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ABSTRACT: N-Acetylperosamine is an unusual dideoxysugar found in the O-antigens
of some Gram-negative bacteria, including the pathogenic Escherichia coli strain
O157:H7. The last step in its biosynthesis is catalyzed by PerB, an N-acetyltransferase
belonging to the left-handed β-helix superfamily of proteins. Here we describe a
combined structural and functional investigation of PerB from Caulobacter crescentus.
For this study, three structures were determined to 1.0 Å resolution or better: the
enzyme in complex with CoA and GDP-perosamine, the protein with bound CoA and
GDP-N-acetylperosamine, and the enzyme containing a tetrahedral transition state
mimic bound in the active site. Each subunit of the trimeric enzyme folds into two
distinct regions. The N-terminal domain is globular and dominated by a six-stranded
mainly parallel β-sheet. It provides most of the interactions between the protein and
GDP-perosamine. The C-terminal domain consists of a left-handed β-helix, which has nearly seven turns. This region provides
the scaﬀold for CoA binding. On the basis of these high-resolution structures, site-directed mutant proteins were constructed to
test the roles of His 141 and Asp 142 in the catalytic mechanism. Kinetic data and pH−rate proﬁles are indicative of His 141
serving as a general base. In addition, the backbone amide group of Gly 159 provides an oxyanion hole for stabilization of the
tetrahedral transition state. The pH−rate proﬁles are also consistent with the GDP-linked amino sugar substrate entering the
active site in its unprotonated form. Finally, for this investigation, we show that PerB can accept GDP-3-deoxyperosamine as an
alternative substrate, thus representing the production of a novel trideoxysugar.
Escherichia coli O157:H7 was ﬁrst identiﬁed as a pathogenic
organism in 1982 during two food poisoning outbreaks in
Oregon and Michigan.1 Since then, it has been shown to be the
most common disease-causing E. coli strain in North America.2
In 2006, for example, it was responsible for the spinach
contamination that led to a massive infection outbreak.
The O-antigen of E. coli O157:H7 consists of a four-sugar
repeating unit with the structure [→2-α-D-N-acetylperosamine(1→3)-α-L-fucose-(1→4)-β-D-glucose-(1→3)-α-D-N-acetylgalactose→].3 The N-acetylperosamine moiety is reasonably rare
but has also been identiﬁed in additional bacterial species,
including Vibrio cholerae, Citrobacter youngae, and Caulobacter
crescentus, among others.4−6
The biosynthesis of N-acetylperosamine in both E. coli and C.
crescentus involves four enzymatic steps starting with mannose
1-phosphate as highlighted in Scheme 1.6,7 The ﬁrst step
involves the attachment of a GMP moiety to the sugar
phosphate substrate. This reaction is catalyzed by mannose-1phosphate guanylyltransferase. In the next step, GDP-mannose
is converted to GDP-4-keto-6-deoxy-D-mannose by the action
of GDP-mannose-4,6-dehydratase, an enzyme that has been
well characterized both biochemically and structurally.8−10 The
third step of the pathway is catalyzed by GDP-perosamine
synthase (PerA), a pyridoxal 5′-phosphate-dependent enzyme
© 2012 American Chemical Society

