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Abstract

Staphyloferrin B is a hydroxycarboxylate siderophore that is crucial for the invasion and virulence of
Staphylococcus aureus in mammalian hosts where free iron ions are scarce. The assembly of staphyloferrin B
involves four enzymatic steps, in which SbnH, a pyridoxal 5’-phosphate (PLP)-dependent decarboxylase,
catalyzes the second step. Here, we report the X-ray crystal structures of S. aureus SbnH (SaSbnH) in
complex with PLP, citrate, and the decarboxylation product citryl-diaminoethane (citryl-Dae). The overall
structure of SaSbnH resembles those of the previously reported PLP-dependent amino acid decarboxylases,
but the active site of SaSbnH showed unique structural features. Structural and mutagenesis analysis
revealed that the citryl moiety of the substrate citryl-L-2,3-diaminopropionic acid (citryl-L.-Dap) inserts into a
narrow groove at the dimer interface of SaSbnH and forms hydrogen bonding interactions with both subunits.
In the active site, a conserved lysine residue forms an aldimine linkage with the cofactor PLP, and a
phenylalanine residue is essential for accommodating the L-configuration Dap of the substrate. Interestingly,
the freestanding citrate molecule was found to bind to SaSbnH in a conformation inverse to that of the citryl
group of citryl-Dae and efficiently inhibit SaSbnH. As an intermediate in the tricarboxylic acid (TCA) cycle,
citrate is highly abundant in bacterial cells until iron depletion; thus, its inhibition of SaSbnH may serve as an

iron-dependent regulatory mechanism in staphyloferrin B biosynthesis.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Iron is an essential nutrient for the growth of
microorganisms. However, iron in the human body
mostly exists in complexes with heme or proteins,
leaving free iron scarce [1]. One of the most common
strategies used by bacteria for surviving in iron-
restricted environments is to secrete low molecular
weight ferric-chelating compounds, named side-
rophores, to capture ferric ions from the environ-
ment, and after chelating iron, the siderophore-iron
complexes are transferred into bacterial cells
through specific receptors and transporters [2,3]. In
response, mammalian hosts can produce sidero-
phore-binding proteins to eliminate siderophores,
preventing microbial growth, which is so called
“nutritional immunity” [4]. Although increasing anti-

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

biotic resistance requires novel and effective anti-
bacterial strategies, this kind of “battle” between
host and bacteria suggests an interesting way to
combat microbial infection by targeting siderophore-
based iron uptake systems of multidrug-resistant
bacteria [5,6].

Staphylococcus aureus is a notorious gram-
positive pathogenic bacterium that causes diseases
from skin infections to serious systemic diseases
such as septic shock and pneumonia [7]. To obtain
enough ferric ions from the environment in human
hosts, S. aureus synthesizes at least two o-hydro-
xycarboxylate type siderophores, staphyloferrin A
and B [8,9]. Staphyloferrin A is widespread among
Staphylococcus species and more likely functions
as a housekeeping iron captor conducive to com-
mensalistic colonization, whereas staphyloferrin B is
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mainly produced in pathogenic coagulase-positive
staphylococci and plays more significant roles in
invasive infection [10,11]. The expression level of
the biosynthetic locus of staphyloferrin B, but not
staphyloferrin A, is strongly upregulated in iron-
depleted environments, such as in human blood,
compared with that in iron-rich environments [12,13].
Knockout of the sbn operon or its regulator gene sbnl/
strongly restricted S. aureus growth in iron-restricted
medium [14]. The S. aureus strain with a mutation in
sbnE, the gene encoding the synthetase SbnE,
which is essential for the biosynthesis of staphylo-
ferrin B, showed a much lower colony number in
comparison with its parent strain in a murine kidney
abscess model of S. aureus infection [15], indicating
that staphyloferrin B is crucial for the growth and
pathogenicity of S. aureus within the host. Further-
more, a recent study identified that baulamycins A
and B, two natural products from Streptomyces
tempisquensis, inhibit the growth of S. aureus in
vitro, with IC5o values of 4.8 uM and 19 uM,
respectively, through inhibiting SbnE [16]; this result
provided important chemical evidence for using the
staphyloferrin B biosynthesis pathway as a new
antibacterial target.

The genetic locus of staphyloferrin B in S. aureus
encodes twelve proteins. Among those, SbnD and
SirA, B, and C are responsible for the export and
import of staphyloferrin B across the S. aureus
membrane. SbnA, B, G, and | are responsible for
preparing staphyloferrin B building blocks such as
citrate, L-2,3-diaminopropionic acid (L-Dap) and a-
ketoglutarate (a-KG). These building blocks are then
used by three nonribosomal peptide synthetase-
independent siderophore (NIS) synthetases SbnC,
E, F and a decarboxylase SbnH to assemble
staphyloferrin B. During the assembly process,
SbnE first links an L-Dap to citrate, and SbnH
decarboxylates the intermediate product before it
can be further used as the substrate by SbnC and F,
finishing staphyloferrin B biosynthesis (Supplemen-
tary Fig. S1) [17]. SbnH is a group IV pyridoxal 5'-
phosphate (PLP)-dependent decarboxylase, which
is widely found in the metabolism of nitrogen-
containing small molecules such as lysine, ornithine,
and arginine [18]. These decarboxylases all contain
a conserved lysine residue to covalently bind with
PLP by forming a lysine-PLP aldimine. When
decarboxylation occurs, PLP changes to form an
external aldimine with the amino group of the
substrate, and then the carboxyl group is cleaved
[19]. Notably, many of these PLP-dependent dec-
arboxylases are considered drug targets. For the
ornithine decarboxylase (ODC) in polyamine synth-
esis, its ornithine-mimic covalent inhibitor o-difluor-
omethylornithine (DFMO) has been clinically used in
the treatment of African trypanosomiasis for nearly
30 years [20,21] and was further approved by FDA to
treat hirsutism since 2000 [22]. More recently, the

potential of using human ODC as a target for treating
Alzheimer's disease has also been discussed
[23,24]. In addition, the bacterial diaminopimelate
decarboxylase (DAPDC), an essential enzyme
involved in both diaminopimelate metabolism and
lysine biosynthesis, is a promising target for anti-
biotic discovery [25]. Although SbnH shares sig-
nificant similarity with ODC and DAPDC, the active
pocket of SbnH might also be druggable. However,
more structural and mechanistic details are required
for the discovery of SbnH inhibitors.

