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6 ABSTRACT: Acinetobacter baumannii is an opportunistic pathogen with a high
7 mortality rate due to multi-drug-resistant strains. The synthesis and uptake of the
8 iron-chelating siderophores acinetobactin (Acb) and preacinetobactin (pre-Acb)
9 have been shown to be essential for virulence. Here, we report the kinetic and
10 structural characterization of BauF, a flavin-dependent siderophore-interacting
11 protein (SIP) required for the reduction of Fe(III) bound to Acb/pre-Acb and
12 release of Fe(II). Stopped-flow spectrophotometric studies of the reductive half-
13 reaction show that BauF forms a stable neutral flavin semiquinone intermediate.
14 Reduction with NAD(P)H is very slow (kobs, 0.001 s−1) and commensurate with
15 the rate of reduction by photobleaching, suggesting that NAD(P)H are not the
16 physiological partners of BauF. The reduced BauF was oxidized by Acb-Fe (kobs,
17 0.02 s−1) and oxazole pre-Acb-Fe (ox-pre-Acb-Fe) (kobs, 0.08 s

−1), a rigid analogue
18 of pre-Acb, at a rate 3−11 times faster than that with molecular oxygen alone. The
19 structure of FAD-bound BauF was solved at 2.85 Å and was found to share a similarity to Shewanella SIPs. The biochemical and
20 structural data presented here validate the role of BauF in A. baumannii iron assimilation and provide information important for drug
21 design.

22 ■ INTRODUCTION

23 Acinetobacter baumannii is an opportunistic Gram-negative
24 bacterial pathogen, which has become a serious public health
25 concern due to the emergence of multi-drug-resistant (MDR)
26 strains.1−4 Rapid spread of MDR genes in A. baumannii and
27 other microbial populations occurs by horizontal gene
28 transfer.5,6 Furthermore, drug resistance in A. baumanii is
29 enhanced by production of biofilms and tolerance to extreme
30 environments.2−4 Infections occur primarily in the respiratory
31 tract, bloodstream, urinary tract, skin, and soft tissues, leading
32 to severe illness and death.1 Its high survivability in hospital
33 environments makes A. baumannii a recurrent cause of
34 nosocomial illnesses, being responsible for 7% of ICU
35 infections in the United States and up to 19% in other
36 nations.2,7 Developing therapeutic strategies outside of the
37 conventional antibiotics is paramount to effectively treat these
38 MDR infections.
39 One major virulence factor utilized by some pathogenic
40 microorganisms is the production of siderophoresiron-
41 chelating compounds essential for iron uptake under
42 nutrient-limiting conditions.8−10 This process is especially
43 important during host invasion due to the tight regulation of
44 iron homeostasis.11 When siderophore production or uptake is
45 inhibited, it has been shown that virulence is significantly
46 reduced or prevented in several microorganisms, including A.

47baumannii.12−14 A. baumannii produces several siderophores;
48 s1however, only acinetobactin (Acb) (Scheme 1A) and its
49isomer preacinetobactin (pre-Acb) are essential for viru-
50lence.15,16 Pre-Acb is produced biosynthetically and undergoes
51irreversible isomerization to Acb nonenzymatically in a pH-
52dependent equilibrium.17 Genetic disruption of the integral
53membrane receptor BauA involved in Acb/pre-Acb uptake
54resulted in A. baumannii mutants that failed to grow under
55iron-limiting conditions emulating the human host.18 In
56addition, it has been shown that an oxidized pre-Acb analogue,
57oxazole preacinetobactin (ox-pre-Acb) (Scheme 1A), does not
58undergo isomerization to Acb and inhibits the growth of A.
59baumannii under iron restrictive conditions.19 These results
60suggest that targeting the enzymes responsible for iron
61assimilation in A. baumannii can lead to the development of
62new antibiotics.

Received: June 9, 2021
Accepted: June 23, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsomega.1c03047

ACS Omega XXXX, XXX, XXX−XXX

rdk00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.1.i2:5007 | 2.1) 2021/01/11 08:51:00 | PROD-WS-120 | rq_4453364 | 6/30/2021 12:43:58 | 11 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hannah+Valentino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Korasick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tabbetha+J.+Bohac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+A.+Shapiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+A.+Wencewicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+J.+Tanner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+J.+Tanner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Sobrado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c03047&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c03047?rel=cite-as&ref=PDF&jav=AM
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf


63 The pathway for siderophore uptake and iron assimilation in
64 A. baumannii is well understood.

16,20 Upon binding of ferric
65 iron, the loaded siderophore is recognized by BauA and
66 transported into the periplasm.16,18,21 BauB then shuttles the
67 siderophore to a membrane-embedded multiprotein complex
68 consisting of two permease proteins BauC and BauD and the
69 ATP-binding protein BauE, which transfers it to the cytosol.16