belonging to the aspartate aminotransferase superfamily.11−13
Completion of the pathway involves the acetylation of the sugar
C-4‴ amino group by an N-acetyltransferase referred to as
PerB.6,7
On the basis of amino acid sequence analyses, it is clear that
PerB belongs to the left-handed β-helix family (LβH) of Nacetyltransferases. Members of this family are characterized by a
left-handed β-helix, which was ﬁrst observed in UDP-Nacetylglucosamine acyltransferase.14 In recent years, the threedimensional structures of various N-acetyltransferases and Nacyltransferases functioning speciﬁcally on nucleotide-linked
sugars have been reported.15−24 Some of these enzymes
acetylate the amino groups attached to C-3‴ of the hexose,
whereas others operate on the amino groups at C-4‴ as in the
case of PerB. Likewise, some have catalytic mechanisms that
presumably involve a histidine serving as a general base,
whereas others have active sites devoid of such residues.24 It is
thought in these enzymes that the sulfur of CoA ultimately
serves as the catalytic base.21 In all cases reported thus far,
however, these enzymes function on either dTDP- or UDPReceived: February 13, 2012
Revised: March 22, 2012
Published: March 23, 2012
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modiﬁed to include a TEV cleavage site for protein production
with an N-terminal His6 tag.
The PerB-pET28 plasmid was used to transform Rosetta(DE3) E. coli cells (Novagen). The culture, in lysogeny broth,
was grown at 37 °C with shaking until the optical density at 600
nm reached 0.7. These cultures were then cooled in an ice−
water bath, induced with 1.0 mM isopropyl thiogalactoside, and
transferred to a refrigerated shaker at 16 °C. The cells were
allowed to express protein at 16 °C for 24 h after induction.
PerB was puriﬁed by standard procedures using Ni-nitrilotriacetic acid resin. Following puriﬁcation, the protein was
dialyzed against 10 mM Tris and 200 mM NaCl (pH 8.0)
and then concentrated to 2 mg/mL.
Structural Analysis of PerB. Crystallization conditions
were initially surveyed via the hanging drop method of vapor
diﬀusion and using a sparse matrix screen developed in the
laboratory. Experiments were conducted with the apoprotein,
with protein in the presence of 5 mM acetyl CoA, and with
protein in the presence of 5 mM CoA and 5 mM GDP. Small
crystals were obtained under a number of conditions from pH 6
to 8 with various poly(ethylene glycol)s serving as precipitants.
The limited solubility of the protein, however, precluded the
growth of suitable X-ray diﬀraction quality crystals.
Attempts to remove the N-terminal His6 tag by TEV
protease were unsuccessful. In addition, cloning PerB into
expression vectors to yield an enzyme with no His6 tag or a Cterminally tagged version yielded protein that either did not
express well or was even less soluble.
To make the TEV cleavage site more accessible, the pET28
construct was modiﬁed via mutagenesis such that three alanine
residues were introduced between Met 1 and Ser 2. This
protein was expressed as previously described and was puriﬁed
by modiﬁcations to the standard procedures at room
temperature using Ni-nitrilotriacetic acid resin. Speciﬁcally, all
buﬀers contained 500 mM NaCl and, additionally, 10%
glycerol. Puriﬁed protein was dialyzed against 10 mM Tris
(pH 8) with 500 mM NaCl and 10% glycerol and subsequently
digested with TEV protease at a molar ratio of 1:30 at room
temperature for 24 h. The TEV protease and small amounts of
noncleaved protein were removed by passing the digested
mixture over nitrilotriacetic acid resin. The cleaved protein was
pooled and dialyzed two times against 4 L of 10 mM Tris (pH
8) with 500 mM NaCl and then concentrated to 10 mg/mL,
based on a calculated extinction constant of 3.66 mg−1 mL
cm−1.
The enzymatic activity of the modiﬁed protein was veriﬁed
by its ability to convert GDP-perosamine to GDP-Nacetylperosamine with acetyl CoA. A 1 mL reaction mixture
buﬀered at pH 8.0 with 50 mM HEPPS containing 1.0 mM
acetyl CoA, 1.0 mM GDP-perosamine, and 0.2 mg/mL PerB
was incubated at room temperature for 2 h. The reaction
products were separated from the protein by ﬁltration through
a 10 kDa ultraﬁltration membrane, diluted with 2 volumes of
water, and loaded onto a 1 mL Resource-Q column. Elution
with a 20 mL gradient at pH 4 from 0 to 2.25 M ammonium
acetate showed the elimination of the GDP-perosamine starting
material (retention volume of 7.4 mL) and the generation of a
new peak with a retention volume of 12.3 mL. The identity of
this peak as GDP-N-acetylperosamine was veriﬁed by ESI mass
spectrometry (Mass Spectrometry/Proteomic Facility at the
University of Wisconsin). The GDP-perosamine required for
the assay was prepared as previously described.13

Scheme 1

activated hexoses as opposed to PerB that utilizes a GDP-linked
sugar as its substrate.
Here we present a combined structural and functional
investigation of PerB from C. crescentus. For this study, three
crystal structures were determined to high resolution: the
enzyme complexed with CoA and GDP-perosamine, the
protein with bound CoA and GDP-N-acetylperosamine, and
the enzyme in which a tetrahedral transition state analogue was
trapped in the active site. On the basis of these structures, sitedirected mutant proteins of His 141 and Asp 142 were
constructed to test their roles in catalysis. Both the kinetic
analyses and the pH−rate proﬁles are consistent with His 141
serving as a general base in the reaction mechanism. In
addition, the pH−rate proﬁles suggest that the amino sugar
enters the active site in an unprotonated form. The
investigation described here represents the ﬁrst structural
analysis of an N-acetyltransferase that employs a GDP-linked
hexose as its substrate. More importantly, this study provides
detailed molecular snapshots along the PerB reaction
mechanism from a pseudo-Michaelis complex to a tetrahedral
transition state mimic to a product complex.

■

MATERIALS AND METHODS
Cloning, Expression, and Puriﬁcation. Genomic DNA
from C. crescentus was obtained from American Type Culture
Collection. The PerB gene was ampliﬁed via PCR from
genomic DNA such that the forward primer 5′-AAAACATATGAGCGCTTCCCTCGCCATCGGGG and the reverse primer 5′-AAAACTCGAGTCACGAACGGTCTCCTTTGATCTTGGCCGG added NdeI and XhoI cloning sites,
respectively. The puriﬁed PCR product was A-tailed and ligated
into a pGEM-T (Promega) vector for screening and
sequencing. A PerB-pGEM-T vector construct of the correct
sequence was then appropriately digested and ligated into a
pET28(b+) (Novagen) plasmid that had been previously
3434
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Table 1. X-ray Data Collection Statisticsa

resolution limits
no. of independent
reﬂections
completeness (%)
redundancy
avg I/avg σ(I)
Rsym (%)b
a

PerB/CoA/GDPperosamine

PerB/CoA/GDP-Nacetylperosamine

PerB/CoA/GDPperosamine adduct

H141N/GDP-perosamine

H141A/GDP-perosamine

50.0−1.0 (1.02−1.0)
132706 (6420)

50.0−1.0 (1.02−1.0)
132601 (6425)

50.0−0.90 (0.92−0.90)
181485 (8807)

50.0−1.45 (1.55−1.45)
44567 (8131)

50.0−1.35 (1.44−1.35)
53728 (8988)

98.3 (95.4)
7.3 (3.3)
44.8 (2.3)
6.8 (37.4)

98.5 (95.8)
7.2 (3.3)
47.1 (2.0)
6.3 (39.1)

98.6 (95.9)
8.1 (3.6)
50.6 (2.4)
7.2 (36.0)

99.2 (97.4)
9.3 (4.3)
14.5 (2.9)
6.6 (36.4)

97.2 (93.4)
6.5 (3.0)
16.4 (2.1)
5.3 (39.1)

Statistics for the highest-resolution bin are given in parentheses. bRsym = (∑|I − I ̅ | /∑I) × 100.

