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Abstract: Kijanimicin is an antitumor antibiotic isolated from Actinomadura kijaniata. It is composed of three distinct moieties: a pentacyclic core, a monosaccharide referred to as D-kijanose,
and a tetrasaccharide chain composed of L-digitoxose units. D-Kijanose is a highly unusual nitrocontaining tetradeoxysugar, which requires at least ten enzymes for its production. Here we
describe a structural analysis of one of these enzymes, namely KijD1, which functions as a C-30 methyltransferase using S-adenosylmethionine as its cofactor. For this investigation, two ternary
complexes of KijD1, determined in the presence of S-adenosylhomocysteine (SAH) and dTDP or
SAH and dTDP-3-amino-2,3,6-trideoxy-4-keto-3-methyl-D-glucose, were solved to 1.7 or 1.6 Å resolution, respectively. Unexpectedly, these structures, as well as additional biochemical analyses,
demonstrated that the quaternary structure of KijD1 is a dimer. Indeed, this is in sharp contrast to
that previously observed for the sugar C-30 -methyltransferase isolated from Micromonospora chalcea. By the judicious use of site-directed mutagenesis, it was possible to convert the dimeric form
of KijD1 into a monomeric version. The quaternary structure of KijD1 could not have been deduced
based solely on bioinformatics approaches, and thus this investigation highlights the continuing
need for experimental validation.
Keywords: Actinomadura kijaniata; antitumor antibiotic; C-30 -methyltransferase; kijanimicin;
D-kijanose; D-tetronitrose

Introduction
Kijanimicin is an antitumor antibiotic compound
that was first isolated in 1981 from a strain of

Actinomadura kijaniata cultured from a Kenya soil
sample.1 The chemical structure of kijanimicin,
determined in 1983, consists of three distinct

Abbreviations: dTMP, thymidine monophosphate; dTDP, thymidine diphosphate; IPTG, isopropyl b-D-1-thiogalactopyranoside;
MES, 2-(N-morpholino)ethanesulfonic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; MW, molecular weight; Ni-NTA, nickel
nitrilotriacetic acid; PCR, polymerase chain reaction; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; TEV, tobacco
etch virus; Tris, tris-(hydroxymethyl)aminomethane.
Broader statement: KijD1 from Actinomadura kijaniata is a C-30 -methyltransferase required for the biosynthesis of D-kijanose, an
unusual sugar found attached to the antibiotic kijanimicin. Here we describe the three-dimensional structure of the enzyme determined to high resolution. Unlike other sugar C-30 -methyltransferases, KijD1 displays a dimeric rather than monomeric quaternary
structure. This study emphasizes the continuing need for experimental data given that this difference in quaternary structure could
not have been detected based on bioinformatics approaches alone.
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Scheme 1. Proposed pathway for the biosynthesis of dTDP-D-kijanose.

moieties: a pentacyclic core, the monosaccharide
D-kijanose (also referred to as D-tetronitrose), and a
tetrasaccharide chain composed of L-digitoxose
units.2 Kijanimicin has been shown to display potent
antibiotic activity against Gram positive bacteria,
cytotoxicity against certain cancer lines, and antimalarial activity in mouse models.1,3,4
The complete nucleotide sequence for the kijanimicin biosynthetic locus was elucidated and the
functional roles of the individual proteins were predicted in 2007 by the laboratory of Professor Hungwen Liu.5 Of particular interest to our research
group are the genes encoding the putative enzymes
required for the production of D-kijanose, a rare
nitro-containing sugar (Scheme 1). In the first step
of the proposed biosynthetic pathway, glucose-1phosphate is activated by its attachment to a thymidine monophosphate group. This reaction is catalyzed by a nucleotidylyltransferase referred to as
KijD5. The second step, catalyzed by a 4,6-dehydratase (KijD4), involves the removal of the C-60
hydroxyl group and the oxidation of the C-40 carbon.
These two steps are followed by a 2,3-dehydration
event, catalyzed by KijB1 and an amination reaction, catalyzed by KijD2.
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The focus of this investigation is on KijD1,
which catalyzes the next step, specifically the
transfer of a methyl group from S-adenosylmethionine (SAM) to the amino sugar product of KijD2
(Scheme 1). For the X-ray analysis described herein,
two structures of KijD1 from A. kijaniata were
determined in the presence of S-adenosylhomocysteine (SAH) and dTDP or SAH and dTDP-3-amino2,3,6-trideoxy-4-keto-3-methyl-D-glucose to 1.7 or
1.6 Å resolution, respectively. On the basis of both
crystal packing and gel filtration chromatography,
KijD1 apparently functions as a dimer. This is in
sharp contrast to another C-30 -methyltransferase
that has recently been investigated by our laboratory.6,7 Through the judicious use of site-directed
mutagenesis, it was possible to convert KijD1 from a
dimer to a monomer. Details of the structural analysis are presented.