In this study, we provide the first structural study of
SbnH from S. aureus (SaSbnH). The cofactor and
substrate-binding mechanisms of SaSbnH were
revealed by cocrystal structures and site-directed
mutagenesis analysis. The citrate molecule was
observed to bind to SaSbnH with an unexpected
conformation and efficiently inhibit the catalytic
activity of SaSbnH, and the structural mechanism
and the possible biological significance of SaSbnH-
citrate interactions were also discussed.

Results

The overall structure of SaSbnH

SaSbnH belongs to the group IV PLP-dependent
decarboxylase family, and the overall structure of
SaSbnH resembles these family members [18]. The
structure of SaSbnH consists of two domains
(Fig. 1a). Residues 25—275 form an atypical eight-
fold a/B-barrel. In contrast to the barrel structure of
triosephosphate isomerase (TIM), the a/B-barrel of
SaSbnH starts with an a-helix, not a B-strand. The N-
terminal sequence (res. 1—24) forms an «-helix and
a B-strand and folds together with the C-terminal part
of SaSbnH (res. 310—374) to form a mostly p-
sandwich structure.

Searching using DALI [26] revealed that the
closest structural homologs of SaSbnH in PDB are
mainly amino acid decarboxylases, including
DAPDC, ODC, lysine decarboxylase (LDC), and
arginine decarboxylase (ADC) (Supplementary
Table S1) [27—30]. Structural superimposition
revealed that most of the structural differences in
SaSbnH and its homologs were present in their -
sandwich domains (Fig. 1b). For example, residues
Arg319 to Val330 in SaSbnH form a significantly
longer loop than other homologous decarboxylases
(Fig. 1b and Supplementary Fig. S2) and contribute
additional hydrogen bonding interactions and hydro-
phobic stacks with the a/B-barrel domain of another
SaSbnH molecule.

An asymmetric unit of the SaSbnH crystal contains
three SaSbnH monomers, and two of them form a
symmetric homodimer with an interface of 2930 A?
as calculated by PDBePISA [31]. The third monomer



4870

Structure of Decarboxylase SbnH

(a) _
Chain B

B-sandwich Domain

e———

a/B-barrel

\ I, e ’; bl
S
Uk e g
¥
\C
a/B-barrel
Domain
B-sandwich Domain
Chain A

(b)

iy :; Active site

vy

Fig. 1. The overall structure of SaSbnH. (a) A homodimer of SaSbnH is presented as a cartoon, and the cofactor PLP is
shown as spheres in the two active sites. Two SaSbnH monomers are colored purple (chain A) and blue (chain B), and
each SaSbnH monomer can be divided into two domains: a/B-barrel domain (dark color) and B-sandwich domain (light
color). For PLP, the carbon atoms are colored yellow; the nitrogen atoms, blue; and oxygen atoms, red. (b) Superposition
of a SaSbnH monomer with its homologs Vibrio vulnificus ODC (PDB ID: 2PLJ, yellow), Methanocaldococcus jannaschii
DAPDC (PDB ID: 1TWI, white), and Paramecium bursaria Chlorella virus 1 ADC (PDB ID: 2NVA, green). SaSbnH is
colored the same as chain A in (a). The obvious differences between SaSbnH and its homologs are mainly observed at
their B-sandwich domains, and a significant longer loop in SbnH and additional structures at N- and C-terminus of DAPDC

are indicated by arrows.

forms a similar dimer with another SaSbnH monomer
from the adjacent asymmetric unit. The gel filtration
experiments confirmed that SaSbnH also forms
dimers in solution, similar to other group IV PLP-
dependent decarboxylases (Supplementary Fig. S3)
[32]. Although PLP was not supplemented during
protein purification and crystallization, PLP (one per
SaSbnH monomer) was observed to be bound to the
C-terminal end of the a/B-barrel and formed an
aldimine linkage with residue Lys50 on the loop
behind the first B-strand of the a/B-barrel (Fig. 1a,
and Supplementary Fig. S4). Other residues and
hydrogen bonding interactions for coordinating and
orientating the 5'-phosphate group and the pyridine
nitrogen of PLP are conserved to other PLP-
dependent amino acid decarboxylases (Supplemen-
tary Figs. S2 and S4) [33].

Substrate recognition by SaSbnH

To understand how SaSbnH recognizes its sub-
strate citryl-L-Dap, crystals of the SaSbnH_K50A
variant were soaked with a reaction mixture contain-
ing the biosynthesized citryl-.-Dap (see Methods
and Materials). Although the conserved lysine
residue was proposed to play important roles in
PLP binding and catalysis [34], the electron density
of the SaSbnH_K50A crystal indicated that the
decarboxylated product citryl-Dae was bound in the
active sites of two of the three SaSbnH molecules in
the asymmetric unit (Fig. 2a and b). The enzymatic
assay also showed that the SaSbnH_K50A variant
retains weak but detectable activity (less than 10% in

comparison with wild-type SaSbnH; see below for
details). One citryl-Dae molecule was in a PLP-
coupled form, and the other was freestanding with its
Dae moiety exposed to the solvent. At the active site
of the third SaSbnH monomer, the density was too
weak to unambiguously model a ligand. The com-
plex structure with citryl-Dae indicated that the
substrate-binding pocket of SaSbnH consists of a
narrow groove between the C-terminal B-sandwich
domains of two SaSbnH monomers of the dimer
(Supplementary Fig. S5).