Table 2. Reﬁnement Statistics

space group
unit cell dimensions (Å)
resolution limits (Å)
R-factora (overall) (%)/no. of
reﬂections
R-factor (working) (%)/no. of
reﬂections
R-factor (free) (%)/no. of reﬂections
no. of protein atoms
no. of heteroatoms
average B value (Å2)
protein atoms
ligands
solvent atoms
weighted root-mean-square deviation
from ideality
bond lengths (Å)
bond angles (deg)
general planes (Å)

PerB/CoA/GDPperosamine

PerB/CoA/GDP-Nacetylperosamine

PerB/CoA/GDPperosamine adduct

H141N/GDPperosamine

H141A/GDPperosamine

I23
114.9
50−1.0
15.2/132551

I23
115.5
50.0−1.0
14.4/132447

I23
115.8
50.0−0.90
13.9/181331

I23
115.0
50.0−1.45
18.1/43437

I23
115.0
50.0−1.35
18.8/53728

15.1/125918

14.2/125820

13.8/172255

17.9/41237

18.7/50998

17.5/6633
1487b
364g

16.6/6627
1517c
421h

15.5/9076
1495d
434i

21.0/2200
1504e
288j

20.4/2730
1497f
317k

14.1
24.6
34.1

15.0
20.5
38.4

11.9
14.6
33.2

14.0
27.8
26.4

14.5
23.3
27.7

0.016
2.41
0.010

0.015
2.45
0.011

0.015
2.29
0.009

0.012
2.11
0.011

0.012
2.10
0.010

R-factor = (∑|Fo − Fc|/∑|Fo|) × 100, where Fo is the observed structure factor amplitude and Fc is the calculated structure factor amplitude. bThese
include multiple conformations for Ile 12, Ser 25, Arg 77, Lys 81, Ser 92, Met 116, Ile 133, Asp 140, and Arg 174. cThese include multiple
conformations for Ile 12, Glu 31, Asp 75, Lys 81, Arg 84, Ser 92, Arg 108, Glu 165, Arg 174, Lys 209, and Lys 211. dThese include multiple
conformations for Ile 12, Asp 75, Arg 77, Lys 81, Ser 92, Ile 133, Leu 151, Ser 155, Ser 162, Arg 174, and Lys 209. eThese include multiple
conformations for Ser 25, Thr 32, Asp 75, Arg 77, Met 116, Trp 126, and Asp 140. fThese include multiple conformations for Ile 12, Lys 20, Thr 32,
Asp 75, and Arg 77. gThese include one CoA, one GDP-perosamine, two chloride ions, and 277 waters. hThese include one CoA, one GDP-Nacetylperosamine, two chloride ions, and 330 waters. iThese include one CoA-GDP-perosamine adduct, three chloride ions, and 343 waters. jThese
include one CoA, one GDP-perosamine, one chloride ion, one sodium ion, and 200 waters. kThese include one CoA, one GDP-perosamine, one
chloride ion, one sodium ion, and 229 waters.
a

Platinum 135 CCD detector controlled with the Proteum
software suite (Bruker AXS Inc.). The X-ray source was Cu Kα
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.). Four mercury binding sites were identiﬁed
with the program SOLVE,25 giving an overall ﬁgure of merit of
0.33 to 1.7 Å resolution. Solvent ﬂattening with RESOLVE26,27
generated an interpretable electron density map, which allowed
construction of a preliminary model using the software package
COOT.28 This structure, reﬁned with REFMAC,29 served as
the search model for the subsequent structural analyses of the
various complexes described below via molecular replacement
with the software package PHASER.30
All point mutations of the modiﬁed PerB-pET28 plasmid
construct were created via the Stratagene QuikChange method
and sequenced to verify that no other changes had been
introduced into the gene. The three mutant proteins that were

Crystallization conditions for modiﬁed PerB were again
surveyed via the hanging drop method of vapor diﬀusion with
either the apoprotein or protein incubated with 5 mM CoA and
5 mM GDP. X-ray diﬀraction quality crystals were subsequently
grown by mixing in a 1:1 ratio the protein incubated with CoA
and GDP and 24−30% monomethylether poly(ethylene glycol)
5000 at pH 7.5. These crystals grew to maximal dimensions of
0.8 mm × 0.8 mm × 0.4 mm and belonged to the space group
I23 with the following unit cell dimensions: a = b = c = 115.0 Å.
The asymmetric unit contained one subunit.
Prior to X-ray data collection, all crystals were transferred to
a cryoprotectant solution containing 30% monomethylether
poly(ethylene glycol) 5000, 600 mM NaCl, 5 mM GDP, 5 mM
CoA, and 12% ethylene glycol. The PerB structure was initially
determined by single isomorphous replacement using a crystal
complexed with GDP and CoA and soaked in a solution
containing 1 mM methylmercury acetate for 1 day. X-ray data
sets from crystals of the native protein or the native protein
soaked in mercury were measured at 100 K using a Bruker AXS
3435
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aliquot of the aqueous phase was taken from each sample and
diluted with 600 μL of water, and 500 μL of this solution was
loaded onto the Resource-Q column for analysis. All HPLC
analyses were performed using solutions at pH 4 and a gradient
of 0 to 2.25 M ammonium acetate.
A plot of concentration versus time was generated for each
reaction, which allowed for initial rates to be determined. All
data points were ﬁt to the equation