70 BauF, a siderophore-interacting protein (SIP), is then

71predicted to reduce the iron−siderophore complex to facilitate
72iron release. While the extensive characterization of BauA and
73BauB has been done, the final step of iron release remains
74uncharacterized.22,23 In addition, BauF operates as the only
75known mechanism for iron release from Acb in A. baumannii,
76so it is likely that inhibiting this enzyme would have a
77significant effect on virulence.20 This has been shown to be
78true in other systems, where gene deletion of the SIP from

Scheme 1. Siderophore Structures and General Mechanisma

a(A) Siderophores Acb and ox-pre-Acb without iron complexed. (B) Proposed mechanism of BauF. The catalytic cycle begins with an oxidized
enzyme (I). A single electron donor then binds and reduces BauF to a neutral flavin semiquinone (II). The enzyme returns to the oxidized state,
likely through formation of superoxide, or proceeds to the next step of the reaction by binding to the siderophore complexed with Fe(III)
represented by a 2:1 Acb/Fe(III) complex34 (III). The electron from the neutral flavin semiquinone coenzyme reacts with ferric iron, resulting in
its reduction to Fe(II) and the regeneration of oxidized flavin (IV). The reduced iron and the apo-siderophores are then released.

Figure 1. Sequence analysis of characterized SIPs. Multiple sequence alignment of BauF compared to the subgroup I SIPs FscN from Thermobifida
fusca (NCBI: WP_011292284), SpSIP from Shewanella putrefaciens (NCBI: ABP73812), and SfSIP from Shewanella frigidimarina (NCBI:
WP_011637846) and the subgroup II SIP YqjH from Escherichia coli (NCBI: WP_001066494). Residues shown in orange are involved in FAD
binding. Residues depicted in green are the proposed ferric-siderophore binding pockets. The server T-Coffee was used for alignment and
visualized with Jalview.52
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79 Riemerella anatipestifer resulted in a significant reduction of
80 virulence.14

81 SIPs are flavin-dependent enzymes that catalyze the release
82 of iron from the siderophore complex by facilitating the
83 reduction of Fe(III) to Fe(II).24 Structural and kinetic studies
84 of these enzymes have identified two different families: the
85 ferric siderophore reductases (FSRs) and the SIPs. FSRs
86 contain an iron−sulfur cluster, which is absent in SIPs.25−31

87 SIPs can be further classified into two subgroups, which differ
88 in cofactor preference. Subgroup I is characterized by having a
89 longer α-helical C-terminus and preferring NADH, while
90 subgroup II SIPs have an extended N-terminus and utilize
91 NADPH.24−26 Amino acid sequence analysis of BauF to other
92 FSRs and SIPs shows that this protein belongs to SIP subgroup

f1 93 I (Figure 1). This work presents the structural and kinetic
94 characterization of BauF.

95 ■ RESULTS
96 Protein Purification. BauF was heterologously expressed
97 in E. coli ArcticExpress (DE3) RIL as the N-terminal
98 hexahistidine construct. Recombinant BauF was purified
99 using immobilized metal affinity chromatography (IMAC) to
100 >90% homogeneity as determined by SDS-PAGE (Figure S1).
101 The protein yield was 3 ± 0.5 mg protein per 1 g of cell pellet
102 and had FAD incorporation of 64 ± 5%. The extinction
103 coefficient of FAD bound to BauF at pH 7.5 is 10.8 mM−1

104 cm−1 at 450 nm (Figure S2).
105 Curiously, after cell lysis, the supernatant did not show the
106 yellow color characteristic of an overexpressed flavoenzyme in
107 its oxidized state. Instead, the supernatant was a blue-gray
108 color (Figure S3). Further spectral analysis showed that this
109 was due to the fact that BauF had reduced to a neutral flavin
110 semiquinone (Figure S4). This species was air-stable, but when
111 the supernatant was vortexed the enzyme quickly oxidized
112 (Figure S5). The solution returned to a blue-gray color a few
113 minutes after vortexing. The additives 1% Triton X-100, 1%
114 TWEEN 20, and 10 mM TCEP had no effect (Figure S5).
115 BauF was yellow upon elution from the metal ion affinity
116 column, indicating oxidation (Figure S3B). When the protein
117 was purified anaerobically, reduced BauF was isolated at similar
118 yields to the aerobic purification.
119 BauF Steady-State Activity. Under anaerobic conditions,
120 the steady-state activity of BauF was determined by measuring

