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ABSTRACT: Unusual deoxy sugars are often attached to natural products such as antibiotics,
antifungals, and chemotherapeutic agents. One such sugar is mycinose, which has been found on
the antibiotics chalcomycin and tylosin. An intermediate in the biosynthesis of mycinose is
dTDP-6-deoxy-p-allose. Four enzymes are required for the production of dTDP-6-deoxy-p-allose
in Streptomyces bikiniensis, a soil-dwelling microbe first isolated from the Bikini and Rongelap
atolls. Here we describe a combined structural and functional study of the enzyme ChmJ, which
reportedly catalyzes the third step in the pathway leading to dTDP-6-deoxy-D-allose formation.
Specifically, it has been proposed that Chm] is a 3’-epimerase that converts dTDP-4-keto-6-
deoxyglucose to dTDP-4-keto-6-deoxyallose. This activity, however, has never been verified in
vitro. As reported here, we demonstrate using 'H nuclear magnetic resonance that ChmJ, indeed,
functions as a 3’-epimerase. In addition, we determined the structure of Chm]J complexed with
dTDP-quinovose to 2.0 A resolution. The structure of Chm] shows that it belongs to the well-
characterized “cupin” superfamily. Two active site residues, His 60 and Tyr 130, were
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subsequently targeted for study via site-directed mutagenesis and kinetic analyses, and the three-dimensional architecture of the
H60N/Y130F mutant protein was determined to 1.6 A resolution. Finally, the structure of the apoenzyme was determined to 2.2
A resolution. It has been previously suggested that the position of a conserved tyrosine, Tyr 130 in the case of Chm], determines
whether an enzyme in this superfamily functions as a mono- or diepimerase. Our results indicate that the orientation of the
tyrosine residue in Chm] is a function of the ligand occupying the active site cleft.

halcomycin is a 16-membered natural product that was

first isolated in 1962 from Streptomyces bikiniensis." It
displays significant antibacterial activity against both Staph-
ylococcus aureus and Streptococcus pyogenes,” and also against a
number of Mycoplasma species.” The structure of chalcomycin
is shown in Scheme 1,* and as can be seen, it belongs to the
family of macrolactones that contains 2,3-trans double bonds.
Attached to the aglycone ring of the drug are two unusual
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sugars, chalcose and mycinose. Extensive investigations have
revealed that the sugar moieties attached to macrolide
antibiotics such as chalcomycin often provide or enhance
their pharmacological properties.” Thus far, three congeners of
chalcomycin that differ slightly with respect to the degree of
saturation of the aglycone ring or the identity of the substituent
attached to the 4”-hydroxyl group of mycinose have been
identified.%” In addition to chalcomycin, the unusual sugar
mycinose has also been found attached to tylosin, an antibiotic
used in veterinary medicine.® "

An important intermediate in the biosynthesis of mycinose is
dTDP-6-deoxy-p-allose. In S. bikiniensis, four enzymes are
required for its formation as outlined in Scheme 2."" The first
two steps, namely, the attachment of glucose 1-phosphate to
dTMP followed by the removal of its C-6" hydroxyl group and
oxidation of its C-4’ hydroxyl moiety, are common to many
pathways for the production of di-, tri, and tetradeoxysu-
gars.'””™'* The third step of the pathway, which involves an
epimerization about C-3, is reportedly catalyzed by Chm]. The
final step in dTDP-6-deoxy-p-allose biosynthesis is a reduction
of the C-4" keto group by the action of ChmbD.

Received: September 18, 2012
Revised:  November 1, 2012

Published: November 1, 2012

dx.doi.org/10.1021/bi3012737 | Biochemistry 2012, 51, 9375-9383


pubs.acs.org/biochemistry

Biochemistry

Scheme 2
HO HO
HO o ChmAl - o
HO ! HO
OH dTTP PPi OH
glucose-1-phosphate  OPO,2- dTDP-glucose  qTpp
l ChmAll (or RmIB)
o, 3 o. CHs
O 0
ChmlJ HO
OH OH
Il OdTDP OdTDP