The citryl-Dae molecule binds to the substrate-
binding groove mainly through extensive hydrophilic
interactions between its citryl moiety and the
residues from both SaSbnH monomers (Fig. 2a
and b). The oxygen of the amido bond forms two
hydrogen bonds with Arg269, the remaining pro-
chiral carboxyl group forms a hydrogen bond with
Ser308 and salt bridge interactions with Arg304, and
the central carboxyl group forms a hydrogen bond
with Trp309 and another hydrogen bond with Thr345
from the other SaSbnH monomer of the dimer.
Furthermore, the side chain of Lys347 stretches
across the citryl moiety and helps to lock the citryl
moiety into the substrate-binding groove (Fig. 2a and
b). Most citryl-binding residues could be well super-
imposed between the citryl-Dae-bound and unbound
structures, and only Arg269 and Trp309 shifted
slightly towards the citryl moiety upon citryl-Dae
binding (Fig. 2c). These citryl-binding residues were
analyzed by site-directed mutagenesis, and all the
mutations, except S308A, strongly impaired the
activity of SaSbnH, supporting their important roles
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Fig. 2. Substrate recognition by SaSbnH. (a, b) The PLP-coupled citryl-Dae and freestanding citryl-Dae are shown as
sticks in the two active sites of the SaSbnH dimer. PLP is colored the same as in Fig. 1a, and citryl-Dae is colored green.
Two SaSbnH monomers are shown as cartoons and colored the same as in Fig. 1a, and the key residues involved in the
recognition of citryl-Dae are shown as sticks. Citryl-Dae forms multiple hydrogen bonds with SaSbnH, which are drawn as
gray dashed lines. The 2F,—F. composite maps around PLP-citryl-Dae and citryl-Dae are contoured at 1.0 ¢ and shown
as blue mesh. (c) Superposition of the active site of SaSbnH bound or unbound with citryl-Dae. The compound and the
substrate-binding residues of SaSbnH are drawn as sticks. The apo state is colored white, and the PLP-citryl-Dae bound
state and citryl-Dae bound state are colored the same as in Fig. 2a and b, respectively. Only the side chains of Arg209 and
Trp309 shifted a few angstroms upon substrate binding. (d) Structural comparison of the substrate-binding pocket of
SaSbnH (purple) with its homologs Vibrio vulnificus ODC (PDB ID: 2PLJ, yellow), Methanocaldococcus jannaschii
DAPDC (PDB ID: 1TWI, white), Paramecium bursaria Chlorella virus 1 ADC (PDB ID: 2NVA, green), and Selenomonas
ruminantium LDC (PDB ID: 5GJM, light blue). The distance between the “specificity helix” and PLP is variable among
these amino acid decarboxylases to accommodate substrates of different sizes. In SaSbnH, the citryl-Dae inserts its citryl
group into the narrow groove between the specificity helix and a loop from the two SaSbnH monomers of the homodimer.

in substrate binding (Fig. 3). Considering the similar
side chain size between serine and alanine, the
S308A mutation might only disrupt a hydrogen bond
but not change the shape of the substrate-binding
groove. Thus, it is reasonable that the S308A
mutation did not significantly impair the decarbox-
ylation of citryl-L-Dap like other mutations.

Previous structural studies found that the active
sites of almost all of the homologous amino acid
decarboxylases are remarkably similar to each other

except for the position of the “specificity element,” a
short 340-helix at the back of substrate-binding
pocket (Fig. 2d). The distance between the 3;o-
helix and PLP determines the size of the amino acid
substrates that can be accommodated [28]. Inter-
estingly, the specificity element of SaSbnH did not
shift further to accommodate citryl-Dae, a compound
larger than the amino acid substrates. Instead, the
citryl moiety of citryl-Dae turned to another direction
and inserted into the narrow groove between the
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Fig. 3. The catalytic activities of SaSbnH and its

variants. The residues involved in substrate binding and

catalysis were mutated. The ATP consumption of the

reactions containing each SaSbnH variant was measured
and compared with wild-type SaSbnH.

specificity element and a loop from another SaSbnH
monomer of the homodimer. In addition, the speci-
ficity element 3ip-helix is a standard a-helix in
SaSbnH (Fig. 2d, and Supplementary Fig. S6).

Not similar to the citryl moiety, the Dae moiety of
citryl-Dae does not contribute significant interactions
with SaSbnH. The Dae moiety of one of the two citryl-
Dae molecules stretched outside of the pocket,
mimicking a state before product release. The Dae
moiety of the other citryl-Dae molecule was buried in
the active site and covalently linked to the cofactor
PLP. Tyr373, a residue absolutely conserved among
all PLP-dependent amino acid decarboxylases we
analyzed (Supplementary Fig. S2), forms the “floor”
of the substrate-binding pocket to hold the Dae
moiety. Mutation of Tyr373 to alanine reduced the
activity of SaSbnH by more than 90% in our
decarboxylation assay (Fig. 3).

