146, also participate in hydrogen
bonding interactions with the cofactor. Whereas the
pantothenate and pS-mercaptoethylamine units of CoA are
buried in the active site pocket, the pyrophosphoryl and ribose
phosphate groups are solvent-exposed (Figure 3a). Numerous
solvent molecules surround the cofactor.

The dTDP-4-amino-4,6-dideoxy-a-p-glucose substrate sits in
the active site with its C-4” amino group ~2.9 A from the sulfur
of CoA (Figure 3b). The thymine ring, which participates in
hydrogen bonding interactions with the backbone amide
groups of Ser 3 and Asp 46, is sandwiched between the
aromatic side chains of Phe 4 from one subunit and Tyr 31
from another. Both Arg 43 from one subunit and Ser 51 from
the other lie within hydrogen bonding distance of the
pyrophosphoryl moiety of the nucleotide-linked sugar.
Strikingly, the hydroxyl groups of the hexose do not interact
with protein side chains but rather with ordered water
molecules or the bicarbonate ion. The amino group attached
to C-4" of the dTDP-sugar is positioned ~3.1 A from the
carboxylate of Asp 94 and ~2.4 A from a bicarbonate oxygen.

dx.doi.org/10.1021/bi201650c | Biochemistry 2012, 51, 867—878
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(c)

Figure 2. Structure of AntD. The first structure determined in this investigation was that of the enzyme in a complex with CoA and dTDP-4-amino-
4,6-dideoxy-a-p-glucose. Shown in panel a is a portion of the electron density map corresponding to two of the bound ligands in the trimer. The
map, contoured at 2.56, was calculated with coefficients of the form (F, — F.), where F, was the native structure factor amplitude, and F. was the
calculated structure factor amplitude. A ribbon representation of a single subunit of AntD is depicted in panel b, whereas the complete AntD trimer is
presented in panel c. Each subunit of the trimer is highlighted in a different color, and the bound ligands are drawn as sticks. All figures were

prepared with PyMOL.*?

The natural acyl-CoA derivative used by AntD is 3-hydroxyl-3-
methylbutyryl-CoA, which is commercially unavailable. It was
possible to obtain S-hydroxybutyryl-CoA, however, which difters
from the natural acyl-CoA substrate by the absence of a second
methyl group attached to the f-carbon (Scheme 2). Thus, the
second structure determined for this investgation was of a
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complex with the enzyme, dTDP, and f-hydroxybutyryl-
CoA. The crystals diffracted to 1.8 A resolution and also
belonged to space group P4,. The observed electron density
corresponding to one of the bound B-hydroxybutyryl-CoA
ligands in the asymmetric unit is displayed in Figure 4a.
Again, the electron density map was very well ordered, and

dx.doi.org/10.1021/bi201650c | Biochemistry 2012, 51, 867—-878
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Figure 3. AntD active site. Close-up views of the regions surrounding CoA and dTDP-4-amino-4,6-dideoxy-a-D-glucose (a and b, respectively). The
bicarbonate is highlighted with green bonds. Possible hydrogen bonding interactions within 3.2 A are represented by the dashed lines. Ordered water

molecules are displayed as red spheres.