Results and Discussion
Overall structure of KijD1
The first structure of KijD1 determined in this
investigation was that of a complex with SAH and
dTDP. The crystals used in the investigation
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Figure 1. Structure of KijD1. Shown in (a) is a stereo representation of the KijD1 subunit. The molecular architecture of the subunit can be envisioned in terms of three components. The N-terminal region, highlighted in deep violet, provides a binding site
for a structural zinc ion. The middle domain, colored in blue, adopts a classical SAM-binding fold. The C-terminal region,
depicted in green, is related to the middle domain by an approximate two-fold rotational axis. The dimeric form of KijD1 is presented in (b). The electron densities corresponding to the bound dTDP-sugar and SAH ligands in subunit 1 are presented in (c).
The electron density map was calculated with (Fo 2 Fc) coefficients and contoured at 3r. The ligands were not included in the
X-ray coordinate file used to calculate the omit map, and thus there is no model bias. A close-up view of the KijD1 active site
with bound dTDP-sugar and SAH ligands is depicted in stereo in (d). Possible hydrogen bonding interactions are indicated by
the dashed lines. Ordered water molecules are displayed as red spheres.

2284

PROTEINSCIENCE.ORG

Sugar C-30 -Methyltransferase

belonged to the space group P212121 with two polypeptide chains in the asymmetric unit. The model
was refined to an Roverall of 18.3% at 1.7 Å resolution. For subunit 1, the electron density was continuous from Ala 9 to the C-terminal residue (Leu 414)
whereas for subunit 2 there was a break in the electron density between Met 71 and His 79. This disordered region is situated near the active site cleft.
The electron densities corresponding to the
SAH ligands in both chains were very well-ordered.
In contrast, the electron densities for the pyrophosphoryl groups of the dTDP ligands were diffuse, and
as a consequence only dTMP moieties were included
in the X-ray coordinate file. X-ray coordinates have
been deposited in the Research Collaboratory for
Structural Bioinformatics, Rutgers University, New
Brunswick, NJ (accession 5T64, 5T67, and 5T6B).
Each subunit in the asymmetric unit adopts a
three motif architecture [Fig. 1(a)]. The N-terminal
region, defined by Ala 9 to Ser 83, is composed of
three b-strands forming an anti-parallel b-sheet and
one short a-helical turn. The middle domain, delineated by Ser 84 to Asp 287, consists of eight ahelices that flank a seven-stranded mixed b-sheet.
The C-terminal domain contains a six-stranded
mixed b-sheet surrounded on either side by a total
of three a-helices. There are two cis prolines located
at the surface of KijD1 (Pro 374 and Pro 409). A
structural zinc ion, positioned in the N-terminal
region, is ligated by four cysteine residues in a tetrahedral coordination sphere (Cys 13, Cys 16, Cys 54,
and Cys 57). The metal:ligand bond distances range
from 2.3 to 2.4 Å. Asn 115 in each KijD1 subunit
adopts approximate dihedral angles of / 5 568 and
w 5 21338. It is positioned in the active site pocket
where its side chain forms a hydrogen bond with the
ribose C-3 hydroxyl of the SAH ligand. Such /, w
angles are not outliers but rather are located in the
“nucleophile elbow” region of the Ramachandran
plot as originally observed in enzymes belonging to
the a/b hydrolase fold.8
The two polypeptide chains in the asymmetric
unit are related by a rotation of 179.18, and their acarbons superimpose with a root-mean-square deviation of 0.7 Å. Shown in Figure 1(b) is a ribbon representation of the KijD1 dimer, which has overall
dimensions of 65 Å 3 75 Å 3 85 Å. The total buried surface area is 1600 Å2, which is well within the
limits typically observed for dimeric proteins.9 The
subunit:subunit interface, formed primarily by two
a-helical regions defined by Ser 84 to Ala 99 and Ala
387 to Gln 399, is hydrophilic in nature and characterized by several salt bridges. There are, in addition, numerous water molecules lining the interface.
The active sites are separated by 35 Å.
