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Abstract High-affinity iron (Fe)-scavenging molecules, or
siderophores, are secreted by microorganisms to acquire and
compete for Fe. Pyoverdine (PVD), the primary siderophore
produced by Pseudomonas, consists of a dihydroxyquinoline-
type chromophore, a peptide chain of variable length and con-
formation, and a side chain composed of a dicarboxylic acid
or its monoamide derivative. Elucidation of the PVD struc-
tures secreted by different Pseudomonas strains is an impor-
tant step toward understanding their Fe-transport strategies. In
this study, we characterized multiple PVDs secreted by
Pseudomonas putida KT2440 and Pseudomonas fluorescens
RA12 using ultra-high performance liquid chromatography
coupled with high-resolution quadrupole-orbitrap tandem
mass spectrometry. To avoid purification steps prior to char-
acterizing the bacterial supernatants, PVD candidates were
identified by extracting fragments of the dihydroxyquinoline
component from the chromatographic peaks. Varying colli-
sional dissociation energies were subsequently applied to
achieve, with high mass accuracy, a broad coverage of frag-
ments of the entire PVD. Our approach allowed us to discrim-
inate between three different PVD structures in the secretion
of each strain. The three PVDs of P, putida possess the same
peptide chain of seven amino acids, Asp-Om-OHAsp-Dab-
Gly-Ser-cOHOm, with a cyclicized portion present in two of
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the PVDs. For P. fluorescens, two of the PVDs had the same
peptide chain of 13 amino acids, Ala-Lys-Gly-Gly-Ala-
OHAsp-Gly-Ser-Ala-Ala-Ala-Ala-cOHOm, whereas a third
PVD had a Ser substituting for the first Ala. The side chain
of the PVDs was either succinic acid or succinamide. The
present approach can be employed for simultaneous structural
characterization of several peptidic siderophores and related
molecules in bacterial secretions.
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Introduction

Pseudomonas, a genus of aerobic gram-negative bacteria that
are ubiquitous in natural soils and waters, are well known for
their versatile adaptation to various environmental conditions
[1-3]. In iron (Fe)-limited environments, the ability to pro-
duce siderophores confers a competitive advantage to fluores-
cent Pseudomonas (e.g., P. putida, P. fluorescens,
P aeruginosa, P. syringae, P. chlororaphis), which include
plant-growth promoting bacteria as well as pathogenic bacte-
ria [4]. Pyoverdine (PVD) is the primary high-affinity Fe-
binding siderophore produced by fluorescent Pseudomonas
[5—7]; other secreted siderophores have relatively lower affin-
ity and produced in smaller quantity [5, 8, 9]. Therefore, of
special interest is the characterization of the diverse PVD
structures secreted by these Pseudomonas in an effort to ob-
tain a comprehensive understanding of their Fe-transport
mechanisms. The structures of PVDs have three common fea-
tures: a 2,3-diamino-6,7-dihydroxyquinoline chromophore, a
linear or cyclic peptide chain with 6 to 14 amino acids, and a
side chain consisting of a dicarboxylic acid (succinic, «-
ketoglutaric, glutamic, or malic acid) or its monoamide deriv-
ative [10]. The PVD structures have been considered potential
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taxonomic markers to discriminate between different
Pseudomonas strains [6, 11, 12]. From structures determined
thus far, it appears that amino acid composition is strain-
specific and that co-occurring PVDs only differ in the side
chain identity [4, 10]. It is proposed that the PVD composition
and geometry, particularly in the peptide backbone, mediate
the recognition of the Fe-PVD complex by a specific mem-
brane transporter [4]. Therefore, a high-resolution characteri-
zation of PVD structures is an important step toward elucidat-
ing the Fe-transport strategies employed by Pseudomonas.

A combination of electrophoretic characterization and
cross uptake experiments with PVD-containing bacterial
supernatants has been a common approach to type PVDs
from different strains [10, 13]. However, PVDs with minor
structural differences may have identical isoelectrophoretic
patterns and Fe uptake behavior [10, 14]. Nuclear magnetic
resonance (NMR) spectroscopy and tandem mass spec-
trometry (MS/MS) have become two important additional
tools to characterize PVDs [10, 15-18]. NMR, however,
typically requires sample purification for pre-isolation and
high concentration of the target compounds. Tandem MS,
which is commonly used in protein peptide sequencing
[19-21], is an attractive technique for characterizing pep-
tidic siderophores such as PVDs. The automated computa-
tional algorithms used in MS-based protein sequencing [20,
22, 23] are not ideal for PVD characterization due to the
presence of a side chain, chromophore, and various modi-
fied and non-proteinogenic amino acids in the PVD struc-
ture [4]. However, manual characterization is feasible due
to the moderate number of amino acids and the pre-
knowledge of the chromophore in PVDs. Tandem MS has
been applied in a few investigations of PVD structures [10,
15—18]. One study has used Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) for high-
resolution PVD structural determination [15]. However, a
robust approach for the simultaneous determination of mul-
tiple PVD structures using high-resolution MS is largely
lacking.