studied, H141N, H141A, and D142N, were expressed and
puriﬁed in the same manner as that for the wild-type enzyme.
Two of the proteins, H141N and H141A, were crystallized, and
X-ray data sets from these crystals were also collected using “inhouse” equipment. These structures were reﬁned with
REFMAC.29 X-ray data collection and relevant reﬁnement
statistics for these mutant protein structures are listed in Tables
1 and 2, respectively.
Three diﬀerent ultra-high-resolution complexes were subsequently prepared for this investigation. The ﬁrst was that of
the enzyme with bound CoA and GDP-perosamine. For this
complex, wild-type crystals were soaked overnight in a synthetic
mother liquor containing 5 mM CoA and 20 mM GDPperosamine. The second complex was that of PerB in the
presence of CoA and GDP-N-acetylperosamine. Wild-type
crystals were soaked in a synthetic mother liquor containing 10
mM acetyl CoA and 10 mM GDP-perosamine for 6 h. The
enzyme turned over, and CoA and GDP-N-acetylperosamine
were left bound in the active site. For preparation of the
transition state (or intermediate) analogue, the enzyme was
cocrystallized in the presence of 10 mM CoA and 10 mM
GDP-perosamine. Note that all crystals were grown at room
temperature, and small crystals typically appeared within 1 day.
Crystal growth was generally completed within 2 weeks.
High-resolution X-ray data sets from ﬂash-cooled crystals of
these three complexes were collected at the Structural Biology
Center beamline 19-ID at a wavelength of 0.667 Å (Advanced
Photon Source, Argonne National Laboratory, Argonne, IL).
The X-ray data sets were processed and scaled with
HKL3000.31 X-ray data collection statistics are listed in Table
1. These structures were initially reﬁned with REFMAC.29 After
major changes and most solvent molecules had been identiﬁed,
the structures were then subjected to a restrained conjugate
gradient least-squares process with SHELXL-97.32 All nonhydrogen atoms were reﬁned with anisotropic thermal
parameters, and hydrogen atoms were included in the ﬁnal
rounds of reﬁnement in their idealized positions for all protein
and ligand atoms.
Measurement of the Kinetic Constants for the WildType Enzyme and the Site-Directed Mutant Proteins.
The kinetic constants for the wild-type PerB and the sitedirected mutant proteins were determined via a discontinuous
assay using an Ä KTA HPLC system equipped with a 1 mL
Resource-Q column. The reaction rates were determined by
calculating the amount of GDP-N-acetylperosamine produced
on the basis of the peak area in the HPLC trace. 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.
To determine the kinetic parameters for the wild-type
enzyme at pH 8, nine reactions were analyzed. The GDPperosamine concentrations were varied from 0.14 to 5.0 mM at
a constant acetyl CoA concentration of 2.76 mM, whereas the
acetyl CoA concentrations were varied from 0.07 to 2.76 mM at
a constant GDP-perosamine concentration of 5.0 mM. All
experiments were performed at 25 °C, and each reaction (550
μL) was initiated by the addition of enzyme to a ﬁnal
concentration of 45 μg/mL. For each reaction, 100 μL aliquots
were taken at time zero and at 1−2 min intervals over a span of
8 min. The individual aliquots were immediately quenched by
the addition of 6 μL of 6 M HCl. Subsequently, 40 μL of CCl4
was added to each sample, which was then vortexed and
centrifuged for 1 min to remove denatured protein. An 80 μL

v = (VAB)/(K aB + KbA + K iaKb + AB)

using SigmaPlot8, where Ka and Kb are the Michaelis constants
for GDP-perosamine and acetyl CoA, respectively, and V is the
maximal velocity.
For determination of pH−rate proﬁles, reactions were
conducted using the following buﬀers at concentrations of
200 mM: MES (pH 6), MOPS (pH 7), HEPPS (pH 8), CHES
(pH 9), and CAPS (pH 10 and 11). The wild-type enzyme and
the three mutant proteins were analyzed in a similar manner as
described above. The concentrations of the substrates and
enzymes were varied as needed as well as the reaction times to
obtain linear plots from which we could determine the initial
velocities. Note that the acetyl CoA binding constants were
essentially unaﬀected by changes in pH (unpublished data).
The pKa values were obtained by ﬁtting the data to the
appropriate equations using the programs BELL (eq 1) or
BEL2L (eq 2).33 The pH−rate proﬁles with an initial slope of 1
and a ﬁnal slope of −1 were ﬁt with eq 1. The pH−rate proﬁles
with an initial slope of 2 and a ﬁnal slope of −1 were ﬁt with eq
2.
log y = log[C /(1 + H /K1 + K 2/H )]