dTDP-4-keto-6-deoxyallose

l ChmD

CH3
0

dTDP-4-keto-6-deoxyglucose

HO

OH
OdTDP

dTDP-6-deoxy-p-allose

HO

The focus of this investigation is Chm]J, which belongs to a
superfamily of sugar epimerases that catalyze reactions about C-
3" or C-§' of the hexose ring. Some function as mono-
epimerases, whereas others catalyze epimerizations about both
C-3" and C-5’ together. Most of our understanding about the
structure and function of the 3’,5"-epimerases has been derived
from the studies of Naismith and co-workers.">'® On the basis
of their work, it has been proposed that the protons on C-3" or
C-5’ are abstracted by a strictly conserved histidine residue and
that proton donation on the opposite side of the pyranosyl
moiety is accomplished by a conserved tyrosine residue.
Whereas the 3',5'-epimerases have been extensively studied,
less is known regarding the active site architectures of the 5'-
epimerases or 3’-epimerases. The structure of EvaD, a §'-
epimerase, has been determined to high resolution, but in the
absence of a nucleotide-linked sugar.'” By comparing the EvaD
structure to that of RmlC, a 3',5'-epimerase, it was proposed
that the orientation of a conserved tyrosine dictates whether a
particular enzyme in the superfamily functions as a 5'-
epimerase or a 3/,5'-epimerase.’’ Following the structural
analysis of EvaD, the molecular architecture of NovW, a 3'-
epimerase, was reported."®'? As in the case of EvaD, the
structure of NovW was determined in the absence of a
nucleotide-linked sugar.

In an effort to more fully explore the structure and function
of the 3’-epimerases, we initiated a combined X-ray crystallo-
graphic and biochemical analysis of Chm]. For this
investigation, the wild-type enzyme structure with bound
dTDP-quinovose was determined to 2.0 A resolution. Three
site-directed mutant proteins were subsequently prepared and
their kinetic parameters measured (H60N, Y130F, and H60N/
Y130F). The H60N/Y130F mutant protein was crystallized and
its structure determined to 1.6 A resolution. Finally, the
structure of Chm] in the absence of bound ligands was
determined to 2.2 A resolution. Taken together, the results of
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this study provide the first glimpse of a 3’-monoepimerase with
a bound dTDP-sugar.

B MATERIALS AND METHODS

Cloning, Expression, and Purification of the Wild-
Type Enzyme. The chm] gene was amplified via PCR from S.
bikiniensis (NRRL 2737) genomic DNA using the forward
primer S5-AAACATATGCATCCACTCAGCATCGAGGGG-
GCCTGG-3' and the reverse primer 5'-AAACTCGAGTCTC-
TGCGCCTGTTGCTGTTCCTGCC-3’, which added Ndel
and Xhol sites, respectively. The purified PCR product was A-
tailed and ligated into the pGEM-T vector (Promega) for
screening and sequencing. A pGEM-T-chm] vector construct of
the correct sequence was then appropriately digested, and the
gene encoding Chm] was ligated into a pET-31b(+) vector for
the production of protein with a C-terminal hexahistidine tag.
Rosetta 2 (DE3) Escherichia coli cells (Novagen) were
transformed with the pET-31-chm] plasmid. Cultures were
grown in lysogeny broth medium supplemented with ampicillin
and chloramphenicol at 37 °C and subjected to shaking until
optical densities of 0.8 at 600 nm were reached. The flasks were
then cooled to 16 °C; protein expression was induced with 1
mM isopropyl f-p-1-thiogalactopyranoside, and the cells were
allowed to grow at 16 °C for an additional 18 h. ChmJ was
purified at 4 °C utilizing Ni-nitrilotriacetic acid resin (Qiagen)
according to standard procedures. Purified protein was dialyzed
against 10 mM Tris (pH 8.0) and 200 mM NaCl. The protein
solution was concentrated to approximately 15—20 mg/mL on
the basis of an extinction coefficient of 0.59 mL mg™" cm™ at
280 nm and subsequently flash-frozen in liquid nitrogen.

Production of Site-Directed Mutant Proteins. To test
the roles of His 60 and Tyr 130 in Chm] function, three site-
directed mutant proteins were constructed: H60N, Y130F, and
H60N/Y130F. The mutations were introduced via methods
identical or similar to those described within the QuikChange
site-directed mutagenesis kit (Stratagene). The HSON mutation
was inserted using the forward primer 5'-GCGGCGCGCTG-
CGCGGGATCAACTACACCGAGATCCCGCCAGG-3’ and
the reverse primer 5'-CCTGGCGGGATCTCGGTGTAGTT-
GATCCCGCGCAGCGCGCCGC-3'. The YI130F mutation
was inserted using the forward primer 5'-CCGACGACGCC-
ACGCTCGTCITCCTCTGCTCCTCCGGATACGC-3" and
the reverse primer 5'-GCGTATCCGGAGGAGCAGAGGAA-
GACGAGCGTGGCGTCGTCGG-3'.