121the concentration of free Fe(II) with FerroZine (Figure S6).
122Under apparent saturating conditions, BauF exhibited slow
123initial velocities with NAD(P)H and Acb-Fe (NADH: 1 ×
12410−3 ± 3 × 10−4 s−1; NADPH: 1 × 10−3 ± 1 × 10−4 s−1).
125These apparent kcat values were ∼20-fold slower than those
126reported for other SIPs.24,26,27

127Reductive Half-Reaction. The reaction of BauF when
128mixed with NAD(P)H or sodium dithionite (DT) was
129measured using stopped-flow spectrophotometry inside of an
130anaerobic chamber. In the presence of excess NAD(P)H (1
131mM) a slow reduction (∼0.001 s−1) was observed resulting in
132 f2f3the formation of a neutral flavin semiquinone (Figures 2 and
133 f33). A lower concentration of NAD(P)H could not be analyzed
134because photobleaching was faster than the reaction with
135NAD(P)H (Figure 2A,B). The reaction with 1 mM DT
136exhibited a fourfold increase in the rate resulting in the

Figure 2. BauF reduction. (A) Spectral changes of BauF over 900 s, showing photoreduction. (B) Spectral changes of BauF reduction with 1 mM
NADH over 900 s. (C) Spectral changes of BauF reduction with 1 mM DT over 900 s. Oxidized BauF is represented as orange and semiquinone as
gray. Spectral changes of BauF reduction with 1 mM NADPH were similar to NADH (not shown).

Figure 3. BauF reduction. Changes in the absorbance at 450 and 570
nm of BauF during photobleaching (black) and when reacted with
DT (red) or NAD(P)H (orange). Traces at 450 nm were fit to eq 1
and 570 nm to eq 2, respectively. The rate of reduction at 450 nm was
1 × 10−3 ± 2 × 10−4 s−1 with photobleaching, 1 × 10−3 ± 2 × 10−4

s−1 for NAD(P)H, and 4 × 10−3 ± 1 × 10−4 s−1 for DT.
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137 complete formation of neutral flavin semiquinone (Figures 2C
138 and 3).
139 Oxidative Half-Reaction. The reaction of reduced BauF
140 with Acb-Fe, Fe(III)-bound ox-pre-Acb (ox-pre-Acb-Fe), and
141 oxygen was determined. We used ox-pre-Acb-Fe as a stable
142 surrogate for pre-Acb to avoid the spontaneous isomerization
143 of pre-Acb to Acb during enzymatic assays.19 When no
144 substrate was present, the flavin spectra were unchanged over

f4 145 the period of 450 s (Figure 4A). When reduced BauF was
146 reacted with molecular oxygen (600 μM), there was a slow
147 decay of the neutral flavin semiquinone (kobs = 0.007 ± 0.0007

f5 148 s−1) (Figures 4B and 5). Oxidation occurred up to 10-fold
149 faster in the presence of 100 μM Acb-Fe and 100 μM ox-pre-
150 Acb-Fe with observed rates of 0.02 ± 0.001 and 0.080 ± 0.003
151 s−1 respectively (Figures 4C,D and 5).
152 Thermal Shift Assays. BauF exhibits a melting temper-
153 ature of 59.6 ± 0.3 °C when no ligand is present. A thermal
154 stabilization is observed with oxidized BauF at increasing

f6 155 concentrations of Acb-Fe and ox-pre-Acb-Fe (Figure 6). From
156 this, the apparent KD values were calculated to be 0.70 ± 0.02

157and 0.70 ± 0.04 mM for Acb-Fe and ox-pre-Acb-Fe,
158respectively. When the enzyme was incubated with 1 mM
159NAD(P)+ in the presence or absence of 10 mM DT, the Tm
160was unchanged (data not shown).
161Crystal Structure of BauF. The structure of the BauF
162complexed with FAD was determined at 2.85 Å resolution
163 f7(Figure 7A). Analysis of the structure with the CATH server32

164identified two domains. The N-terminal domain (residues 23−
165127) has a β-barrel architecture, and the C-terminal domain
166(residues 128−273) has a three-layer αβα architecture with a
167Rossmann fold topology.
168Electron density for the FAD was strong in both chains
169(Figure 7B). The FAD binds in a crevice at the intersection of
170the two domains of the protomer (Figure 7A). The
171pyrophosphate of the FAD is flanked by the N-termini of
172two α-helices, one from each domain. This arrangement allows
173the pyrophosphate to form hydrogen bonds to the backbone of
174the N-terminal residues of the helices, while the helix
175macrodipoles stabilize the negative charge of the pyrophos-
176phate (Figure 7C). The dimethylbenzene edge of the FAD is