(1)

log y = log[C /(1 + H /K1 + K 2/H + H2/K3)]

(2)

All kinetic data are listed in Tables 3−5.
Table 3. Kinetic Parameters Measured at pH 8.0
protein

Km (mM) for
GDP-perosamine

Km (mM) for
acetyl CoA

kcat/Km (M−1 s−1) for
GDP-perosamine

wild-type
H141N
H141A
D142N

0.087 ± 0.011
0.15 ± 0.01
0.20 ± 0.01
0.11 ± 0.01

0.15 ± 0.02
0.094 ± 0.017
0.11 ± 0.01
0.059 ± 0.007

3.5 × 106
2.1 × 102
2.0
3.5 × 105

Production of GDP-N-acetyl-3-deoxyperosamine.
GDP-3-deoxyperosamine was produced as described previously.13 For the production of GDP-N-acetyl-3-deoxyperosamine, the typical reaction mixtures contained 2 mM GDP-3deoxyperosamine, 1 mM acetyl CoA, and 10 μM PerB in 50
mM HEPES (pH 7.5), 50 mM NaCl, and 10 mM MgCl2. The
reactions were conducted for 2−4 h at room temperature, after
which they were ﬁltered through a 10 kDa Amicon ﬁlter to
remove the protein. The reaction mixtures were then analyzed
via HPLC after being loaded onto a 1 mL Resource-Q (GE
Healthcare) anion exchange column equilibrated with 20 mM
ammonium bicarbonate. Reaction components were eluted
with a linear gradient to 50% with 500 mM ammonium
bicarbonate, and the fractions were analyzed by ESI mass
spectrometry and 1H NMR (in D2O).

■

RESULTS AND DISCUSSION
Overall Structure of PerB in Complex with CoA and
the GDP-perosamine Substrate (pseudo-Michaelis com3436
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Table 4. Kinetic Parameters Measured from pH 6.0 to 11.0
protein

pH 6.0

pH 7.0

pH 8.0

pH 9.0

pH 10.0

pH 11.0

wild-typea,b

0.27 ± 0.03
1.9 × 104
7.2 ± 0.3
2.0
ndc

0.32 ± 0.05
4.3 × 105
0.27 ± 0.04
4.1 × 10
ndc

0.21 ± 0.03
2.3 × 106
0.097 ± 0.006
4.3 × 102
ndc

0.84 ± 0.06
6.9 × 105
0.32 ± 0.03
2.5 × 102
ndc

9.7 ± 0.4
9.6 × 104
6.5 ± 1.7
2.5 × 10
ndc

0.39 ± 0.05
8.4 × 103

0.30 ± 0.03
8.0 × 104

0.087 ± 0.011
3.5 × 106
0.15 ± 0.01
2.1 × 102
0.20 ± 0.01
2.0
0.11 ± 0.01
3.5 × 105

0.074 ± 0.004
3.9 × 105

0.27 ± 0.04
1.6 × 105

3.5 ± 0.3
4.2 × 104

H141Na,b
H141Aa,b
D142Na,b
a

Km (mM) for GDP-perosamine, top line. bkcat/Km (M−1 s−1), bottom line. cNot determined.

along a crystallographic 3-fold rotational axis resulting in one
subunit per asymmetric unit. Each subunit of the trimer
contains 215 amino acid residues.6 With the exception of the
ﬁrst two N-terminal residues, the loop between Pro 41 and Arg
43, and the ﬁnal three C-terminal residues, the electron density
corresponding to the polypeptide chain backbone was well
ordered. The Ramachandran plot statistics for the model, as
calculated with PROCHECK,34 were excellent with 90.4 and
9.6% of the ϕ and ψ angles lying within the core and allowed
regions, respectively.

Table 5. pKa Values Determined from pH−Rate Proﬁles

a

protein

pKa1

pKa2

pKa3

wild-typea
H141Na
D142Nb

7.8 ± 0.3
8.1 ± 0.2
7.7 ± 0.1

9.3 ± 0.2
9.7 ± 0.2
9.9 ± 0.1

6.5 ± 0.5
6.0 ± 0.5

Fit with BEL2L. bFit with BELL.

plex). The crystals used for this analysis diﬀracted to 1.0 Å
resolution and belonged to the space group I23. PerB functions
as a trimer, and in this crystal form, the biological unit packed

Figure 1. Ribbon representation of PerB in a complex with CoA and GDP-perosamine. The three subunits of the PerB trimer are highlighted in blue,
green, and pink, respectively, in (a). The CoA and GDP-perosamine ligands are depicted in stick representations. A close-up view of one subunit of
the trimer is displayed in (b). All ﬁgures were prepared with the software package PyMOL.38
3437
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Figure 2. PerB active site with bound CoA and GDP-perosamine. The electron densities corresponding to the CoA and GDP-perosamine ligands are
displayed in panel a. The map, contoured at 3σ, was calculated with coeﬃcients of the form Fo − Fc, where Fo is the native structure factor amplitude
and Fc the calculated structure factor amplitude. Close-up views of the CoA and GDP-perosamine binding pockets are depicted in panels b and c,
respectively. Amino acid residues displayed in blue or green belong to diﬀerent subunits of the trimer. Ordered water molecules are depicted as red
spheres. The dashed lines indicate possible hydrogen bonding interactions.