The ion trap-based collision-induced dissociation (CID)
approach, which generates B and Y ions following cleavage
of the peptide bond in a peptide chain [24, 25], has been
applied in PVD structure characterization [10, 15-18]
(Fig. 1). The doubly charged [M+2H]*" ion is typically used
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Fig. 1 Schematic illustration for the generation of B and Y ions from
MS/MS fragmentation of PVDs
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as a precursor for fragmentation due to its dominance over the
singly charged [M+H]" ion. However, [M+2H]*" fragments
often generate redundant and interfering ions that include dou-
bly charged fragments, as well as ions resulting from the neu-
tral loss of NH3, H,0, and CO from the B and Y ions [26, 27].
Interference by these fragments presents a challenge in PVD
structural characterization, especially in low-resolution MS.
The orbitrap-based higher-energy collisional dissociation
(HCD) approach was shown to outperform CID by generating
more fragments and providing more peptide identifications in
proteomics [28-31]. Previous studies [32, 33] have reported
an increased coverage of fragments for peptide sequencing
when varied collision was applied. Stepped collision energies,
which generate a variety of characteristic ions that are not
often produced with a single collision energy, have also been
shown to enhance characterization of small molecules [34].
Thus, combining differential collisional energies with high-
resolution MS can facilitate the characterization of PVD
structures.

Here, we employed ultra-high performance liquid chro-
matography (UHPLC) and high-resolution/accurate-mass
(HR/AM) quadrupole-orbitrap mass spectrometry to iso-
late, identify, and characterize multiple PVDs produced
by two Pseudomonas strains (Pseudomonas putida
KT2440 and Pseudomonas fluorescens RA12). The typi-
cal working resolution of the orbitrap mass analyzer can
exceed 100,000 FWHM, which is comparable to that of
FTICR-MS [35, 36]. The high-resolution offered by the
orbitrap can resolve fragments with mass difference at
ppm level that are irresolvable by low-resolution MS
[37]. In addition, the high sensitivity of the orbitrap MS
potentially allows the detection of a higher coverage of
fragments to facilitate structure elucidation. Detection
limits for small metabolites using orbitrap MS in the full
scan mode were equivalent to or better than metabolite
detection via triple quadrupole in the MS/MS mode
[38]. Therefore, the coupling of UHPLC with the low
detection and high-resolution capabilities of orbitrap MS
provides an advantageous combination of instruments for
our analytical approach.

In this study, we present a method for the characterization
of PVDs in the extracellular matrix in the absence of any
purification procedure. We applied varying HCD energies
both to determine the optimal energy for the generation and
to increase the coverage for the detection of B and Y ions. The
measured masses of these ions were validated by matching
with their theoretical exact masses. We were able to obtain
the structure of multiple PVDs in the bacterial secretions with
different side chains and/or peptide sequences. The approach
described herein for multiple PVD structure characterization
can be adopted to obtain the structures of peptidic
siderophores and related quorum sensing molecules in bacte-
rial secretions.
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Materials and methods
Cultures and chemicals

P, putida (strain KT2440) was purchased from the American
Type Culture Collection (ATCC; Manassas, VA). The soil
isolate P. fluorescens (RA12) was a gift from Dr. Rania
Abou-Kandil (Cornell University). The standard of
pyoverdine produced by a P. fluorescens strain was purchased
from Sigma-Aldrich (St. Louis, MO). Other chemicals (ana-
lytical grade) were purchased from Sigma-Aldrich (St. Louis,
MO) or Fisher Scientific (Fair Lawn, NJ).

Growth conditions

Cell culturing was performed in 20-mL glass test tubes in a
G24 environmental incubator shaker (New Brunswick
Scientific, Edison, NJ) kept at 20 °C. The tubes were capped
with sterilized sponge caps to avoid contamination from the
air, while also allowing air circulation. The minimal growth
medium included the following salts: 20 mM K,HPO,, 5 mM
NaH2P04, 0.8 mM MgSO47H20, 37 mM NH4C1, 34 HM
CaCl,-2H,0, 13 uM CuS0O45H,0, 0.49 uM H3BOs3;,
35 uM ZnS0O4-5H,0, 2.9 uM MnSO4 5H,0, 0.11 uM
NiCl,'5H,0, and 0.6 uM Na,MoO,4-5H,0. The minimal me-
dium was pH-adjusted (pH 7.0) and filter-sterilized (0.22 pm).
The cells were pre-cultured in Luria-Bertani liquid medium to
saturation and subsequently transferred to the minimal medi-
um in the absence (as a control) or in the presence of succinate
(83.26 mM Na,C4H40,) as a sole carbon source. The cells
were grown under Fe-limiting condition where no exogenous
Fe was added to the solution; background Fe was 37 nM mea-
sured via inductively coupled plasma atomic emission spec-
troscopy (ICP-AES, Spectro Analytical) analysis (detection
limit=36 nM). Bacterial growth was monitored via optical
density (ODgqg), using an Agilent Cary 60 UV-visible spec-
trophotometer. All test tubes and vessels used for culturing
and media storage were acid-washed and autoclaved before
use.