Each mutant protein was expressed and purified in a manner
identical to that previously described for the wild-type enzyme.
The proteins were dialyzed against 10 mM Tris (pH 8.0) and
200 mM NaCl. Protein concentrations ranged from 13 to 20
mg/mL as measured from the absorbance at 280 nm using an
extinction coefficient of 0.59 mL mg™' cm™". All samples were
flash-frozen.

Crystallization and X-ray Data Collection. Crystalliza-
tion conditions for ChmJ were surveyed by the hanging drop
method of vapor diffusion using a sparse matrix screen
developed in the laboratory. Diffraction quality crystals of the
C-terminal hexahistidine-tagged enzyme at a concentration of
13 mg/mL with S mM dTDP-quinovose were grown by mixing
in a 1:1 ratio the enzyme solution with 20% poly(ethylene
glycol) 3400, 2% 2-methyl-2,4-pentanediol, and 100 mM
MOPS (pH 7.0). The dTDP-quinovose sugar was produced
as previously described.”® Note that quinovose is the common
name for 6-deoxy-D-glucose and thus represents a substrate

analogue for Chm].
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Table 1. X-ray Data Collection Statistics”

ChmJ—dTDP-quinovose
30-2.0 (2.1-2.0)
73347 (9355)

resolution limits

no. of independent reflections

completeness (%) 94.9 (89.2)
redundancy 42 (1.8)
avg I/avg o(I) 8.7 (2.0)
Rym” (%) 8.8 (31.6)

H60N/Y130F mutant protein

30—1.6 (1.66—1.60)
143838 (13940)

apoenzyme
30—1.8 (1.86—1.80)
100888 (9437)

96.1 (93.6) 96.0 (89.3)
49 (2.8) 6.7 (2.8)

34.8 (3.1) 46.1 (1.7)
6.8 (39.4) 7.1 (43.0)

“Statistics for the highest-resolution bin are given in parentheses. bRSym = (X -1/X1) % 100.

Prior to X-ray data collection, single crystals of the ChmJ—
dTDP-quinovose complex were transferred to a synthetic
mother liquor containing 15 mM dTDP-quinovose, 18%
poly(ethylene glycol) 3400, 200 mM NaCl, 2% 2-methyl-2,4-
pentanediol, and 100 mM MOPS (pH 7.0). Subsequently,
these crystals were transferred in five steps to a cryoprotectant
solution containing 15 mM dTDP-quinovose, 21% poly-
(ethylene glycol) 3400, 200 mM NaCl, 2% 2-methyl-2,4-
pentanediol, 15% ethylene glycol, and 100 mM MOPS (pH
7.0) and flash-cooled.

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.
The Chm]J crystals belonged to space group I4 with two dimers
per asymmetric unit and the following unit cell dimensions: a =
b = 140.7 A, and ¢ = 117.7 A. The X-ray 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.

Crystals of the H60N/Y130F mutant protein were obtained
under conditions similar to those used for the wild-type
enzyme, except at pH 6.5 (100 mM MES) and in the presence
of 3-methyl-1,5-pentanediol rather than 2-methyl-2,4-pentane-
diol. The synthetic mother liquor contained 22% poly(ethylene
glycol) 3400, 200 mM NaCl, 2% 3-methyl-1,5-pentanediol,
~20 mM dTDP-4-keto-6-deoxyglucose, and 100 mM MOPS
(pH 7.0). The crystals were transferred in five steps to the
cryoprotectant solution containing 24% poly(ethylene glycol)
3400, 200 mM NaCl, 2% 3-methyl-1,5-pentanediol, ~20 mM
dTDP-4-keto-6-deoxyglucose, 15% ethylene glycol, and 100
mM MOPS (pH 7.0) and flash-cooled. The dTDP-ketosugar
was produced by mixing 300 mM dTDP-glucose with 1 mg/mL
RmlIB from E. coli*’ and 50 mM HEPES (pH 7.5) in an
overnight reaction mixture at 25 °C. RmIB was removed using a
10 kDa cutoff Amicon filter, and the resultant dTDP-4-keto-6-
deoxyglucose sugar was added to the crystal soaking solutions
at a concentration of ~20 mM. An X-ray data set from a single
H60N/Y130F crystal was collected at the Structural Biology
Center beamline 19-BM at a wavelength of 0.979 A (Advanced
Photon Source, Argonne National Laboratory, Argonne, IL).
The X-ray data set was processed and scaled with HKL3000.**
Relevant X-ray data collection statistics are listed in Table 1.