the geometry for the AntD/dTDP/f-hydroxybutyryl-CoA
complex model was excellent with 89.8 and 10.2% of the ¢
and y values lying within the core and allowed regions of
the Ramachandran plot, respectively. There were no major
structural changes that occurred upon the binding of f-
hydroxybutyryl-CoA versus CoA. Indeed, the a-carbons for
the two models superimpose with an rmsd of ~0.14 A.
Shown in Figure 4b is a close-up view of the binding pocket for
the CoA derivative. The f-hydroxybutyryl-CoA sample used in the
study consisted of a D,L-mixture. On the basis of the electron density
map, it was clear that the predominant form of the CoA derivative
trapped in the active site had the S-configuration. The f-hydroxyl
group of the acyl-CoA derivative interacts with a solvent
molecule and the imidazole ring of His 61. It is positioned in
the site occupied by the bicarbonate ion in the model of AntD
with bound dTDP-sugar. Two water molecules surround the
carbonyl oxygen of the acyl-CoA derivative. In addition, the
hydroxyl group of Ser 84 is 3.2 A from the acyl-CoA carbonyl
oxygen. It is important to note, however, that the hydroxyl
group of this serine does not lie in the correct orientation for
maximal overlap between its proton and the lone pairs of
electrons on the acyl-CoA carbonyl oxygen. However, during
the course of the reaction, when the amino group of the dTDP-
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sugar attacks the acyl carbonyl carbon of CoA, the hybridization
state of the carbonyl carbon changes from sp* to sp®, and thus,
Ser 84 may play a role in the formation of an “oxyanion hole”.

It was not possible to prepare a complex of AntD with bound
dTDP-4-amino-4,6-dideoxy-a-p-glucose and f-hydroxybutyryl-CoA.
However, it was possible to superimpose the two models determined
in this investigation together, given their close structural corre-
spondence. As one can see in Figure 5, the sugar C-4”" amino group
of the nucleotide-linked sugar is clearly in the correct orientation to
attack the si face of the carbonyl carbon of f-hydroxybutyryl-CoA. In
addition, Asp 94 is in the proper position to function as an active site
base to remove the proton on the sugar amino group.

On the basis of the three-dimensional models presented here,
an attractive hypothesis regarding the catalytic mechanism of
AntD might be as follows. The side chain of Asp 94 serves as
the active site base, and the side chain of Ser 84 stabilizes the
oxyanion intermediate, which occurs as the carbonyl carbon of
the acyl-CoA is attacked by the sugar amino group and
becomes sp*-hybridized. To test the possible catalytic roles of
these amino acid residues in the AntD mechanism, we prepared
five site-directed mutant proteins (D94N, D94A, S84A, S84T,
and $84C) and determined their kinetic parameters and three-
dimensional structures as described below.

dx.doi.org/10.1021/bi201650c | Biochemistry 2012, 51, 867—878
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Figure 4. AntD active site with bound f-hydroxybutyryl-CoA. The observed electron density for one of the f-hydroxybutyryl-CoA ligands is shown
in panel a. The map was calculated as described in the legend of Figure 2 and contoured at 30. A close-up view of the region surrounding the j-

hydroxybutyryl moiety is presented in panel b.

H61 - ‘H61 =
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D94 P 1

-hydroxybutyryl-CoA

Figure 5. Active site geometry of AntD before catalysis. The dashed line between the amino nitrogen of the sugar and the carbonyl carbon of -
hydroxybutyryl-CoA serves to highlight the direction of nucleophilic attack. Note that the side chain of Ser 84 is ideally poised to stabilize an
oxyanion tetrahedral intermediate or transition state. Asp 94 is 2.9 A from the sugar amino group.

Kinetic and Structural Analyses of the Mutant Its three-dimensional structure was solved to 2.3 A resolution.
Proteins. The first mutant protein constructed for this Not surprisingly, the a-carbons for the D94N mutant protein
investigation was the D94N version of the wild-type enzyme. and the wild-type enzyme corresponded with an rmsd of ~0.19 A.
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Virtually no major changes occurred in the active site upon
substitution of Asp 94 with an asparagine residue. Whereas the
overall molecular structure of the D94N mutant protein was
unchanged, its kinetic parameters were, however, altered.
Specifically, the K, for the dTDP-sugar increased by 1 order
of magnitude, the K, for f-hydroxybutyryl-CoA increased from
0.67 to 2.3 mM, and the k., as measured using the dTDP-
sugar, decreased to ~2% of that observed for the wild-type
enzyme. The catalytic efficiency of the D94N mutant protein,
with respect to the dTDP-sugar substrate, decreased by
approximately 4 orders of magnitude (Table 3).