The second structure determined in this investigation was that of KijD1 with bound SAH and
dTDP-3-amino-2,3,6-trideoxy-4-keto-3-methyl-D-glucose
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(the product of its reaction). This ternary complex also
crystallized in the space group P212121 with two polypeptide chains in the asymmetric unit. The model was
refined to an Roverall of 20.1% at 1.6 Å resolution. Again
the polypeptide chain from subunit 1 was continuous
from Pro 10 to Leu 414, whereas in subunit 2 there was
a break in the polypeptide chain between Pro 38 to Asp
42. Shown in Figure 1(c) is the observed electron density for the ligands in subunit 1. The C-30 methyl group of
the dTDP-sugar product, which is transferred from
SAM to the pyranosyl ring during the reaction, lies
within 3.1 Å of the sulfur of SAH.
A close-up view of the active site is presented in
Figure 1(d). The thymine ring of the dTDP-sugar lies
within hydrogen bonding distance to the peptidic
nitrogen of Thr 349, the side chain of Lys 393, and
two water molecules. The side chains of Asp 348, Thr
350, and Lys 353 surround the hydroxyl group of the
deoxyribose. There are hydrogen bonding interactions
between the pyrophosphoryl groups of the dTDPsugar and the protein via the side chains of Tyr 78,
Lys 328, and Asn 385, the backbone peptidic nitrogen
of Ala 327, and three water molecules. The C-30 amino
nitrogen lies within 3.2 Å of the side chains of His
181, Tyr 222, and Glu 224. His 225 and a water molecule surround the C-40 keto group of the sugar. The
SAH ligand forms extensive hydrogen bonds with the
side chains of Ser 80, Glu 134, Ser 136, Asn 177, and
Tyr 184. In addition, there are interactions between
SAH and the backbone atoms of Gly 113, Phe 155,
and Ala 176.
Comparison of KijD1 with TcaB9. Although Dkijanose is quite rare, it has also been found
attached to tetrocarcin A, an antitumor antibiotic
produced by Micromonospora chalcea.10 We previously determined the three-dimensional structure of
TcaB9, the C-30 -methyltransferase from M. chalcea
that is involved in the biosynthesis of D-kijanose.6
As expected, given the amino acid sequence identity
of 77% between KijD1 and TcaB9, the active sites of
these two enzymes are nearly identical. Indeed, the
a-carbons for TcaB9 and KijD1 correspond with a
root-mean-square deviation of 0.5 Å. Interestingly,
TcaB9 functions as a monomer. To test whether the
dimeric architecture exhibited in the P212121 lattice
of KijD1 was simply an artifact of crystallization,
subsequent size exclusion chromatography experiments were conducted as described in the “Materials
and Methods” section. The data from these experiments are shown in Figure 2(a) and are consistent
with KijD1 behaving as a dimer in solution.
Curious as to whether the dimeric form of KijD1
could be converted to a monomeric species, the polypeptides chains for KijD1 and TcaB9 were examined
and possible residues that could be changed to inhibit the formation of the KijD1 subunit:subunit interface were noted. These residues were Lys 92, Gln
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Figure 2. Quaternary structure of KijD1. Gel filtration chromatography was utilized to probe the quaternary structure of KijD1.
Shown in (a) is a graph of retention time versus milliabsorbance units. The red trace corresponds to wild-type KijD1, the orange
trace to the KijD1 mutant protein, and the blue to TcaB9, which is known to be a monomer. The molecular weight standards
were b-amylase (MW 200,000), alcohol dehydrogenase (MW 150,000), bovine serum albumin (MW 66,000), carbonic anhydrase
(MW 29,000), and cytochrome c (MW 12,400). The location of amino acids targeted for study are shown in (b). Ten sitedirected mutations were made at the interface to convert KijD1 from a dimer to a monomer (K92M, Q95R, R96D, L97F, A105P,
D388E, R398H, R412H, V413I, and L414R). They are depicted in space-filling representations. For the sake of clarity, all the residues are shown, but some are not labeled.
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Table I. X-ray Data Collection and Model Refinement Statistics