To determine the structure of the apoenzyme, the ChmJ—
dTDP-quinovose crystals were transferred in five steps to a
cryoprotectant solution containing 25% poly(ethylene glycol)
3400, 200 mM NaCl, 2% 2-methyl-2,4-pentanediol, and 15%
ethylene glycol and flash-cooled. A complete X-ray data set was
collected at the Structural Biology Center beamline 19-BM at a
wavelength of 0.979 A (Advanced Photon Source, Argonne
National Laboratory). The X-ray data set was processed and
scaled with HKL3000.>
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Structural Analysis. The initial structure of the ChmJ—
dTDP-quinovose complex was determined via molecular
replacement with PHASER? using the previously determined
4-keto-6-deoxysugar epimerase (NovW) from the novobiocin
biosynthetic gene cluster of Streptomyces sphaeroides™ as the
search model. The structure was subjected to alternate cycles of
manual model building with Coot®* and refinement with
Refmac.”® Relevant refinement statistics are listed in Table 2.

Table 2. Refinement Statistics

ChmJ]—dTDP- H60N/Y130F
quinovose mutant protein apoenzyme

space group I4 14 14
unit cell dimensions a = b = 140.7, a=>b= 1410, a=b=1416,
(A) c=1177 c=1164 c=1156
resolution limits (A) 30—2.0 30-1.6 30-2.2
R factor® (overall) 20.2/73345 21.4/143838 21.7/56511
(%) /no. of
reflections
R factor (working) ~ 19.9/69652 21.1/136644 21.5/53594
(%)/no. of
reflections
R factor (free) 24.9/3693 25.4/7194 25.9/2917
(%)/no. of
reflections
no. of protein atoms 6308 6294 6190
no. of heteroatoms 554 615° 2667
average B value (A?)

protein 23.4 29.1 47.7

atoms

ligands 21.8 43.9 -

solvent 24.4 34.0 471
weighted root-mean-
square deviation
from ideality

bond lengths  0.009 0.010 0.009

A)

bond angles 2.2 2.3 22

(deg)

general 0.009 0.009 0.008

planes (A)

“R factor = (YIF, — FJ/YIF,l) X 100, where F, is the observed
structure factor amplitude and F. is the calculated structure factor
amplitude. YThese include four dTDP-quinovose molecules, seven
ethylene glycol molecules, and 386 waters. “These include two
thymines, two thymidines, four dTDP molecules, 11 ethylene glycols,
and 419 waters. “These include 12 ethylene glycol molecules, four
chloride ions, and 214 waters.

The structures of the double mutant protein and the wild-
type apoenzyme were determined by molecular replacement
using PHASER and the ChmJ—dTDP-quinovose model as a
search probe. The models were rebuilt with Coot** and refined
with Refmac.”® Relevant refinement statistics are listed in Table
2.

dx.doi.org/10.1021/bi3012737 | Biochemistry 2012, 51, 9375—9383
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Figure 1. Overall structure of Chm]J. A ribbon representation of one subunit of the Chm]J dimer is shown in panel a. The dTDP-quinovose is
displayed as sticks. The complete dimer is shown in panel b. The black arrow indicates the position of the two-fold rotational axis of the dimer. Note
how the f-hairpin motif of one subunit projects toward the active site of the neighboring subunit. All figures were prepared with PyMOL.*

Determination of Kinetic Constants. Steady-state kinetic
parameters for Chm] were determined via a coupled
spectrophotometric assay, which followed the conversion of
NADPH to NADP* by the action of ChmD (Scheme 2). The
starting material was dTDP-glucose. All reaction mixtures
contained S0 mM HEPES (pH 7.5), 2 mM NADPH, 1 mg/mL
RmlB, and 1 mg/mL ChmD. The ChmD required for the
coupled assay was prepared as described in the next section.