Figure 4. BauF oxidation. (A) Spectral changes of BauF under anaerobic conditions. (B) Spectral changes of BauF in the presence of 600 μM
oxygen. (C) Spectral changes of BauF in the presence of 100 μM Acb-Fe. (D) Spectral changes of BauF in the presence of 100 μM ox-pre-Acb-Fe.
The reduced enzyme is represented as gray and the final oxidize spectra are orange. All assays were recorded for 450 s.
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177 solvent-exposed (Figure 7D), suggesting that electron transfer
178 to ferric siderophore substrates occurs at this location in the
179 structure, in agreement with an analysis of the structure of
180 Aeromonas hydrophila SIP.29

181 The PDB was searched using PDBeFold33 to identify the
182 closest structural neighbors of BauF. This revealed several
183 SIPs.24,26,29 The best matches were two subgroup I SIPs from
184 Shewanella (PDB IDs: 2GPJ, 6GEH). The BauF protein
185 sequence has 22−27% global identity and 26−29% local
186 identity to the Shewanella SIPs. The BauF structure aligns with
187 the Shewanella SIP structures with RMSDs of 1.8−1.9 Å.
188 Superposition of the structures demonstrates the high

f8 189 similarity of the folds (Figure 8A). Only a few variations in
190 the protein conformation are observed, such as the length and
191 orientation of the C-terminal helix and a long loop in the N-
192 terminal domain. Analysis of the interfaces in the crystal

193structure of BauF suggested that the enzyme is monomeric in
194solution, like the related Shewanella SIPs.
195Both the conformations and the environments of the FAD
196are very similar in the three structures (Figure 8B). The
197similarity in conformation may be seen in the preservation of
198intra-FAD hydrogen bonds, where the ribityl O3′ and O4′
199hydroxyl groups hydrogen bond with the adenine and
200pyrophosphate, respectively. Most of the side chains near the
201FAD (within 3.9 Å) are identically conserved among these
202proteins despite the relatively low overall sequence identity. Of
203particular note are conserved side chains that form hydrogen
204bonds and ion pairs with the FAD: Arg79, Thr82, and His100
205(BauF numbering). One difference is that BauF has a serine
206that hydrogen bonds to the FAD pyrophosphate (Ser104); this
207residue is a glycine in the Shewanella SIPs (Figure 8B).
208The structural basis of substrate recognition remains an
209open question due to the lack of structures of SIPs complexed
210with ferric siderophores. Nevertheless, a triad of basic residues
211has been proposed to form a ferric-siderophore binding pocket
212in SIPs.24,27 BauF residues Arg65, Lys260, and Arg262 align
213well with the triads observed in other SIP structures (Figure
2148C).

215■ DISCUSSION
216Understanding the steps of biological redox reactions
217associated with microbial siderophore-mediated iron acquis-
218ition is a significant knowledge gap. SIPs play an important role
219in this process by shuttling reducing electrons from a bound
220flavin cofactor to the substrate ferric iron−siderophore
221complexes. Single electron transfer from a flavin semiquinone
222is proposed to reduce ferric iron to ferrous iron, resulting in
223destabilization of the siderophore chelation complex and
224entrance of ferrous iron into the intracellular pool of
225bioavailable metals. The kinetic and structural characterization
226of SIPs from bacterial and eukaryotic organisms has provided
227insight into their function.24,25,27,28 SIPs are divided into
228subgroups I or II. Subgroup I SIPs are identified by their
229extended C-terminus and activity with NADH, while subgroup

Figure 5. Changes in absorbance of BauF oxidation at 450 and 570
nm of oxygen (black), Acb-Fe (orange), and ox-pre-Acb-Fe (red)
over 450 s. The traces at 450 nm were fit to eq 2 and 570 nm to eq 1.

Figure 6. Change in the thermal stability of BauF at an increasing
concentration of Acb (black) and ox-pre-Acb (blue). The data were fit
to eq 4. The apparent KD value for Acb-Fe was 0.7 ± 0.02 mM and for
ox-pre-Acb-Fe it was 0.7 ± 0.03 mM.

Figure 7. Structure of BauF. (A) Fold of BauF. The N- and C-
terminal domains are colored cyan and salmon, respectively. The FAD
is in yellow. (B) Polder omit electron density for the FAD (3.5σ). (C)
Stabilization of the pyrophosphate of the FAD by the N-termini of
two α-helices. (D) Surface representation showing the accessibility of
dimethylbenzene edge of FAD.
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230 II SIPs have a longer N-terminal region and a preference with
231 NADPH.24−26 BauF was originally misannotated as a putative
232 siderophore hydrolase.18 Comparative protein sequence
233 analysis predicts BauF to be a flavin-containing member of
234 the SIP family.16 Here, we confirmed through structural and
235 biochemical characterization that BauF is a flavin-dependent
236 SIP capable of catalyzing single electron transfer to the ferric
237 complexes of native siderophore Acb and the pre-Acb
238 surrogate ox-pre-Acb.
239 BauF shares the closest structural similarity to SIP members
240 of subgroup I (Figure 8).24,26 To determine its cofactor
241 preference, we measured the rate of reduction of BauF at 1
242 mM concentration of NAD(P)H using stopped-flow spec-