SaSbnH catalyzes the decarboxylation of the L-
configuration Dap moiety of citryl-L.-Dap to generate
citryl-Dae. A previous study on ODC indicated that
the carboxyl group of L-ornithine points to the re-side
of the PLP, the same side as the PLP-binding lysine,
and forms contacts with a phenylalanine [35]. In
contrast, DAPDC and the stereo-inverted D-ODC,
which both decarboxylate the D-center carboxyl,
bind the carboxyl group of the substrate with a
pocket at the si-side of PLP, the side toward the
solvent [36,37]. The carboxyl-contacting phenylala-
nine of ODC was substituted with a tyrosine in both
DAPDC and D-ODC, and the additional oxygen of
tyrosine would clash with L-center carboxyl groups
and stereoselectively preclude L-configuration sub-
strates [37]. Consistently, a phenylalanine (Phe382)
exists at the corresponding position of SaSbnH;
thus, itis very likely that Phe382 will contribute to the

recognition of the carboxyl group of the L-Dap moiety
of citryl-.-Dap. Compared with wild-type SaSbnH,
the SaSbnH_F382Y variant lost approximately 60%
of the decarboxylation activity. SaSbnH_F382A lost
even more activity, which could be due to the change
in the electrostatic environment, as with ODC (Fig. 3)
[35]. These results support an important role for
Phe382 in substrate recognition. Thus, the citryl-L-
Dap was unambiguously modeled in the active site
based on the citryl-Dae-bound cocrystal structure to
further understand the decarboxylation mechanism
of SaSbnH (Supplementary Fig. S7).

The proposed decarboxylation mechanism of
SaSbnH

Previous mechanistic studies on PLP-dependent
amino acid decarboxylases have facilitated the
understanding of the decarboxylation mechanism
of SaSbnH. In addition to its function on covalently
coordinating the cofactor PLP in the resting state, the
PLP-bound lysine of ODCs accelerates the forma-
tion of external Schiff base with the amino group of
ornithine, decarboxylation, and product release [34].
In addition, the conserved cysteine residue in the
active site of ODC was also suggested to contribute
to Schiff base formation, decarboxylation, and, in
particular, carbanion protonation [38]. These two
residues are conserved and proposed to play similar
catalytic roles in other amino acid decarboxylases,
such as DAPDC and ADC [30,36]. In SaSbnH, these
two residues are also present at the same positions
in the active site. In the modeled complex structure
of SaSbnH, the e-amino group of Lys50 is close to
the leaving carboxyl group of citryl-L.-Dap (Supple-
mentary Fig. S7). Although the thiol group of Cys344
is oriented to the opposite side from the active site in
SaSbnH, the corresponding cysteine residue forms
multiple conformations and readily forms close
contacts with the carboxyl group of the substrates
in ODC and DAPDC [27,34,38]. As with ODC, this
conserved cysteine might play a role as a general
acid to guide correct protonation of the decarboxy-
lated reaction intermediate at Ca [38]. In the
decarboxylation experiment, the activities of the
K50A and C344A variants of SaSbnH both
decreased more than 90% compared with that of
the wild-type enzyme. Thus, the structural observa-
tions and the mutagenesis analysis both suggested
that Lys50 and Cys343 play similar roles in the
catalysis of SaSbnH, and the catalytic process is
proposed as shown in Fig. 4.

The inhibition of SaSbhnH by citrate

The cocrystal structure of SaSbnH in complex with
citrate was solved at 1.76 A resolution. Each of the
three SaSbnH molecules in the asymmetric unit
bound one citrate molecule at the same site where
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Fig. 4. The proposed decarboxylation process of citryl-L.-Dap catalyzed by SbnH. The amino group of Lys50 and the
thiol group of Cys344 are important in SaSbnH decarboxylation. These two groups are highlighted in blue. At the resting
state, SaSbnH uses the amino group of Lys50 to covalently coordinate the cofactor PLP (orange) via a Schiff-base linkage
and forms an internal aldimine. During decarboxylation, PLP changes to form an external aldimine with the amino group of
citryl-L-Dap, and then the carboxyl group is cleaved from the Ca carbon of the L-Dap moiety. Then, the thiol group of
Cys344 could be used as a “proton donor” to help protonate the carbanion and form the intermediate product PLP-citryl-
Dae. Finally, Lys50 forms an internal aldimine with PLP, and citryl-Dae is released.

the citryl group of citryl-Dae binds. However, to our
surprise, all three freestanding citrate molecules
bound to SaSbnH in a conformation inverse to the
citryl group of citryl-Dae (Fig. 5a). Strong positive
and negative density appeared when citrate was
modeled in the active site according to the con-
formation of citryl-Dae (Fig. 5b and c). In this inverse
conformation, citrate retained all the hydrogen
bonding interactions of the citryl group with SaSbnH,
and in addition, the two prochiral carbons of citrate
formed close hydrophobic contacts with Phe382
(Fig. 5a). In contrast, these hydrophobic contacts did
not exist between citryl-Dae and Phe382, and the
hydroxy! of the citryl moiety stacked with Phe382
(Fig. 5a). The binding of citrate to SaSbnH was

further studied by using fluorescence-based thermal
shift assays (TSA). In the presence of 1 mM citrate,
the melting temperature (T,,) of wild-type SaSbnH
increased by approximately 6.5 °C (Fig. 6a and
Supplementary Fig. S8a). Mutations in the citrate-
binding residues, such as Arg269, Arg304, Ser308,
Trp309, Thr345, Lys347, Tyr373, and Phe382, all
significantly reduced the thermal stabilization
induced by citrate binding, supporting the specific
binding of citrate at the substrate-binding groove of
SaSbnH. As controls, the T, values of other
staphyloferrin B synthesis enzymes such as
SaSbnE, which uses citrate as a substrate, and
SaSbnF, whose substrate also contains a citryl
group, were measured and only slightly improved,
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Fig. 5. Citrate binds to SaSbnH in a conformation opposite to that of citryl-Dae. (a) Superposition of the citrate-Dae-
bound (colored the same as in Fig. 2a) and citryl-bound (light color) structures revealed the opposite conformations of two
compounds bound at the same site of the substrate-binding groove. Hydrogen bonds between SaSbnH and PLP-citryl-
Dae are drawn as green dashed lines, and those between SaSbnH and citrate (in orange) are drawn as orange dashed
lines. (b, c) The density maps of citrate modeled in two opposite conformations in the groove. The 2F,—F. composite map
(blue) around citrate is contoured at 1.0 ¢, and the F,—F_ difference map (green and red) is contoured at 3.0 . Strong
negative and positive density appears in the F,—F. map if citrate is modeled in the same conformation as citryl-Dae (c).

if at all, by citrate (Fig. 6a and Supplementary
Figs. S8b and c), suggesting that the strong binding
of citrate is specific to SaSbnH.