The dTDP-glucose and Chm] wild-type and mutant protein
concentrations varied between reactions as listed below. For the
wild-type enzyme, the Chm]J concentration was 0.005 mg/mL
in the reaction mixture, with dTDP-glucose concentrations
ranging between 0.05 and 12 mM. Both the ChmJ-H60N and
ChmJ-Y130F mutant proteins required concentrations of S
mg/mL, with dTDP-glucose concentrations ranging from 0.1 to
20 mM. The ChmJ double mutant protein required a
concentration of 5 mg/mL with dTDP-glucose concentrations
varying from 0.1 to 30 mM. The reactions were initiated by the
addition of ChmJ and were conducted at 25 °C on a Beckman
Coulter DU-640 spectrophotometer for 10 min. Reduction of
the dTDP-4-keto-6-deoxyallose sugar and concurrent oxidation
of NADPH to NADP* were monitored by a decrease in
absorbance at 340 nm. The data were fit to the equation v, =
(Vo S1)/(Kyy + [S]). The k., values were calculated
according to the equation ke = Vio/[Er]-

Cloning, Expression, and Purification of ChmD. ChmD
was cloned from S. bikiniensis genomic DNA using the forward
primer S5’-AAACATATGCATCCACTCAGCATCGAGGGG-
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GCCTGG-3’ and the reverse primer 5'-AAACTCGAGCTAT-
CTCTGCGCCTGTTGCTGTTCCTG-3', which added Ndel
and Xhol sites, respectively. The purified PCR product was A-
tailed and ligated into the pGEM-T vector (Promega) for
screening and sequencing. A pGEM-T-chmD vector construct
of the correct sequence was appropriately digested, and the
gene encoding ChmD was ligated into a pET28JT vector for
the groduction of the protein with an N-terminal hexahistidine
tag. ¢ Rosetta 2 (DE3) E. coli cells (Novagen) were
transformed with the pET28]JT-chmD plasmid. Cultures were
grown in terrific broth medium supplemented with kanamycin
and chloramphenicol at 37 °C and subjected to shaking until
optical densities of 0.8 were reached at 600 nm. The flasks were
then cooled to 24 °C, and cell growth was continued for 20 h.
The cells were subsequently induced with 50 uM IPTG and
allowed to express the protein at 24 °C for an additional 18 h.
ChmD was purified at 4 °C utilizing Ni-nitrilotriacetic acid
resin (Qiagen) according to standard procedures. The purified
protein was then dialyzed against 10 mM Tris (pH 8.0), 500
mM NaCl, and 10% glycerol. The protein preparation was
concentrated to approximately 20 mg/mL using an extinction
coefficient of 1.22 mL mg™' cm™" at 280 nm and subsequently
flash-frozen in liquid nitrogen.

Preparation of the ChmJ—ChmD Product and Anal-
ysis by "H NMR. A large-scale reaction was run to produce the
dTDP-sugar product produced by the combined action of
ChmJ and ChmD. The mixture included 10 mM dTDP-
glucose, 15 mM NADPH, 0.5 mg/mL RmlB, 0.5 mg/mL

dx.doi.org/10.1021/bi3012737 | Biochemistry 2012, 51, 9375—9383
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Figure 2. Active site of Chm]J. The electron density corresponding to the bound dTDP-quinovose ligand is displayed in panel a. The map, contoured
at 20, was calculated with coeflicients of the form F, — F,, where F, was the native structure factor amplitude and F, was the calculated structure
factor amplitude. Those amino acid residues or solvent molecules lying within 3.2 A of dTDP-quinovose are shown in panel b. Residues from subunit
1 and subunit 2 are colored light blue and pink, respectively. The black dashed lines indicate potential hydrogen bonds.