243trophotometry. This experiment shows that in the absence of
244other components, NAD(P)H has little to no effect on enzyme
245reduction that is not related to photobleaching (Figure 3A,B).
246The enzyme also had no shift in thermal stability when
247incubated with 1 mM NAD(P)H, consistent with no specific/
248tight binding. The lack of reactivity and binding with NAD(P)
249H suggest that these cofactors are not the physiological
250reductants for BauF. The apparent kcat value (1 × 10−3 s−1) is
251very similar to that of the kobs of reduction with NAD(P)H (1
252× 10−3 s−1), suggesting that this process remains unchanged in
253the presence of Acb-Fe.
254A neutral semiquinone-reduced BauF was obtained by
255anaerobic purification, and oxidation occurs faster when

Figure 8. Comparison of BauF (gray) with two Shewanella SIPs (PDB IDs: 2GPJ (cyan), 6GEH (salmon)). (A) Comparison of the folds. (B)
Comparison of the FAD conformations and environments (BauF residue numbers are listed). (C) Proposed triad of basic residues of the ferric-
siderophore binding pocket (BauF residue numbers are listed).
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256 reacted with the ferric siderophores Acb and ox-pre-Acb
257 compared to molecular oxygen with a distinct preference for
258 ox-pre-Acb (Figures 4 and 5). Oxidation with Acb-Fe and ox-
259 pre-Acb-Fe was 5−20-fold faster than the rate of reduction
260 with DT (Figure 5). BauF activity with ox-pre-Acb-Fe is not
261 too surprising as it was shown that its ferric iron complex
262 promotes A. baumannii growth.19 Thermal shift experiments
263 show that these ligands bind to an oxidized enzyme with a
264 similar apparent KD value of ∼0.7 mM (Figure 6). BauF
265 exhibits some preference for ox-pre-Acb-Fe compared to Acb-
266 Fe as it is reoxidized at a rate 4-fold faster with this substrate.
267 We propose a mechanism for BauF that is similar to other
268 SIPs (Scheme 1B).27,28 Oxidized enzyme interacts with a
269 reductive partner that is likely a single electron donor (i.e.,
270 reduced ferredoxin), forming a neutral flavin semiquinone. The
271 enzyme either slowly reoxidizes as part of an uncoupled
272 reaction or binds to a 2:1 siderophore/iron complex,23,34

273 leading to Fe(III) reduction to Fe(II). The ferrous iron and
274 metal-free siderophores are then released from the active site
275 priming the enzyme for a new catalytic cycle.
276 As previously mentioned, BauF is structurally similar to
277 subgroup I SIPs and has the extended C-terminus typical of
278 this subgroup (Figure 8).24,26 However, it shows no preference
279 for NADH, which was a commonly associated feature to this
280 subgroup. Similar observations were made with SfSIP, which
281 showed limited activity with NAD(P)H even though it was
282 classified as a subgroup I SIP.24 Instead, SfSIP was most active
283 when reduced ferredoxin was used as the electron donor.
284 These results in addition to what we report with BauF suggest
285 that a third SIP subgroup exists, which uses a different electron
286 donor other than NAD(P)H. The residues involved in FAD
287 binding are well conserved, maintaining a GXGXXG motif as
288 well as a tyrosine stacking with the isoalloxazine ring (Figures 1
289 and 8B).
290 BauF was isolated as a stable neutral flavin semiquinone
291 under aerobic conditions (Figures S3 and S4). To our
292 knowledge, this is the first report of this behavior from a
293 SIP. Gentle shaking or brief vortexing of the cell lysate resulted
294 in enzyme reoxidation, which returned to its reduced form over
295 a period of a few minutes (Figure S5). The reduced protein
296 was oxidized while bound to the column during the wash step
297 of the purification procedure. It is possible that the reoxidation
298 that occurs after vortexing and column washing is due to
299 oxygen being introduced; however, the enzyme remains
300 reduced after being stirred for several hours under aerobic
301 conditions making this unlikely. Another explanation is that
302 BauF is weakly interacting with a molecule that is stabilizing
303 the neutral flavin semiquinone until the complex is broken
304 through mechanical stress.
305 In summary, we show that BauF is capable of reducing the
306 ferric-siderophores Acb and ox-pre-Acb, a crucial step in iron
307 uptake. Its preference for ox-pre-Acb further supports the
308 hypothesis that the initial biosynthetic product pre-Acb plays a
309 major role in A. baumannii virulence. BauF exhibits limited or
310 no activity with NAD(P)H and is likely to depend on a single
311 electron donor for flavin neutral semiquinone formation. This
312 observation is consistent with previous work that has shown
313 reduced ferredoxin as an effective electron donor for SfSIP.25

314 Furthermore, BauF is structurally similar to other SIPs with a
315 conserved basic triad forming a pocket near the isoalloxazine
316 ring that could serve as the ferric-siderophore binding site.