Resolution limits (Å)
Number of independent
reflections
Completeness (%)
Redundancy
Avg I/Avg r(I)
Rsym (%)a
c
R-factor (overall)%/number
of reflections
R-factor (working)%/number
of reflections
R-factor (free)%/number of
reflections
Number of protein atoms
Number of heteroatoms
Average B values
Protein atoms (Å2)
Ligand (Å2)
Solvent (Å2)
Weighted RMS deviations from
ideality
Bond lengths (Å)
Bond angles ( )
Planar groups (Å)
Ramachandran regions (%)d
Most favored
Additionally allowed
Generously allowed

KijD1/dTDP/SAH

KijD1/dTDP-sugar/SAH

Site-directed mutant protein

50.0–1.70 (1.8–1.7)b
89,296 (13,509)

50.0–1.60 (1.7–1.6)b
102,095 (15,379)

50.0–2.0 (2.1–2.0)b
90,291 (11,610)

98.0 (92.4)
4.2 (2.4)
10.7 (2.5)
7.5 (33.8)
18.3/89,296

96.4 (88.5)
3.6 (2.0)
9.0 (2.1)
7.9 (35.2))
20.1/102,095

96.6 (91.0)
3.1 (1.8)
7.3 (2.1)
7.4 (30.5)
17.9/90,291

18.1/84,825

19.8/97,001

17.8/85,763

22.0/4471

24.9/5094

23.4/4528

6292
794

6322
927

12,480
953

21.5
21.2
27.9

22.1
17.7
28.9

25.5
23.9
24.1

0.010
1.70
0.008

0.013
2.15
0.010

0.014
1.80
0.007

91.3
8.4
0.3

90.8
8.9
0.3

90.2
9.4
0.4

a

Rsym 5 (R|I 2 |/RI) 3 100.
Statistics for the highest resolution bin.
c
R-factor 5 (R|Fo 2 Fc|/R|Fo|) 3 100 where Fo is the observed structure-factor amplitude and Fc is the calculated
structure-factor amplitude.
d
Distribution of Ramachandran angles according to PROCHECK.17
b

95, Arg 96, Leu 97, Ala 105, Asp 388, Arg 398, Arg
412, Val 413, and Leu 414. Their positions are
shown in Figure 2(b). Utilizing site-directed mutagenesis techniques these residues in KijD1 were converted to those observed in TcaB9: K92M, Q95R,
R96D, L97F, A105P, D388E, R398H, R412H, V413I,
and L414R.
The resulting protein, in complex with SAH and
dTMP, crystallized in the space group P1 with four
subunits in the asymmetric unit. The structure was
solved to 2.0 Å resolution, and the model refined to
an Roverall of 17.9%. The a-carbons for the four subunits in the asymmetric unit superimpose with rootmean-square deviations of between 0.4 and 0.6 Å.
Importantly, none of the subunits is related to the
others by local twofold rotational axes indicating
that the subunit:subunit interface had been effectively broken. Furthermore, size exclusion chromatography demonstrates that the mutant variant
behaves as a monomer [Fig. 2(a)]. The overall folds
of wild-type KijD1 and the mutant variant are similar with their a-carbons corresponding with a rootmean-square deviation of 1.1 Å.
The most important mutation for converting the
KijD1 dimer into a monomeric species appears to be
the A105P substitution. In the wild-type ternary
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complex, Ala 105 adopts / and w values of 288 and
2268, respectively. These values are similar to those
adopted by the proline at position 105 in the mutant
variant (/ 5 2738, w 5 2258). However, significant
changes in dihedral angles propagate back to
Glu 101. The surface loop that connects a-helix 2 to
b-strand 4 (Thr 100 to Pro 107) is pulled out from
the main body of the monomer, and as a consequence this movement prohibits the formation of the
subunit:subunit interface due to steric clashes.
With sequence identities and similarities of 77
and 85%, respectively, between TcaB9 and KijD1, it
was not surprising that they would be shown to
have similar three-dimensional architectures. What
was not clear, however, on the basis of amino acid
sequence alignments is that these enzymes would
display differing quaternary structures. This investigation once again emphasizes the need to complement bioinformatics approaches with experimental
data.