Chm]J, 0.5 mg/mL ChmD, and S0 mM HEPES (pH 7.5). The
reaction was run at 24 °C for approximately 16 h. The sample
was passed through a 10 kDa cutoff filter (Amicon) to remove
the enzymes, and the filtrate was diluted 1:9 with water. The
reaction mixture was analyzed via an AKTA Purifier high-
performance liquid chromatography system (GE Healthcare)
equipped with a Resource-Q 6 mL anion exchange column (GE
Healthcare). The dTDP-sugar product was separated from the
other reaction components using a 90 mL linear gradient from
0 to 700 mM ammonium acetate (pH 4.0) run at a rate of 6
mL/min. The peak corresponding to the dTDP-sugar product
was collected and the sample lyophilized. Its identity as dTDP-
6-deoxyallose was confirmed by electrospray ionization mass
spectrometry (Mass Spectrometry/Proteomic Facility at the
University of Wisconsin) with a parent ion at m/z 547 and '"H
NMR spectroscopy (Nuclear Magnetic Resonance Facility,
University of Wisconsin). The observed NMR values were in
agreement with those previously determined for dTDP-6-
deoxyallose.”” Specifically, the small ]} ,» coupling constant (3.7
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Hz) and the relatively small ], ;» coupling constant (<7 Hz) of
the hexose ring indicate an equatorially disposed H,» proton, an
axially disposed H,, proton, and an equatorially disposed H
proton. Additionally, the small J ,» coupling constant (3.1 Hz)
and the large J, 5+ coupling constant (10.1 Hz) of the hexose
ring reveal that the compound possesses an axially disposed H,
and an axially disposed Hy proton: '"H NMR (750 MHz, D,0)
57.55 (s, 1H, Hy), 6.17 (t, 1H, H;, ] = 6.9 Hz), 5.33 (dd, 1H,
H,, ] =69, 3.7 Hz), 444 (m, 1H, Hy ), 4.01-3.99 (m, 3H, H,
and Hy), 3.93 (m, 1H, Hy,, J = 10.1, 6.2 Hz), 3.90 (m, 1H, Hy,
J < 5 Hz), 3.60 (m, 1H, H,,, ] < 7 Hz), 3.20 (dd, 1H, H,,, ] =
10.1, 3.1 Hz), 2.19 (dd, 1H, H,, J = 13.5, 6.9 Hz), 2.17 (dd,
1H, H,, ] = 13.0, 3.7 Hz), 1.17 (s, 3H, H,), 1.10 (d, 3H, Hy,,
= 6.2 Hz).

B RESULTS AND DISCUSSION

Structure of ChmJ in Complex with dTDP-quinovose.
Chm] is dimeric with each subunit containing 196 amino acid
residues."’ For our initial analysis, the Chm]J structure was

dx.doi.org/10.1021/bi3012737 | Biochemistry 2012, 51, 9375—9383
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Table 3. Kinetic Parameters

protein K, (mM) ke (s71) ke/ K, (M7 s71)
wild type 04+ 007 64+ 024 1.0 x 10°
H60N 04 +005 (2.7 +£0.83) x 1073 7.2
Y130F 0.7 +£0.1 (3.9 + 0.18) x 1073 5.7
H60N/Y130F 0.7 +£0.08 (44 + 0.12) X 107 6.1

determined in the presence of dTDP-quinovose to 2.0 A
resolution and refined to an R factor of 20.2%. dTDP-
quinovose differs from the natural ChmJ substrate by having a
hydroxyl group rather than a keto moiety at the C-4" position
(Scheme 2). The polypeptide chain backbones for the four
monomers in the asymmetric unit were very well ordered with
no breaks from the N- to C-termini. Indeed, the Ramachandran
statistics were excellent, with 91.2 and 8.8% of the ¢ and y
values lying within the core and allowed regions of the plot,
respectively. The a-carbons for the two dimers in the
asymmetric unit superimpose upon one another with a root-
mean-square deviation of 0.25 A. Given the close structural
correspondence between each subunit, the following discussion
refers only to the first chain (or in some cases dimer) in the X-
ray coordinate file.

Shown in Figure la is a ribbon representation of one subunit
of Chm]J. Its overall architecture is dominated by two layers of
antiparallel B-sheet that form a flattened p-barrel. One layer
contains six strands, whereas the second consists of five. The f-
barrel is decorated on the outside by four helical regions and a
two-stranded antiparallel -sheet. This f-hairpin motif extends
toward the second subunit of the dimer as illustrated in Figure
1b. Because of this domain swapping, the six-stranded f-sheets
in each subunit are extended to eight strands, and residues
contributed from both subunits form the active sites. The
overall fold exhibited by Chm] places it into the well-
characterized cupin superfamily.”® The name of the superfamily
is derived from the Latin term “cupa”, which means “small
barrel”. Members demonstrate a wide range of biological
functions ranging from enzymes to transcription factors to
storage proteins in plant seeds.”®

Shown in Figure 2a is the electron density corresponding to
the bound dTDP-quinovose. The density shows that the hexose
adopts the *C, chair conformation and that it is attached to the

nucleotide moiety via an axial linkage. A close-up view of the
ChmJ active site is provided in Figure 2b. The nucleoside
portion of the ligand sits near the surface of the subunit,
whereas the pyranosyl group projects into the p-barrel. The
aromatic side chain of Tyr 136 forms a parallel stacking
interaction with the thymine ring of the dTDP-sugar. Both the
side chains of Gln 45 (subunit 1) and Glu 26 (subunit 2) lie
within 3.2 A of the thymine ring. The guanidinium groups of
Arg 57 (subunit 1) and Arg 21 (subunit 2) surround the
phosphoryl oxygens of the ligand. The hexose moiety is
situated within hydrogen bonding distance of the side chains of
Lys 70, Arg 117, and Glu 141. Numerous well-ordered water
molecules surround the dTDP-quinovose ligand. The side
chains of His 60 and Tyr 130 are positioned at 3.7 and 4.1 A,
respectively, from C-3’ of the hexose. There are three cis
peptides in Chm]: Ile 59, Pro 65, and Pro 66. Of these, only Ile
59 is located in the active site region.