317■ MATERIALS AND METHODS

318Materials. The gene coding for full-length BauF (NCBI:
319WP_000160885) was synthesized in a codon-optimized form
320by GenScript and subsequently cloned into the pET28a vector
321in frame at the NdeI-HindIII sites for expression with an N-
322terminal 6×His tag. ArticExpress (DE3) RIL E. coli cells
323purchased from Agilent (Santa Clara, CA) were used for
324protein expression, and Top10 E. coli cells purchased from
325Thermo Fisher Scientific (Waltham, MA) were used for DNA
326amplification. Acb, ox-pre-Acb, and the respective ferric
327complexes were prepared by Dr. Wencewicz’s lab following
328previously published procedures.17,19,35 Reagents for BauF
329crystallization were from Hampton Research (Aliso Viejo,
330CA). Gases of nitrogen, 4% hydrogen/nitrogen mix, argon, and
331oxygen were purchased from Airgas (Radnor, PA).
332Expression and Purification. Protein expression was
333performed using an autoinduction media as previously
334described.36 Protein expression was performed by growing 3
335× 1 L cultures at 37 °C to an optical density of ∼4.0. The
336temperature was then decreased to 10 °C, and the cultures
337were incubated overnight. The cells were harvested by
338centrifugation at 5000g and stored at −70 °C.
339For protein purification, cell paste (∼15 g) was suspended in
340150 mL of Buffer A (25 mM HEPES pH 7.5, 300 mM NaCl,
341and 5 mM imidazole) containing with 1 mg/mL lysozyme, 1
342mg/mL DNase, 1 mg/mL RNase, 1 mM phenyl methyl
343sulfonyl fluoride, and 150 μM FAD. After 30 min of constant
344stirring at 4 °C, cell lysis was performed by sonication at 70%
345amplitude with cycles of 5 s on and 10 s off for 15 min.
346Unbroken cells and insoluble proteins were separated by
347centrifugation at 30 000g for 1 h at 4 °C. The supernatant was
348loaded onto two in-tandem 5 mL nickel IMAC columns
349equilibrated with Buffer A using an AKTA prime system. The
350columns were then washed with a mixture of 90% Buffer A and
35110% Buffer B (25 mM HEPES pH 7.5, 300 mM NaCl, and 300
352mM imidazole). BauF was eluted with Buffer B and the
353fractions containing protein were pooled and dialyzed in the
354storage buffer (25 mM HEPES pH 7.5 and 100 mM NaCl)
355overnight. The protein was flash-frozen with liquid nitrogen
356and stored at −70 °C.
357For anaerobic protein purification, the same buffer
358compositions were used and made oxygen-free with 10 cycles
359of vacuum/argon degassing (2 min vacuum/2 min argon)
360before transferring to an anaerobic chamber 18 h before
361purification. The procedure for cell lysis was performed
362aerobically as described above. After centrifugation, the
363supernatant was transferred into a COY anaerobic chamber
364(Grass Lake, MI) and supplemented with 1 μM glucose
365oxidase and 30 mM dextrose. The solution was stirred under
366anaerobic conditions for at least an hour, to remove all oxygen.
367After incubation, the supernatant was loaded onto two in-
368tandem nickel-affinity columns on an AKTA prime system
369stored inside the chamber. The columns were washed and the
370protein was eluted following the described procedure. BauF
371was then buffer exchanged into anaerobic storage buffer,
372concentrated, and frozen in 0.5 or 1 mL aliquots.
373Steady-State Activity Assays. The activity of BauF was
374determined by measuring the formation of Fe2+ using the
375colorimetric indicator 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-
376p,p′-disulfonic acid (FerroZine) (Sigma-Aldrich, St. Louis,
377MO). All assays were performed anaerobically inside of a COY
378anaerobic chamber. Solutions were degassed through 15 cycles
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379 of 5 s vacuum and 60 s ultrapure argon before being
380 transferred into the chamber. Assays were performed in
381 triplicate using 96-well conical plates. The reactions were
382 performed at a total volume of 90 μL with 15 μM BauF and 1
383 mM FerroZine in 100 mM potassium phosphate pH 7.5 at 1
384 mM NADH and 0.4 mM Acb-Fe. At each time point, the
385 reaction was quenched with 88 μL of 0.5 M perchloric acid
386 before being centrifuged. A 150 μL aliquot of the reaction mix
387 was transferred to a clear 96-well plate. The absorbance was
388 recorded at 562 nm using a SpectraMax M5 microplate reader
389 (Molecular Devices, San Jose, CA). A standard curve
390 constructed with ferrous sulfate and FerroZine was used to
391 calculate the concentration of Fe2+ in the assays. The initial
392 velocity of the reaction was determined from the slope of
393 concentration of Fe2+ (μM) as a function of time (s) divided
394 by the concentration of enzyme (μM).
395 Stopped-Flow Spectrophotometry. The reductive and
396 oxidation half-reactions of BauF were studied using a stopped-
397 flow spectrophotometer (Applied Photophysics, Surrey, U.K.)
398 equipped with a photodiode array detector located inside the
399 anaerobic chamber. The equipment and assay buffers were
400 prepared following previously described procedures.37