Then, the activity of SaSbnH was measured in the
presence of various concentrations of citrate by
using the SaSbnF-coupled ATP consumption assay.
At high concentrations, citrate completely inhibited
ATP consumption (Fig. 6b), and the ICsq value of
citrate was 280 pM (Fig. 6c¢). Because ATP
consumption could be in principle blocked by
inhibiting either SaSbnH or SaSbnF, a control

assay was performed by incubating SaSbnH with
substrate before adding citrate and SaSbnF. ATP
consumption was not significantly affected by citrate
in the control assay, indicating that citrate indeed
inhibited SaSbnH but not SaSbnF, consistent with
that citrate specifically bound to SaSbnH but not
SaSbnF, as revealed by the previous TSA binding
assay. As an important metabolic intermediate of the
citric acid cycle (TCA cycle), the physiological
concentration of citrate usually reaches 2 mM in
normal bacterial cells [39]. Interestingly, the
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Fig. 6. The inhibition of SaSbnH decarboxylation by citrate. (a) The binding of citrate to SaSbnH and its variants was
evaluated by using fluorescence-based thermal shift assays. The melting temperature of wild-type SaSbnH was increased
by citrate (1 mM final concentration) at approximately 6.5 °C. The increase in melting temperature became much lower
when the citrate-binding residues were mutated in the SaSbnH variants, supporting the specific binding of citrate to the
substrate-binding groove of SaSbnH. The small increase in melting temperature of SaSbnE and SaSbnF suggests that
citrate binds much weaker (or does not bind) to SaSbnE and SaSbnF than SaSbnH. (b) The activity of SaSbnH in the
presence of various concentrations of citrate was measured by using a SaSbnF-coupled reaction. ATP consumption was
completely inhibited by citrate at high concentrations. The inset shows a control assay which confirmed that the inhibition
of ATP consumption by citrate was not through blocking SaSbnF. (c) The ICsq value of citrate was determined to be 280 M
by using the decarboxylation velocities in the presence of various concentrations of citrate.

synthesis of citrate in S. aureus is notably down-
regulated in iron-restricted conditions [40]. Thus,
citrate might serve as a new regulatory factor of
staphyloferrin B biosynthesis in response to the
environmental iron concentration.

Discussion

We report here the first structure of SaSbnH and its
complexes with the intermediate product citryl-Dae,
cofactor PLP, and the endogenous inhibitor citrate.
This is also the first structural study of the enzymes
involved in the assembly of the siderophore staphy-
loferrin B. Through sequence analysis of the
biosynthetic gene clusters in bacterial genomes,
several decarboxylase homologs of SaSbnH that
synthesize other siderophores, such as butirosin and
achromobactin, have been identified. Although the
SaSbnH-mediated decarboxylation step is indispen-
sable for staphyloferrin B synthesis [17], in the
biosynthesis of the Pseudomonas syringae side-
rophore achromobactin, the decarboxylation step
mediated by the SaSbnH homolog can be bypassed
by using alternative decarboxylated precursors
[41,42]. However, SaSbnH and its homologs
involved in siderophore biosynthesis always dec-
arboxylate after the precursors are assembled rather
than before they assembled [41,43]. Thus, SaSbnH
may represent a unique group of decarboxylases
that are different from amino acid decarboxylases,
which specifically evolved for siderophore
biosynthesis.

The overall structure of SaSbnH is similar to those
of other PLP-dependent amino acid decarboxy-
lases, such as ODC, DAPDC, LDC, and ADC
[27—30], and the substrate-binding pocket of
SaSbnH showed some unique features different
from these homologs. Most notably, the citryl group
of citryl-L-Dap is not extended toward the specific
element, a 3igp-helix in the active site, as the
substrates of these amino acid decarboxylases
did. Instead, the citryl group of citryl-L.-Dap is
inserted into the dimeric interface of two SaSbnH
monomers, forming a more extensive hydrogen-
bonding interaction network (Fig. 2a, b, d). How-
ever, in this binding mode, the citryl group is close to
Phe382, which is the important stereoselective
residue conserved in decarboxylases with L-amino
acid substrates (Fig. 2d) [28,29,44]. This phenyla-
lanine residue is changed to a tyrosine in the PLP-
dependent decarboxylases with D-configuration
amino acid substrates, such as DAPDC and D-
ODC (Fig. 2d) [27—30,37]. Although the citryl group
might prefer to form an additional hydrogen inter-
action with the hydroxyl group of tyrosine, pheny-
lalanine was finally chosen in evolution to
accommodate the L-configuration carboxyl of
citryl-.-Dap. Interestingly, by forming additional
hydrophobic stacks, Phe382 directed the free-
standing citrate molecule to the active site of
SaSbnH in the conformation inversed to the citryl
group of citryl-L.-Dap. The results of TSA and
enzymatic experiments both indicated that citrate
could specifically bind to the active site and
efficiently inhibit the catalysis of SaSbnH.
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Considering the high concentration of citrate in
bacterial cells [39], citrate could serve as an
efficient endogenous inhibitor of SaSbnH.