A ribbon representation of the PerB trimer is shown in
Figure 1a. It has overall dimensions of 70 Å × 70 Å × 70 Å, and
as can be seen, the active sites of the trimer are wedged
between subunits. A stereoview of an individual subunit is
presented in Figure 1b. The subunit can be envisioned in terms

of two domains, an N-terminal globular motif delineated by Ala
3 to Leu 93 and a β-helical region formed by Val 94 to the Cterminus. The N-terminal domain contains a six-stranded
mostly parallel β-sheet ﬂanked on one side by two α-helices and
on the other by a single α-helix. The ﬁrst α-helix of the subunit
3438
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is situated such that the positive end of its helix dipole moment
points toward the pyrophosphoryl moiety of GDP-perosamine.
The sixth β-strand of the N-terminal domain serves as a bridge
to the β-helix domain, which contains nearly seven turns and
displays the characteristic hexapeptide repeat that is a hallmark
for this family of N-acetyltransferases.35 Whereas the Nterminal domain provides most of the interactions between
the protein and the GDP-perosamine ligand, the C-terminal
domain serves to anchor the CoA moiety into the active site.
Pro 207 adopts the cis conformation and is situated near the
adenine ring of CoA.
Electron density corresponding to the bound ligands is
presented in Figure 2a. The density for the CoA is very strong,
as is that for the GDP portion of the substrate. The electron
density for the hexose portion of GDP-perosamine is somewhat
weaker, however. This most likely is a result of the short crystal
soaking times employed for this structural analysis. As discussed
below, if the PerB crystals were soaked in CoA and GDPperosamine for extended periods of time, a covalent adduct
formed between the two ligands.
A close-up view of the CoA binding pocket is provided in
Figure 2b. The cofactor is anchored in place simply by water
molecules, the backbone amide groups of Val 171 and Ala 189,
and the carbonyl group of Ala 189. The sulfur of CoA is 3.6 Å
from the sugar C-4‴ amino group. The protein region
surrounding the GDP-perosamine ligand is displayed in Figure
2c. The guanine base is held in place by two water molecules,
the carboxylate side chain of Asp 55, and the carbonyl group of
Val 37. The carboxylate group of Asp 38 bridges the ribose C-2′
and C-3′ hydroxyls. In addition to numerous water molecules,
the backbone amide groups of Gly 17, His 18, and Gly 74
participate in hydrogen bonding interactions with the
phosphoryl oxygens. With the exception of His 141, the hexose
moiety of GDP-perosamine does not interact with protein
backbone atoms or side chain groups but rather simply with
water molecules. His 141, which is provided by a neighboring
subunit, is positioned at 2.7 Å from the hexose C-4‴ amino
group.
Given the lack of protein side chain interactions between
PerB and the hexose moiety of GDP-perosamine, we were
curious as to whether we could produce a novel trideoxysugar.
In a previous study, we were able to synthesize via enzymatic
means GDP-3-deoxyperosamine, which is not found in nature.
Using GDP-3-deoxyperosamine, we were able to, indeed, show
that PerB produces an acetylated form of the sugar. Speciﬁcally,
the ESI mass spectrum corresponding to a fraction from the
HPLC puriﬁcation containing a GDP-sugar showed a peak at
629 amu, which is the appropriate mass for GDP-N-acetyl-3deoxyperosamine. The 1H NMR spectrum for the compound
isolated from the above-mentioned fraction (in D2O) is shown
in Figure 3. This spectrum corresponds closely to the 1H NMR
spectrum for GDP-3-deoxyperosamine, but with the addition of
the peak near 1.8 ppm, which is the appropriate chemical shift
for protons in an N-acetyl group.
Overall Structure of PerB in Complex with CoA and
the GDP-N-acetylperosamine Product. The next structure
determined in this study was that of PerB complexed with CoA
and GDP-N-acetylperosamine. As in the previously described
PerB/CoA/GDP-perosamine structure, the crystals employed
in this analysis also belonged to space group I23 with one
subunit in the asymmetric unit. The structure was determined
to a nominal resolution of 1.0 Å, and again, 90.4 and 9.6% of
the ϕ and ψ angles for the model were found to lie within the

Figure 3. 1H NMR spectrum GDP-N-acetyl-3-deoxyperosamine. This
spectrum corresponds closely to the 1H NMR spectrum for GDP-3deoxyperosamine, but with the addition of the peak near 1.8 ppm,
which is the appropriate chemical shift for protons in an N-acetyl
group.