401 For the reductive half-reaction, 20 μM BauF was mixed with
402 2 mM NAD(P)H or 2 mM sodium dithionite (DT) in 50 mM
403 HEPES, pH 7.5 supplemented with 0.75 μM glucose oxidase
404 and 20 mM dextrose. The change in absorbance from 190 to
405 850 nm was recorded for 900 s. The stock solution of DT was
406 prepared anaerobically and its concentration was determined
407 using potassium ferricyanide (ε420 = 1.04 mM−1 cm−1). The
408 change in absorbance at 450 nm was fit with a single
409 exponential decay model (eq 1), where A1 is the amplitude of
410 change, kobs is the observed rate of change, t is the time, and C
411 is the final absorbance at the specified wavelength.

A A Ce k t
nm 1

obs= +−
412 (1)

413 The absorbance changes at 570 nm were fit to an exponential
414 rise model (eq 2), where all variables are the same as in eq 1
415 with the exception of D, which represents the initial
416 absorbance.

A A D(1 e )k t
nm 1

obs= − +−
417 (2)

418 For the oxidative half-reaction, reduced BauF obtained by
419 anaerobic purification was used. Under the same buffer
420 conditions, 30 μM of reduced BauF was mixed with 200 μM
421 Acb-Fe or ox-pre-Acb-Fe and the reaction was measured for
422 180 s. The spectra of each substrate were subtracted from the
423 data to determine spectral changes of BauF. The change in
424 absorbance at 450 nm was fit with eq 2 and changes at 570 nm
425 used eq 1. The rate constants were very similar at both
426 wavelengths. The reported rate constants are the averages of
427 three different experiments.
428 Thermal Shift Assays. Thermal shift experiments were
429 based on a previously established protocol.38 Assays were
430 performed in a Hard-Shell 96-well PCR plate (Bio-Rad,
431 Hercules, CA). Solutions were prepared by mixing 2 μL of ×10
432 SYPRO Orange protein gel stain (Thermo Fisher Scientific,
433 Waltham, MA) and 1 mg/mL BauF in 100 mM potassium
434 phosphate, pH 7.5, to a total volume of 20 μL. For ligand-
435 binding studies, the protein was incubated for 10 min with
436 0.01−1 mM Acb-Fe, 0.01−0.8 mM ox-pre-Acb-Fe, 1 mM
437 NAD(P)+, or 10 mM DT before analysis. The plate was sealed
438 with the MicroAmp optical adhesive film (Thermo Fisher

439Scientific) and analyzed using a CFX qPCR (Bio-Rad)
440programmed to heat from 20 to 90 °C at a rate of 2 °C/
441min. Changes in the fluorescence were measured every 30 s
442with a λex 450−490 nm and λem 610−650 nm. The
443fluorescence emissions were analyzed to determine the enzyme
444melting temperature (Tm) using the Boltzmann sigmoidal
445curve with Graphpad Prism (Huynh, 2015) (eq 3).

y A A A( )/ 1 e T x A
1 2 1

( / )m 3= + − [ + ]−
446(3)

447where y is the fluorescent emission, x is the temperature, A1 is
448the initial fluorescence, A2 is the maximal fluorescence after
449enzyme melting, A3 is the steepness of the curve, and Tm is the
450temperature of protein melting. The Tm values were plotted
451against the concentration of ligand and the KD was determined
452using eq 4.39
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453(4)