To compete with the host “nutritional immunity”
system foriron acquisition, S. aureus produces at least
two a-hydroxycarboxylate siderophores named sta-
phyloferrin A and staphyloferrin B. Among them,
staphyloferrin A is more similar to a housekeeping
iron captor conducive to commensalistic colonization,
and staphyloferrin B is believed to play a major role in
invasive infection [11]. The staphyloferrin A and B
biosynthetic loci are both iron-regulated through Fur
binding [10,15]. In addition, recent studies indicated
that Sbnl, a bifunctional protein encoded by the
staphyloferrin B biosynthetic locus, could heme-
responsively regulate the transcription of this locus
itself [14]. Although both staphyloferrin A and B use
citrate as a building block in their biosynthesis, citrate
was also reported to play a role in the differential
expression of these two siderophores. Under normal
conditions, abundant citrate could be synthesized by
the TCA cycle citrate synthase and used as a substrate
for staphyloferrin A and B biosynthesis [45]. However,
iron-restricted conditions induce the iron-sparing
response to decrease iron-consuming pathways,
including the TCA cycle, which involves many iron-
containing enzymes [40,46], and the biosynthesis of
staphyloferrin A will be downregulated due to insuffi-
cient levels of the substrate citrate [45]. In contrast, the
synthesis of staphyloferrin B is not restricted by the
TCA cycle activity because its biosynthetic locus
encodes a second citrate synthase, SbnG [47]. In
this study, citrate was unexpectedly found to efficiently
inhibit SbnH with an IC50 value of approximately
280 1M (Fig. 6b, c), a concentration several fold below
the physiological concentration of citrate in bacterial
cells under normal conditions. Thus, the repression of
the biosynthesis of staphyloferrin B by citrate in iron-
abundant conditions is very likely. Correspondingly,
citrate synthesis in the TCA cycle is significantly
downregulated under iron-depleted conditions; thus,
the inhibition of SaSbnH by citrate will be removed, and
the biosynthesis of staphyloferrin B will be restored for
iron acquisition. The regulatory capability of the
substrate citrate enriches our understanding of the
regulatory mechanism of siderophore biosynthesis
(Fig. 7). Interestingly, as a central metabolic pathway
in cells, the TCA cycle intermediate products were
also observed to regulate other intracellular biopro-
cesses [48].

In summary, we determined the crystal structure of
the key decarboxylase SaSbnH in the biosynthesis of
the siderophore staphyloferrin B. SaSbnH showed a
typical fold of PLP-dependent dimeric decarboxylase.
The key residues involved in substrate recognition and
binding of the cofactor PLP were identified by cocrystal
structures and further confirmed by site-directed
mutagenesis, and the process of PLP-dependent
decarboxylation reaction was proposed. In addition,

citrate could bind to the active site of SaSbnH with a
more favorable conformation and inhibit its catalytic
activity. This observation implied a new regulatory
mechanism of siderophore biosynthesis in response
to iron-regulated TCA cycle activity. Thus, this study
provided important new knowledge about the struc-
ture, function, and regulation of SaSbnH, which will be
helpful for further understanding the process of
staphyloferrin B biosynthesis and for designing related
inhibitors.

Materials and Methods

Protein expression and purification

The ORF of SaSbnH (UniProtKB: AOAOH3JPF2) was
amplified from S. aureus (MRSA R3708) genomic DNA by
polymerase chain reaction (PCR) and then subcloned into
the pET20b vector (Novagen) using the homologous
recombination method. A DNA sequence encoding a
hexahistidine tag was added at the C-terminus of SaSbnH.
The plasmid was transformed into Escherichia coli
BL21(DE3) (Novagen). E. coli cells were cultured in LB
medium at 37 °C until the ODgoo reached ~0.8; then,
isopropyl B-p-thiogalactopyranoside (IPTG) was added at
a concentration of 150 uM. E. coli cells were further
cultured overnight at 20 °C to allow the overexpression of
the SaSbnH protein before harvesting through centrifuga-
tion. E. coli cells were resuspended in lysis buffer (500 mM
NaCl, 20 mM Tris pH 8.0, 20 mM imidazole) and lysed by
sonication. Cell debris was removed by centrifugation at
40,000 g for 30 min at 4 °C, and the supernatant was
loaded onto a 5-mL Ni-NTA column (Qiagen) preequili-
brated with lysis buffer. The column was washed with 50
mL of lysis buffer to remove the contaminants, and then
His-tagged SaSbnH was eluted using elution buffer (500
mM NaCl, 20 mM Tris pH 8.0, 100 mM imidazole). The
SaSbnH protein was exchanged into gel filtration buffer
(200 mM NaCl, 20 mM Tris pH 8.0, 5 mM B-mercaptoetha-
nol), concentrated and loaded onto a HiLoad 16/60
Superdex 200 pg column (GE Healthcare). The fractions
containing the SaSbnH protein were buffer exchanged into
a final storage buffer (50 mM NaCl, 2 mM Tris pH 8.0),
concentrated to 75 mg/mL, and stored at —80 °C before
use. The protein purity was above 95% as assessed by
SDS-PAGE.

Site-directed mutagenesis of SaSbnH (K50A, R269A,
R304A, S308A, W309A, C344A, T345A, K347A, Y373A,
F382A, F382Y) was performed by using mutation primer
pairs (Supplementary Table S2) to amplify the full-length
plasmid via inverse PCR. Dpnl was added to remove the
parent plasmid template, and then the PCR products were
transferred into bacteria. The plasmids of the SaSbnH
variants were then isolated, and the mutations were
verified by DNA sequencing. The SaSbnH variants were
expressed and purified similarly to wild-type SaSbnH.