Materials and Methods
Cloning of the gene encoding KijD1
The following primers were designed to amplify
the gene encoding KijD1 from A. kijaniata (ATCC
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31588) genomic DNA: 50 -CATATGACCGGACC
GACCGACGCGACCGCTCCGGCG-30 (NdeI site in
italics) and 50 -CTCGAGTCAGAGCACGCGCACCT
CGGGCACGTACAGGATCCAGCGC-30 (XhoI site in
italics).
The purified PCR product was subsequently
A-tailed and ligated into the pGEM-T vector (Promega), which was used to transform Escherichia coli
DH5a cells for subsequent DNA sequencing. Plasmids with the correct sequence were digested, and
the gene encoding KijD1 was ligated into the
pET28t vector generating a construct for protein
expression with an N-terminal His6-tag and a TEV
cleavage site.11

Protein expression and purification
The pET28t-kijD1 plasmid was used to transform
Rosetta2(DE3) E. coli cells (Novagen). The cultures
were grown in lysogeny broth supplemented with
kanamycin (50 mg/L) and chloramphenicol (50 mg/L)
at 378C with shaking until an optical density of 0.8
was reached at 600 nm. The flasks were cooled in an
ice bath, and the cells were induced with 1 mM
IPTG and allowed to express protein at 208C for
24 h.
The cells were harvested by centrifugation and
disrupted by sonication on ice. The lysate was
cleared by centrifugation, and KijD1 was purified
utilizing Ni-NTA resin (Qiagen) according to the
manufacturer’s instructions. For removal of the Nterminal His6-tag, a solution containing a 30:1 molar
ratio (KijD1:TEV protease) was allowed to digest at
48C for 48 h. Uncleaved protein and the TEV protease were removed by passage over Ni-NTA resin.
The protein was dialyzed against 10 mM Tris-HCl
(pH 8.0) and 200 mM NaCl and concentrated to
17 mg/mL based on an extinction coefficient of
1.45 (mg/mL)21 cm21.

Site-directed mutagenesis
The site-directed mutant protein (K92M/Q95R/
R96D/L97F/A105P/D388E/R398H/R412H/V413I/
L414R) was generated via the QuikChange method
of Stratagene. The protein variant was expressed
and purified as described for the wild-type enzyme.

Crystallization
Crystallization conditions for KijD1 were surveyed
by the hanging drop method of vapor diffusion using
a laboratory-based sparse matrix screen. The
enzyme was initially tested in the presence of
10 mM dTDP and 5 mM SAH. X-ray diffraction
quality crystals of the protein were subsequently
grown from precipitant solutions composed of 20–
23% poly(ethylene glycol) 3350, 100 mM MgCl2, and
100 mM MOPS (pH 7.0). The crystals belonged to
the orthorhombic space group P212121 with unit cell
dimensions of a 5 51.3 Å, b 5 110.9 Å, and
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c 5 143.3 Å. The asymmetric unit contained one
dimer. The crystals were prepared for X-ray data
collection by serially transferring them from a synthetic mother liquor composed of 24% poly(ethylene
glycol) 3350, 300 mM NaCl, 100 mM MgCl2, 10 mM
dTDP, 5 mM SAH, and 100 mM MOPS (pH 7.0) to a
cryoprotectant solution containing 28% poly(ethylene
glycol) 3350, 300 mM NaCl, 100 mM MgCl2, 10 mM
dTDP, 10 mM SAH, 14% ethylene glycol, and
100 mM MOPS (pH 7.0).