Functional Analysis of ChmJ. Although annotated as a 3'-
epimerase, the actual enzymatic activity of ChmJ has never
been verified in vitro. To prove that Chm] functions as a
monoepimerase, we set up a reaction mixture containing
dTDP-glucose, NADPH, RmIB, ChmJ, and ChmD (Scheme 2).
The product of the pathway was purified and subjected to both
mass spectrometry and '"H NMR (Supporting Information).
The data from the mass spectrometry yielded a parent ion at
m/z 547, which is the appropriate mass for dTDP-6-deoxy-D-
allose. More importantly, the "H NMR data revealed that in the
product, the protons on C-2/, C-3’, C-4’, and C-5' were
oriented in the axial, equatorial, axial, and axial positions,
respectively, as would be expected for a monoepimerized
product (Scheme 2). It was not possible to analyze the Chm]
product directly by NMR because of its instability arising from
the C-4" keto moiety. Reduction of the Chm]J product by
ChmD resulted in a stable nucleotide-linked sugar whose
identity could be verified by NMR.

For the 3’,5'-epimerases, it has been proposed that an active
site histidine serves as the catalytic base to abstract the protons
from C-3’ and C-5’, resulting in C-4’ enolate intermediates. >
It has also been suggested that a tyrosine on the opposite side
of the sugar functions as the active site acid to reprotonate C-3’
and C-5".">'° In Chm), these residues correspond to His 60
and Tyr 130, respectively. To test the roles of these residues in

K70

K70

Figure 3. Superposition of the active sites for the wild-type enzyme and the H60ON/Y130F mutant protein. Side chains for the wild-type enzyme are
highlighted in light blue and pink, whereas those for the double mutant protein are displayed in purple. The only significant movement of side chains

occurs near the Y130F mutation.
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Figure 4. Movement of the conserved tyrosine is most likely a function of the identity of the ligand bound in the active site. A superposition of the
active sites of Chm]J, with or without bound dTDP-sugar, is displayed in panel a. The Chm]J structure complexed with dTDP-quinovose is colored
blue, whereas the model of the enzyme lacking a bound ligand is colored purple. In panel b, the active sites of Chm] without a bound ligand and
EvaD with dTMP are superimposed. Chm]J and EvaD are colored light blue and purple, respectively. Coordinates for EvaD were from Protein Data
Bank entry 1016. Shown in panel c is a superposition of Chm] (light blue) and RmIC (purple), both with bound dTDP-sugars. Coordinates for

RmlIC were from Protein Data Bank entry 2IXC.

catalysis, three site-directed mutant proteins were constructed
(H60N, Y130F, and H60N/Y130F), and their steady-state
kinetic parameters determined via a coupled spectrophoto-
metric assay, which follows the conversion of NADPH to
NADP" by the action of ChmD as described in Materials and
Methods.
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For the assays, the Chm] substrate was synthesized in situ.
This was done out of necessity because of the instability of its
substrate. As such, several controls were conducted to confirm
that RmIB (Scheme 2) and ChmD (Scheme 2 , used for
monitoring the reaction progress) , along with NADPH, were at
saturating concentrations and were not rate-limiting. For each
control reaction, the concentrations of these enzymes or

dx.doi.org/10.1021/bi3012737 | Biochemistry 2012, 51, 9375—9383
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NADPH were individually doubled whereas all other
conditions were kept identical to those described in Materials
and Methods. The reactions were monitored for 10 min, and
the rates were linear throughout the time course. No changes in
rates were observed for any of the control reactions as
compared to the original values, indicating that both the
enzymes and NADPH were at saturating concentrations.

Whereas the apparent substrate K, values for the mutant
proteins were similar to that observed for the wild-type protein,
the catalytic efliciencies of these enzymes were significantly
impaired (Table 3). As proposed for other sugar epimerases,
His 60 most likely serves as the catalytic base and Tyr 130 as
the proton donor (Figure 2b).