core and allowed regions, respectively, of the Ramachandran
plot. There were no major conformational changes that
occurred upon the binding of GDP-N-acetylperosamine versus
GDP-perosamine. Indeed, the α-carbons for the two protein
models superimpose with a root-mean-square deviation of 0.13
Å.
The electron densities corresponding to CoA and GDP-Nacetylperosamine are presented in panels a and b of Figure 4.
As can be seen, the acetylated nucleotide-linked sugar product
has clearly been trapped in the active site cleft. To the best of
our knowledge, this is the ﬁrst time an N-acetylated sugar
product has been observed in the active site of any Nacetyltransferase that functions on nucleotide-linked sugars.
The local area surrounding the acetylated sugar is displayed
in Figure 4c. His 141 shifts slightly in the active site so that it no
longer interacts with the sugar amino nitrogen but rather with
the C-3‴ hydroxyl group. The backbone amide group of Gly
159 lies within hydrogen bonding distance (3.0 Å) of the
carbonyl oxygen of the acetyl moiety. Both His 141 and Gly
159 are provided by a neighboring subunit in the trimer.
Overall Structure of PerB in Complex with a
Transition State Mimic. When PerB was cocrystallized in
the presence of CoA and GDP-perosamine, a covalent adduct
formed that bridged the sulfur of CoA and the amino nitrogen
of GDP-perosamine as can be seen in the electron density map
calculated to 0.9 Å resolution (Figure 5a). Given the high
resolution of this structure, and the observed bond lengths, we
believe this cross-linking group is CHCH3. The hybridization
about the linking carbon is clearly sp3. The question thus arises
as to how this adduct was formed. The crystals were grown in
the presence of poly(ethylene glycol), and commercial samples
of it are notorious for being contaminated with peroxides,
aldehydes, and aldehyde precursors.36 A possible mechanism
for the cross-linking of CoA and GDP-perosamine is shown in
Scheme 2. We suggest that the C-4‴ amino group attacks the
carbonyl carbon of acetaldehyde to form a tetrahedral
intermediate. This intermediate collapses to produce a Schiﬀ
base, which is subsequently attacked by the sulfhydryl group of
CoA. Clearly, PerB can accommodate acetaldehyde in the
region between the CoA sulfur and the sugar nitrogen because
it has to bind acetyl CoA for catalysis to ultimately occur.
A close-up view of the PerB active site with the bound CoA/
GDP-perosamine adduct is displayed in Figure 5b. His 141 is
positioned within 3.0 Å of the sugar nitrogen. The models of
PerB with bound GDP-N-acetylperosamine or the covalent
3439
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Figure 4. PerB active site with bound CoA and GDP-N-acetylperosamine. The electron densities corresponding to CoA and the nucleotide-linked
sugar are presented in panel a. The map was calculated as described in the legend of Figure 2 and contoured at 3.5σ. A close-up view of the acetylated
sugar product is provided in panel b. Possible hydrogen bonding interactions between the N-acetylated sugar product and the protein are depicted as
dashed lines in panel c.

adduct are virtually identical such that their α-carbons
superimpose with a root-mean-square deviation of 0.11 Å.
The covalent adduct shown in Figure 5b serves as an excellent
mimic for the tetrahedral transition state that would occur as
the sugar amino nitrogen attacks the carbonyl carbon of acetyl
CoA. The only diﬀerence is that the proton on the bridging
carbon would be an oxygen atom in the true tetrahedral
intermediate. Given that, a model for the tetrahedral

intermediate was created and is shown in Figure 5c
superimposed upon the structure of the enzyme with bound
GDP-N-acetylperosamine. The acetyl carbon moves by ∼0.7 Å
in the active site upon collapse of the tetrahedral intermediate.
Most likely, the backbone amide of Gly 159 provides
stabilization of the oxyanion that forms during the reaction
mechanism.
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Figure 5. PerB active site with a CoA/GDP-perosamine covalent adduct. The electron density corresponding to the covalent adduct is displayed in
panel a. The map was calculated as described in the legend of Figure 2 and contoured at 3.5σ. Possible hydrogen bonding interactions between the
ligand and the protein are indicated by the dashed lines in panel b. Ordered water molecules are displayed as spheres. A superposition of GDP-Nacetylperosamine (gray ﬁlled bonds) onto the covalent adduct (pink ﬁlled bonds) is depicted in panel c.

Probing the Catalytic Mechanism of PerB. The closest
structural relative to PerB is an N-acetyltransferase referred to
as PlgD from Campylobacter jejuni.19,20 It catalyzes the last step
in the biosynthesis of 2,4-diacetamido-2,4,6-trideoxy-α-Dglucose, an unusual sugar found in the glycan moieties of
some eubacterial pathogens, and it employs a UDP-linked sugar

substrate. PerB and PglD show an amino acid sequence identity
of 38%, and not surprisingly, their models superimpose with a
root-mean-square deviation of 0.73 Å for 157 structurally
equivalent α-carbon positions. A superposition of the PerB
active site onto that of PlgD is presented in Figure 6. There are
two substitutions in PglD, relative to PerB, which preclude its
3441
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Scheme 2

Figure 6. Comparison of the PerB and PglD active sites. The ribbon traces of PerB and PlgD are colored purple and wheat, respectively. The ligand
and side chains belonging to PerB are displayed in purple ﬁlled bonds, whereas those for PlgD are highlighted in wheat bonds. In the case where
there are two amino acid residues labeled, the top one corresponds to PerB and the bottom one to PglD. Possible hydrogen bonds are indicated by
the dashed lines.