Preparation of the KijD1/SAH/dTDP-sugar
complex crystals
The dTDP-3-amino-2,3,6-trideoxy-4-keto-3-methyl-Dglucose ligand required for the crystallization trials
was synthesized and purified as previously
described.12 The crystals containing SAH and dTDP
were first soaked in a synthetic mother liquor composed of 24% poly(ethylene glycol) 3350, 300 mM
NaCl, 100 mM MgCl2, 5 mM SAH, and 100 mM
MOPS (pH 7.0) to remove dTDP. They were subsequently transferred to a solution composed of 24%
poly(ethylene glycol) 3350, 300 mM NaCl, 100 mM
MgCl2, 10 mM dTDP-3-amino-2,3,6-trideoxy-4-keto3-methyl-D-glucose, 5 mM SAH, and 100 mM MOPS
(pH 7.0) for 24 h. Finally, they were serially transferred to a cryoprotectant solution containing 28%
poly(ethylene glycol) 3350, 300 mM NaCl, 100 mM
MgCl2, 10 mM dTDP-3-amino-2,3,6-trideoxy-4-keto3-methyl-D-glucose, 10 mM SAH, 14% ethylene glycol, and 100 mM MOPS (pH 7.0).
Crystallization conditions for the KijD1 variant
were surveyed similarly as described above. X-ray
diffraction quality crystals of the protein in the presence of 10 mM dTDP and 5 mM SAH were subsequently grown from precipitant solutions composed
of 18-22% poly(ethylene glycol) 3350, 2% 2-methyl2,4-pentanediol, and 100 mM MES (pH 6.0). The
crystals belonged to the triclinic space group P1
with unit cell dimensions of a 5 62.7 Å, b 5 82.5 Å,
c 5 82.8 Å, a 5 96.18, b 5 110.78, and c 5 112.18.
The asymmetric unit contained four monomers. The
crystals were prepared for X-ray data collection by
serially transferring them to a cryoprotectant solution containing 28% poly(ethylene glycol) 3350, 2%
2-methyl-2,4-pentanediol, 10 mM dTDP, 5 mM SAH,
300 mM NaCl, and 100 mM MES (pH 6.0).

X-ray data collection and processing
All X-ray data sets were collected in house using a
Bruker AXS Platinum 135 CCD detector controlled
with the APEX software suite (Bruker AXS Inc.)
The X-ray source was Cu Ka radiation from a
Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50 kV and 90 mA. The
data sets were processed with SAINT and scaled
with SADABS (Bruker AXS Inc.). Relevant X-ray
data collection statistics are listed in Table I.
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The structure of KijD1 was solved by molecular
replacement with PHASER.13 The model for TcaB9
served as the search probe (PDB 3NDI). Iterative
cycles of model building with COOT14,15 and refinement with REFMAC16 reduced the Rwork and Rfree
to 18.1 and 22.0%, respectively, from 50 to 1.7 Å
resolution.
The KijD1/SAH/dTDP-sugar ternary complex
was solved via Difference Fourier techniques using
the X-ray coordinates of KijD1 determined in the
presence of SAH and dTDP, but with all ligands and
solvent molecules removed from the starting model.
Iterative cycles of model building with COOT and
refinement with REFMAC reduced the Rwork and
Rfree to 19.8 and 24.9%, respectively, from 50 to
1.6 Å resolution.
The KijD1 mutant variant structure was determined by molecular replacement with PHASER.
Iterative cycles of model building with COOT and
refinement with REFMAC reduced the Rwork and
Rfree to 17.8 and 23.4%, respectively, from 50 to
2.0 Å resolution.
Model refinement statistics for all structures
are listed in Table I.
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Analysis of quaternary structure
The quaternary structures of purified TcaB9, known
to be a monomer, and the wild-type and mutant
forms of KijD1 were analyzed via a Superdex 200
10/300 (GE Healthcare) gel filtration column and an
€
AKTA
HPLC system. The samples were loaded and
run in 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl.
The column was run at a speed of 0.5 mL/min at
ambient temperature. Standards used for comparison: b-amylase (MW 5 200,000), alcohol dehydrogenase (MW 5 150,000), bovine serum albumin
(MW 5 66,000), carbonic anhydrase (MW 5 29,000),
and cytochrome c (MW 5 12,400).
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