Crystallography

Crystals of SaSbnH were grown using the sitting drop
vapor diffusion method. One microliter of SaSbnH (40 mg/
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Fig. 7. The regulation mechanisms for the biosynthesis of staphyloferrin B. Different regulation mechanisms interact to
regulate the biosynthesis of staphyloferrin B in Staphylococcus aureus. Under iron-depleted conditions, the Fur repressor
does not bind to DNA, and the sbn operon is expressed. Sbnl promotes the expression of sbnD-H by binding to sbnC-
coding region. When heme is present, S. aureus prefers to use heme as the iron resource, and heme disrupts the DNA-
binding of Sbnl, blocking the gene expression of sbnD-H. In iron-rich conditions, the TCA cycle synthesizes a large amount
of citrate, which could downregulate staphyloferrin B biosynthesis by inhibiting the key decarboxylase SbnH.

mL) containing 0.1% agarose was mixed with 1.0 pL of
reservoir solution (0.1 M NaAC pH 4.6, 40% PEG 200) and
then equilibrated against 70 uL of reservoir solution at
18 °C. High-quality crystals appeared after 3—7 days.
Before data collection, crystals were transformed to
cryoprotectant solution (the reservoir solution supplemen-
ted with 25% glycerol) and flash frozen in liquid nitrogen.
The crystals of SaSbnH in complex with citrate were grown
using the same method with a reservoir solution containing
0.2 M citrate (0.2 M sodium citrate, 50 mM Bis—Tris pH 6.0,
23% PEG 3350).

To obtain a substrate-bound structure of SaSbnH, the
substrate citryl-L.-Dap was first biosynthesized in vitro by
incubating a reaction (10 mL) consisting of
0.4 uM S. aureus SbnE (SaSbnE), 10 mM ATP, 5 mM
MgCl,, 10 mM sodium citrate, 15 mM L-Dap, and 10 mM

HEPES pH 7.5 at room temperature overnight. After
removing SaSbnE proteins by using a 10 kDa cut-off
centrifugal filter (Millipore), the reaction containing citryl-L-
Dap was freeze-dried using a vacuum freeze dryer (alpha
2—4 LD plus, Christ), and the powder was dissolved in
1 mL of 50% PEG 3350. The crystals of SaSbnH_K50A
were grown with a reservoir solution of 0.2 M sodium
citrate, 50 mM Bis—Tris pH 6.0, and 22% PEG 3350, and
then soaked in the citryl-L-Dap solution at 18 °C for 3 h.
The X-ray diffraction data were collected at 100 K at
beamlines BL17U1 and BL19U1 at Shanghai Synchrotron
Radiation Facility (SSRF) and processed using the HKL2000
[49] and XDS [50] programs. The phase was solved with
molecular replacement methods by using the program
Molrep [51], and the structure of BtrK (PDB ID: 2J66) was
used as the search template. The structure model of SaSbnH
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Table 1. Statistics of X-ray diffraction data collection and structure refinement.

SaSbnH + PLP

SaSbnH + Ciryl-Dae SaSbnH + citrate

PDB accession codes 6KNI
Data collection

Resolution range (A) 109.32—1.97 (2.08—1.97)*

Space group c2
Cell dimensions
a, b, c (A) 176.6, 80.3, 111.8

90.0, 102.2, 90.0
105438 (15457)

a, 6,7 ()

Unique reflections

Completeness (%) 97.7 (98.6)
Mean //al 9.1 (2.6)
Redundancy 3.4 (3.5)
Rmerge” 0.10 (0.44)
Refinement .

Resolution range (A) 50.00—1.97
Reflections for refinement/test 100204/5228
RworkC/Rf,eef 0.20/0.24
B factors (A2) 27.0
Nonhydrogen protein atoms 9272
Nonhydrogen ligand atoms 45

Water oxygen atoms 500

RMSD bond (A) 0.008
RMSD angle (°) 1.2
Ramachandran plot (%)

Favored 97.7
Allowed 2.3

Outliers 0

6KNK 6KNH
46.74—2.30 (2.35—2.30) 50.00—1.76 (1.82—1.76)
c2 c2

176.3, 80.3, 111.5
90.0, 102.1, 90.0
65898 (4430)

175.3, 79.6, 111.7
90.0, 102.5, 90.0
139539 (13626)

97.3 (98.5) 95.1 (93.4)
15.1 (2.7) 21.6 (3.5)
3.3 (3.3) 3.4 (3.3)
0.05 (0.37) 0.09 (0.49)
46.76—2.30 50.00—1.76
62570/3242 132551/6986
0.22/0.24 0.17/0.19
41.0 26.0

9223 9175

57 54

274 464

0.006 0.007

1.1 1.2

96.7 97.5

3.3 2.4

0 0.1

2 Values in parentheses are for the highest resolution shell.

B Rmerge = ZnZll(h), — ((h))I/=xZ(h),, where I(h); is the observation of the reflection h and (/(h)) is the weighted average intensity for all

observations / of reflection h.

¢ Ruwork = ZhllFops(h)l — IFca(h)I/Z4IFops(h)], where Fous(h) and Feq(h) are the observed and calculated structure factors for reflection h,

respectively.

Riree Was calculated as Ry« Using 5% of the reflections which were selected randomly and omitted from refinement.

was refined using COOT [52] and refmac5 [53]. For the
complex structure, the small molecule ligands were added
manually at the late stage of the refinement. The stereo-
chemistry qualities of the final models were validated using
MolProbity [54]. The statistics of data collection and structure
refinement are listed in Table 1.