The next mutant protein structure determined was the D94A
version of the wild-type enzyme. Its three-dimensional structure
was solved to 2.5 A resolution. Again, there were basically no
structural changes that occurred upon substitution of an alanine
for an asparagine residue within experimental error except that
a water molecule moved into the position normally occupied by
the carboxylate side chain of Asp 94. The a-carbons for the
D94A mutant protein and the wild-type enzyme were
superimposed with an rmsd of ~0.22 A. The kinetic parameters

for this mutant protein were altered, however. The K, for the
dTDP-sugar increased by approximately 8-fold with respect to
that of the wild-type enzyme. Strikingly, however, the K, for f-
hydroxybutyryl-CoA actually decreased by ~50%. The
structural reason for this decrease in K, is unknown. The
k. as measured using the dTDP-sugar, decreased to ~0.3% of
that observed for the wild-type enzyme, and the catalytic
efficiency, with respect to the dTDP-sugar substrate, was
reduced by approximately 4 orders of magnitude. Importantly,
however, both mutant proteins retained enzymatic activity,
albeit with significantly reduced catalytic efficiencies (Table 3).
These results suggest that the carboxylate group of Asp 94 is
important for dTDP-sugar binding, but it probably does not
function as an enzymatic base. Due to the high K, value for the
dTDP-sugars (Table 3), it was not possible to determine the
structures of either the D94N or D94A mutant protein with a
bound substrate. Only CoA and dTDP were observed in the
electron density maps.

To test the role of Ser 84 in catalysis, three site-directed
mutant proteins were prepared and studied. The first was a

Figure 6. Electron density for the S84C mutant protein. Introduction of a cysteine residue for a serine resulted in the formation of a disulfide bond
between it and the sulfur of CoA (a). The map, contoured at 30, was calculated with coefficients of the form (F, — F,.), where F, was the native
structure factor amplitude, and F, was the calculated structure factor amplitude. Shown in panel b is the omit map corresponding to the dTDP-sugar.

It was contoured at 2.50.
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mutant protein in which Ser 84 was changed to an alanine
residue. For this protein, the K, for the dTDP-sugar remained
the same as that exhibited by the wild-type enzyme, whereas its
K., for p-hydroxybutyryl-CoA was reduced by ~25%. The k,
values, with respect to those of both the dTDP-sugar and the
P-hydroxybutyryl-CoA, were reduced by ~1 order of magnitude
from that observed for the wild-type enzyme (Table 3). The
catalytic efficiency with respect to the dTDP-sugar was also
reduced by 1 order of magnitude. To ensure that the observed
differences in kinetic parameters between the wild-type enzyme
and the S84A mutant protein were not due to major conform-
ational changes, the three-dimensional structure of the S84A
mutant protein was subsequently determined to 2.2 A resolu-
tion. The dTDP-sugar and the CoA were observed binding in
the active site pocket. Within experimental error, the wild-type
and S84A mutant proteins are virtually identical with respect to
their three-dimensional architectures. Indeed, their a-carbons
superimpose with an rmsd of 0.12 A. Thus, the reduction in
catalytic efficiency for the S84A mutant protein is simply due to
the loss of a hydroxyl group rather than a major conformational
perturbation.

To further test the role of a hydroxyl group at position 84,
two additional mutant proteins were prepared: S84T and S84C.
The S84T mutant protein exhibited kinetic parameters similar
to those measured for the S84A version, whereas the S84C
mutant protein showed a 50% decrease in K, for the dTDP-
sugar when compared to that of the wild-type enzyme (Table 3).
Unexpectedly, both the S84T and S84C mutant proteins
demonstrated substrate inhibition with the dTDP-sugar, and
thus, it was not possible to determine their kinetic parameters
with respect to f-hydroxybutyryl-CoA.