characteristic of a general base. The substitution of Asp 142
with an asparagine residue results in an order of magnitude
lower catalytic eﬃciency suggesting that it probably plays a role
in positioning His 141.
In the pH−rate proﬁles of Vmax/Km, the pKa2 at 9.3 for the
wild-type enzyme is most certainly the pKa of the amino sugar
substrate (Table 5). Why do we believe this to be the case?
Consider the pKa of 2-amino-1,3-propanediol, which is 8.8.
This compound mimics the C-3‴−C-5‴ region of the GDPlinked sugar substrate. In addition, the negative charges on the
pyrophosphoryl portion of the GDP-perosamine substrate
would be expected to increase its pKa by ∼0.4 unit to 9.2 (by
analogy to the change from glucosamine with a pKa of 7.8 to
glucosamine 6-phosphate with a pKa of 8.2).37 It is not clear,
however, what group on the enzyme is responsible for the pKa1
around 8 in the pH−rate proﬁle of Vmax/Km. It cannot be His
141, as the proﬁle still shows this pKa with the H141N mutant,
so presumably the pKa of His 141 is signiﬁcantly less than 8.
There are two possible interpretations of the pH−rate
proﬁles. One scenario is that in which the substrate binds in the
PerB active site with its amino group protonated. His 141 then
functions to remove this proton so the free electron pair can
then attack the carbonyl group of acetyl CoA. This is the
mechanism proposed by Olivier and Imperiali.20 The group
with a pKa of ∼8 must thus be in its ionized form. Another
interpretation of the pH−rate proﬁles is that a reverse
protonation mechanism is occurring with the substrate binding
in the active site as a neutral amine, and the group with a pKa of
∼8 reacting in its protonated form. The role of His 141 would
then be to act as a general base to remove one of the remaining

ability to bind a GDP-linked sugar substrate. One is Tyr 10,
which is an isoleucine (Ile 13) in PerB. The second is Asp 36,
which in PerB corresponds to Ala 39.
It has been proposed for PglD that His 125, the structural
equivalent of His 141 in PerB, functions as the active site base.
In addition, it is believed that Glu 126 (Asp 142 in PerB) serves
to increase the basicity of the His 125 imidazole. To test the
roles of these residues in the PerB mechanism, three sitedirected mutant proteins were constructed: H141N, H141A,
and D142N. Both their kinetic parameters and their pH−rate
proﬁles were measured and compared to those of the wild-type
enzyme (Tables 3−5). In addition, the structures of the H141N
and H141A mutant proteins were determined to 1.45 and 1.35
Å resolution, respectively. These structures demonstrated that
no substantial conformational changes occurred because of the
mutations, and that the diﬀerences in the observed kinetic
parameters are simply due to the loss of the imidazole side
chain of His 141. Indeed, the α-carbons for the H141N and
H141A models superimpose upon those of the wild-type
enzyme with a root-mean-square deviation of 0.08 Å.
The wild-type enzyme shows a Km for GDP-perosamine of
0.087 ± 0.011 mM, a Km for acetyl CoA of 0.15 ± 0.02 mM,
and a catalytic eﬃciency of 3.4 × 106 M−1 s−1. When His 141 is
changed to an asparagine residue, the Km values for GDPperosamine and acetyl CoA are not altered to any great extent
(Table 3). Importantly, however, the catalytic eﬃciency
decreases by >4 orders of magnitude. Likewise, the H141A
mutant protein demonstrates only slight alterations in the Km
values for GDP-perosamine and acetyl CoA, but the catalytic
eﬃciency decreases by 6 orders of magnitude. This behavior is
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Scheme 3
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protons from the amino group of the substrate as it attacks
acetyl CoA.
Both of these mechanisms are consistent with the pH−rate
proﬁles, but the second allows His 141 to act in a truly catalytic
manner. In the ﬁrst mechanism, His 141 deprotonates the
substrate only to its neutral form, but there is then no catalysis
of the transacylation reaction itself. In the second mechanism,
His 141 acts as a general base to catalyze the formation of the
tetrahedral transition state or intermediate, and thus, it is
expected that its mutation would have a major eﬀect as
observed. We thus conclude that the pH−rate proﬁles are
reverse protonation proﬁles, and that the substrate enters the
active site with a neutral amino group. The mechanism for
PglD proposed by Rangarajan19 also assumes that the substrate
binds to the enzyme in its neutral state. A possible reaction
mechanism for PerB is shown in Scheme 3. The key players in
the mechanism include the backbone amide of Gly 159, which
provides an “oxyanion” hole, and the imidazole of His 141,
which serves as the general base.
The catalytic mechanisms of PglD and PerB clearly involve a
general base provided by a histidine residue. This is in marked
contrast to the reaction mechanisms of WlbB, QdtC, and AntD,
which are N-acetyl- or N-acyltransferases that have also been
studied in our laboratory.21−23 Both WlbB and QdtC are
involved in the biosynthesis of unusual acetylated sugars found
in the O-antigens of certain Gram-negative bacteria, and both
function on C-3‴ hexose amino groups. AntD is involved in the
production of D-anthrose, an important carbohydrate found in
the endospores of Bacillus anthracis, the causative agent of
anthrax. Speciﬁcally, AntD catalyzes the transfer of an acyl
group from 3-hydroxy-3-methylbutyryl CoA to the C-4‴ amino
group of dTDP-4-amino-4,6-dideoxy-α-D-glucose. In all three
enzymes, there is a decided lack of a catalytic base in their active
sites. Likewise, in all three enzymes, the nucleotide-linked
sugars are bound similarly, but in an orientation completely
diﬀerent from that observed for PerB and PglD. Clearly, the Nacetyltransferases (or N-acyltransferases) that function on
nucleotide-linked sugars have evolved into two separate protein
classes that diﬀer with respect to both substrate binding
orientations and reaction mechanisms.
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