Structural Analysis of the Double Mutant Protein. We
subsequently crystallized and determined the three-dimensional
structure of the H60ON/Y130F mutant protein to ensure that
the catalytic impairment was due to the loss of functional side
chains, rather than large conformational changes. Although the
H60N/Y130F mutant protein crystals were soaked in the
presence of dTDP-4-keto-6-deoxyglucose sugar, only dTDP
was observed bound in the active site according to the electron
density maps calculated with F, — F, coefficients. dTDP-4-keto-
6-deoxyglucose is notoriously unstable, and most likely, dTDP
was a contaminant or breakdown product in the sample utilized
in the studies.

A superposition of the active sites for the wild-type and
H60N/Y130F mutant proteins is presented in Figure 3.
Changing His 60 to an asparagine residue resulted in virtually
no three-dimensional perturbation within the region surround-
ing the mutation. The situation is different for the Y130F
mutation. The phenylalanine side chain in the mutant protein
swings toward the side chains of Arg 117 and Leu 128, which in
turn adopt different conformations to accommodate this
movement. It is possible that the alternate conformation of
the phenylalanine side chain is a function of the observation
that only dTDP, rather than a dTDP-sugar, was bound in the
active site. Other than these few changes, the double mutation
had little effect on the overall conformation of ChmJ, such that
the a-carbons for the wild-type and double mutant protein
subunits correspond with a root-mean-square deviation of 0.19
A.

Structural Analysis of the Apoenzyme. There has been
speculation in the literature regarding those factors that
distinguish diepimerases from monoepimerases. By comparing
the structures of the 3',5'-epimerase from Streptococcus suis,
(RmlIC), and the $'-epimerase from Amycolatopsis orientalis,
(EvaD), it was proposed that the position of the tyrosine in the
active site region determines whether an enzyme functions as a
mono- or di-epimerase.'” The problem with this analysis,
however, was that the comparison was made between the
structure of RmIC complexed with a dTDP-linked sugar and
the structure of EvaD with only bound dTMP.

We were curious about whether the conformation of the
tyrosine is simply dependent upon the presence or absence of a
pyranosyl moiety in the active site. Accordingly, crystals of the
Chm]—dTDP-quinovose complex were soaked in synthetic
solutions lacking the nucleotide-linked sugar. An X-ray data set
from an apoenzyme crystal was subsequently collected to 2.2 A
resolution, and the structural model was refined to an R factor
of 21.5%.

Shown in Figure 4a is a superposition of the active site
regions for ChmJ, with or without dTDP-quinovose. The
tyrosine adopts alternate conformations depending upon the
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presence or absence of a bound ligand. A superposition of the
Chm] apoenzyme structure and the EvaD—dTMP complex
model is presented in Figure 4b. Chm]J functions as a 3'-
monoepimerase, whereas EvaD is a 5’-monoepimerase. As can
be seen, the active site tyrosines adopt similar positions.
Importantly, in both of these models, a pyranosyl moiety is
missing in the active site. A superposition of the structures of
RmIC and Chm], both with bound dTDP-sugars ligands, is
provided in Figure 4c. Clearly, the active site tyrosines adopt
similar conformations even though RmlC is a diepimerase and
Chm] is a monoepimerase. It is possible that had the structure
of EvaD been determined in the presence of a dTDP-sugar, the
conformation of its tyrosine would have been similar to that
observed for the RmIC—dTDP-sugar and the ChmJ—dTDP-
sugar complexes.

In conclusion, we have established that Chm] is a 3'-
epimerase as previously predicted by amino acid sequence
comparisons.'’ On the basis of both structural and kinetic
analyses, it can be concluded that His 60 and Tyr 130 play key
roles in the catalytic mechanism of the enzyme. Importantly, by
comparing the structures of ChmJ with or without a bound
dTDP-sugar ligand, it is clear that the conserved tyrosine
adopts one of two alternative conformations depending upon
whether a ligand is or is not bound in the active site region.
These studies highlight the danger of assigning function to
sugar epimerases based solely on X-ray structures, and in
particular on the position of this residue in the absence of a
substrate or substrate analogue. The observed orientation of the
tyrosine residue in a sugar epimerase may have nothing to do
with whether it functions as a mono- or diepimerase but rather
is a function of what is occupying the active site.
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Results from mass spectroscopy and 'H NMR analysis of the
ChmJ—ChmD product, namely dTDP-6-deoxyallose (Figures
S1 and S2). This material is available free of charge via the
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