Thermal shift assay

The binding of citrate to the SaSbnH variants was
detected using fluorescence-based thermal shift assays
(TSAs). The assays were performed in 20 pL reaction
volumes in 96-well PCR plates (Life Technologies), and
each reaction consisted of a SaSbnH variant (0.4 mg/mL),
4x SYPRO orange fluorescence dye (Sigma-Aldrich),
150 mM NaCl, 100 mM HEPES pH 7.0, 5 uM PLP, and
1 mM citrate. The sample plates were incubated in a
StepOnePlus Real-Time PCR system (Life Technologies)
at 25 °C for 10 min and then heated from 25 °C to 95 °C at
a rate of 1 °C/min. The melting curves were generated by
detecting the SYPRO orange fluorescence as a function of
temperature. Triplicate assays were applied to all reac-
tions, and the average curves were used for analysis. The
protein melting temperature (Tpcitrate) Values were calcu-
lated from the minima of the derivative reporter plots using
the built-in StepOne™ software v2.3. The reactions
without citrate were used as blank controls (Tm.apo). The
thermostabilization of each SaSbnH variant upon citrate

binding was defined as AT, = Tmcitrate — Tm-apo. The AT,
of SaSbnE and SaSbnF by citrate were also measured
using the same method.

Enzyme activity of SaSbnH and its variants

A SaSbnF-coupled continuous enzyme assay was used to
measure the activity of SaSbnH and its variants. SaSbnF
specifically added one L-Dap molecule to each citryl-Dae, the
decarboxylation product of SaSbnH, to synthesize the
intermediate product Dap-citryl-Dae, and one ATP molecule
is hydrolyzed by SaSbnF in this process. The consumption of
ATP was detected by using the Ultra-Glo™ Luciferase assay
(Promega) following the instructions. First, a 10-mL reaction
consisting of 10 pug/mL SaSbnE, 1 mM L-DAP, 100 pM
citrate, 100 uM ATP, 40 pg/mL inorganic pyrophosphatase,
50 mM HEPES, pH 7.5, and 0.25 mM MgCl, was incubated
atroomtemperature for 3 h to biosynthesize the substrate for
SaSbnH. Then, the mixture was heated at 100 °C for
approximately 10 min to inactivate SaSbnE and inorganic
pyrophosphatase. Then, 95.8 L of the above mixture was
added to each tube. The reactions were started by adding
10 pg/mL SaSbnH or its variants, 20 pg/mL SaSbnF, 20 uM
ATP, and 10 uM PLP, and the final reaction volume was
adjusted to 100 pL. The reactions were carried out at room
temperature for 30 min, and then 5 pL of each reaction was
transferred to white 384-well plates (Greiner). A total of 5 puL
of Kinase-Glo reagent was added to each well to stop the
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reactions, and the luminescence was measured after 10 min
using a FlexStation 3 multimode microplate reader (Mole-
cular Devices). The reaction without SaSbnH was used as a
blank control. A total of 5 uL of an ATP solution at various
concentrations (0, 0.98, 1.95, 3.91, 7.81, 15.63, 31.25, 62.5,
125 pM) was mixed with 5 pL of Kinase-Glo reagent, and the
luminescence was measured after 10 min to build a standard
curve for ATP concentration (Supplementary Fig. S9).
Assays were performed in triplicate for all reactions, and
the error bar is the SD.

The inhibition of SaSbnH by citrate

To evaluate the inhibitory effect of citrate on SaSbnH,
the activities of wild-type SaSbnH in the presence of
various concentrations of citrate sodium pH 7.0 (0, 50, 100,
200, 400, 800, 1600, 3200 puM) were measured using the
above method. Slightly differently, 5 uL of each 100 pL
reaction was transferred to the white 384-well plates
(Greiner) at 0, 5, 10, 20, 30, 45, 70, 90, 120 min, and mixed
with 5 pL of Kinase-Glo reagent for luminescence
measurement. The reaction without SaSbnH was used
as the baseline and subtracted when the ATP consump-
tion was calculated. Assays were performed in triplicate for
all reactions, and the error bar is the SD.

Blocking either SaSbnH or SaSbnF could, in principle,
equally result in the inhibition of ATP consumption. To
exclude the possibility that citrate inhibits SaSbnF instead
of SaSbnH, a control assay was performed by adding
citrate after the reaction of SaSbnH but before the addition
of SaSbnF. The ATP consumption of the control assay was
measured with the same method. No inhibition by citrate
for the control assay confirmed that citrate did not inhibit
SaSbnF.

The IC5o of citrate against SaSbnH was calculated
based on the reaction velocities of SaSbnH at various
concentrations of citrate. The reaction velocities (in the first
30 min) were calculated as the slopes by linearly fitting the
ATP consumption vs the reaction time (at 0, 5, 10, 20,
30 min). The curve of velocity vs citrate concentration was
then fitted by using a dose-response (inhibition) function in
GraphPad Prism 5.

Modeling of citryl-L-Dap into the SaSbnH active site

The crystal structure of SaSbnH in complex with PLP-
citryl-Dae was used as a template to model the skeleton of
the PLP-citryl-.-Dap molecule into the active site of
SaSbnH. Then, the carboxyl group of citryl-.-Dap was
put at the re-side of PLP to form contacts with Phe382, as
observed in ODC and other PLP-dependent amino acid
decarboxylases with L-configuration substrates. The struc-
tural model was then energy minimized using the
MMFF94x force field in Molecular Operating Environment
(MOE) software (http://www.chemcomp.com).

Bioinformatics analysis

Structural homologs of SaSbnH were identified using
DALI server [26]. Multiple sequence alignments were
generated using CLUSTAW program at GenomeNet [55].
The protein structure illustrations were prepared using
program PyMOL (www.pymol.org).

Accession number

The coordinates and structure factors of SaSbnH have
been deposited in the Protein Data Bank (PDB) under the
accession codes 6KNI (with PLP), 6KNH (with citrate), and
B6KNK (with citryl-Dae).
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