We were curious about why these two mutant proteins
demonstrated substrate inhibition with respect to the dTDP-
sugar, and thus, their X-ray structures were solved. For the
S84T mutant protein, X-ray data were collected to 1.9 A resolu-
tion. The electron density for the bicarbonate was unambig-
uous, whereas that for the dTDP-sugar was less convincing.
The dTDP moiety of the nucleotide-linked sugar was
absolutely clear, but the hexose moiety was weak and appeared
to be oriented toward the solvent rather than directed toward
the sulthydryl group of CoA. In addition, there was residual
F, — F, electron density around the threonine residue at
position 84, suggesting that multiple conformations for the side
chain were occurring. The a-carbons for the wild-type and
S84T mutant proteins correspond with an rmsd of 0.14 A.

The S84C mutant protein structure was less ambiguous.
Crystals of this mutant protein also diffracted to 1.9 A resolu-
tion. Surprisingly, a disulfide bond formed between the
sulthydryl group of CoA and the cysteine, which can be seen
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in the electron density map in Figure 6a. The disulfide bond
adopts a left-handed spiral with the sulfur atoms separated by
~2.0 A. The bicarbonate ion is located near the disulfide bridge
(Figure 6a). The electron density corresponding to the dTDP-
sugar was also unambiguous and showed that the pyranosyl
moiety of the substrate was directed out of the active site
pocket rather than toward the CoA (Figure 6b). Most likely,
the observed substrate inhibition observed with the S84T and
S84C mutant enzymes arose primarily as a result of this
alternative sugar binding mode. Clearly, introduction of a more
bulky threonine or cysteine residue at position 84, and in the
case of the S84C mutant protein, the formation of a disulfide
bridge perturbed the active site enough to allow for this
alternative dTDP-sugar binding conformation. Due to the high
cost of B-hydroxybutyryl-CoA, we could not determine the
mechanism of substrate inhibition for these two mutant
proteins, but most likely it is competitive.

Conclusions. Taken together, the combined site-directed
mutagenesis, kinetic, and X-ray crystallographic analyses of
AntD suggest that the primary function of Asp 94 is to anchor
the dTDP-sugar into the active site, and that Ser 84, although
not absolutely required for catalysis, most likely plays a role in
stabilization of the oxyanion intermediate. The question of how
the proton on the sugar amino group is removed during the
acylation process then arises. Clues to this question come from
the recent biochemical and X-ray crystallographic studies of
QdtC and WIbB, N-acetyltransferases involved in the biosyn-
thesis of unusual acetamido sugars.lg’zo Like AntD, these
enzymes adopt left-handed f-helix architectures, and both
enzymes lack an active site base. On the basis of detailed
structural and functional studies, it has been proposed that
catalysis by QdtC and WIbB occurs via a substrate-assisted
mechanism, or in other words, the sulfur of CoA ultimately
functions as the base to remove the amino proton. In light of
these studies, a possible catalytic mechanism for AntD is shown
in Scheme 3. The proposed mechanism assumes that the amino
group of the sugar binds in the active site in the unprotonated
state and that the pK, of the CoA sulfur is perturbed enough so
that the sulfur functions as a base. Quantum and molecular
mechanical studies may shed light on whether the proposed
mechanism is thermodynamically and chemically feasible.
These studies are presently underway.

It has become increasingly apparent within recent years that
unusual sugars play important roles in the efficacies of natural
compounds such as erythromycin, an antibiotic,>’ and
doxorubicin, an antitumor agent.32 Indeed, it is well-established
that the carbohydrate substituents are important for proper
binding of such compounds, and it has been shown that the
aglycone of doxorubicin alone, for example, is nearly inactive
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when tested for anticancer activity.”> The biochemical analysis
of AntD presented here provides a molecular foundation for
ultimately preparing on a large-scale basis unique acylated sugars
through the judicious use of site-directed mutant versions of
AntD and various acylated CoAs.
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