454where y is the Tm, L is the Tm when no ligand is present, H is
455the Tm at saturating concentration of ligand, P is the protein
456concentration in the same units as ligand concentration, KD is
457the dissociation constant, and x is the ligand concentration.
458Crystallization. Conditions for BauF crystal formation
459were identified using crystal kits 1 and 2 from Hampton
460Research. Crystals were first observed in 2 M ammonium
461sulfate, 0.05 M NaCl, 5% PEG 400, and 0.1 M HEPES, Na pH
4627.5 at 30 mg/mL of BauF. These conditions were optimized
463using microseeding. Large rectangular crystals were formed
464within 4 weeks when the droplets were prepared in a ratio of
4651:3.5:0.5 (BauF/mother liquor/microseed) with the con-
466ditions 1.6 M ammonium sulfate, 0.1 M NaCl, 5% PEG 400,
467and 0.1 M HEPES−Na pH 7.5 at 17.5 mg/mL of BauF
468incubated at 25 ° C. In preparation for low-temperature data
469collection, the crystals were soaked in a cryogenic solution
470containing 25% glycerol, 1.65 M ammonium sulfate, 0.1 M
471NaCl, 5.5% PEG 400, and 0.1 M HEPES−Na pH 7.5 for 2
472min. They were then flash-cooled in liquid nitrogen.
473X-ray Diffraction Data Collection and Refinement. X-
474ray diffraction data were recorded in the shutterless mode on a
475Pilatus 6M detector at beamline 24-ID-C of the Advanced
476Photon Source. The data were integrated and scaled using
477XDS.40 Intensities were converted to amplitudes using
478Aimless.41 The space group is C2221 with the unit cell
479dimensions a = 86.79 Å, b = 127.25 Å, and c = 150.30 Å. The
480asymmetric unit contains two chains of BauF. The estimated
481solvent content is 59%, based on a VM of 3.0 Å3/Da.42 Data
482 t1processing statistics are listed in Table 1.
483The low sequence identity of BauF to structures in the PDB
484caused molecular replacement phasing to be challenging. Initial
485phases were generated using the BALBES automated
486molecular replacement pipeline server.43 The amino acid
487sequence of BauF and the structure factor amplitudes from
488Aimless were input. The best solution generated by BALBES
489was obtained with a search model derived from a structure of S.
490putrefaciens SIP SPUTCN32_0076 (PDB ID: 2GPJ). The
491BALBES search model was then used for molecular
492replacement in PHASER,44 and the initial phases from
493molecular replacement were improved by density modification
494and automated ab initio model building using PHENIX.45 The
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495 model and map from the PHASER, the experimental structure
496 factor amplitudes, and the BauF sequence were input to
497 phenix.autobuild44 for automated ab initio model building with
498 density modification. The model from phenix.autobuild was
499 used as the starting point for several iterative rounds of model
500 building in COOT46−48 and refinement in PHENIX. Structure
501 validation was performed using MolProbity and the wwPDB
502 validation service.49,50 The model contains residues 23−273
503 (out of the 286 residues) and two noncovalently bound FAD
504 molecules. Due to the modest resolution, noncrystallographic
505 symmetry restraints were used in refinement, and water
506 molecules were not included in the model. PDBePISA was
507 used to analyze the protein−protein interfaces in the crystal
508 structure.51 Refinement statistics can be found in Table 1.
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Table 1. X-ray Diffraction and Data Collection Statistics

beamline APS (24-ID-C)

space group C2221
unit cell parameters (Å, deg) a = 86.79, b = 127.25, c = 150.30
mols. in asu. 2
wavelength (Å) 0.97910
resolution (Å) 150.0−2.85 (3.00−2.85)
observationsa 145 243 (21 131)
unique reflectionsa 19 818 (2832)
Rmerge(I)

a 0.177 (2.4767)
Rmeas(I)

a 0.191 (2.652)
Rpim(I)

a 0.070 (0.963)
mean I/σa 7.6 (0.8)
CC1/2 0.997 (0.321)
completeness (%)a 100.0 (100.0)
multiplicitya 7.3 (7.5)
no. of protein residues 496
no. of protein atoms 3824
no. of FAD atoms 106
Rcryst

a 0.218 (0.324)
Rfree

ab 0.264 (0.350)
rmsd bonds (Å) 0.009
rmsd angles (deg) 1.11
Ramachandran plotc

favored (%) 94.08
outliers (%) 0.00

Clashscore (PR)c 8.8 (97)
MolProbity score (PR)c 2.39 (95)
average Bprotein (Å2) 85.4
average BFAD (Å2) 67.8
coord. error (Å)d 0.42
PDB code 7LRN
aValues for the outer resolution shell of data are given in parenthesis.
b5% test set. cFrom MolProbity. The percentile ranks (PR) for
Clashscore and MolProbity score are given in parentheses.
dMaximum likelihood-based coordinate error estimate from PHENIX.
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