Sample preparation

Bacterial samples (biological triplicates) were obtained at the
onset of the stationary phase (~48 h) (see Electronic
Supplementary Material Fig. S1). It was determined by fluo-
rescence spectroscopy that the samples contained approxi-
mately 425 to 500 uM of total PVD concentration. Samples
were centrifuged (15,000 rpm or 21,130g, 10 min) then fil-
tered (0.22 um nylon filters). The supernatants (10 puL injec-
tion volume) were then analyzed via LC-MS. To evaluate
matrix effects on PVD isolation, the supernatants of
P. putida (biological replicates) were subjected to a purifica-
tion procedure adopted from a previous study [10]. Briefly, the

pH-adjusted (pH 6) bacterial supernatants were passed
through an Amberlite-XAD-4 column (20 cm length x
2.5 cm inner diameter). The column was first eluted with
100 mL MilliQ water and then 100 mL 1:1 water:methanol.
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Fig. 2 Structural elucidation of pyoverdines in a standard solution. a
Standard pyoverdine structures, R represents OH or NH,. b MS full
scan TIC. ¢ ESI ions of the two major PVDs in the standard solution. d
MS/MS fragments of chromophore obtained from [M+2HJ*" at 40 %
NCE. e Optimal NCEs required to cleave [M+2H]*" in standard PVD
to generate listed fragments at the highest intensities. f Illustration of
evolution of high-resolution MS/MS fragments at different NCEs
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The PVDs were collected in the water/methanol fraction. The
column was regenerated with 100 mL methanol/water follow-
ed by 100 mL water. The XAD-purified solutions were lyoph-
ilized and re-suspended in LC/MS-grade water.

All samples (both unpurified and purified supernatants)
were diluted 1:5 with 50 mM acetic acid; the total PVD
concentration in the analyte was about 85 to 100 uM.
Examination of the total ion chromatograms (TIC)
showed that chromatographic peaks in both samples were
well resolved (Electronic Supplementary Material
Fig. S2); details on how these peaks were obtained are
detailed in the next section. Sequential sample injections
showed that there was no noticeable signal suppression
with the non-XAD-treated ones. Therefore, XAD treat-
ment was not performed in order to avoid the loss of
PVD amounts resulting from the XAD purification proce-
dure. This allows more consistent results across replicates.
As described in the following section, an ion fragmenta-
tion approach was implemented to facilitate the identifi-
cation of PVD candidates from the non-purified bacterial
secretions.

Characterization of PVDs

The characterization was conducted using a UHPLC (Thermo
Scientific DionexUltiMate 3000 Rapid Separation LC)
coupled with positive electrospray ionization (ESI) high-
resolution accurate-mass (HR/AM) MS using the Thermo
Scientific Q Exactive quadrupole-Orbitrap hybrid MS. The
retention times of chromatographic peaks in the PVD-
containing solutions were determined following passage
through a Hypersil GOLD column (50%2.1 mm, 1.9 pum par-
ticle size, Thermo Scientific). The LC mobile phase consisted
of a solution with 50 mM acetic acid (solvent A) and methanol
(solvent B). The flow rate was 0.1 mL min~'. A gradient
separation procedure was used: solvent B was increased from
5 to 95 % within 15 min, 95 % solvent B was kept for 5 min,
and then solvent B was returned to 5 % in 5 min before equil-
ibrating the system at initial conditions for 5 min. The column
temperature was 25 °C. Nitrogen gas (N,) was used as sheath
gas (flow rate of 30, arbitrary unit), auxiliary gas (12), and
sweep gas (2). The spray voltage was 3.50 kV, capillary tem-
perature was 230 °C, S-lens RF level was 55.0, and heater

Table 1  Theoretical and measured exact monoisotopic masses and compositions of B and Y ions generated by HCD fragmentation of [M+2HJ** of
pyoverdines in the standard solution
1 2
B, B, B, B, B, B, B, B, B, B, B, B, B, B
B SuccatChr | Seri Lys iGly. FOHOm: Lys : Ser: FOHOm: gl Succ+Chr | Ser! Lys iGlyl FOHOm: Lys | Ser! FOHOrn
T Y‘ Y'2 ]Y'3 | Y4 ]Y5 | Y6 | | | | T Y" YIZ ]Y"a h :Y‘S h YE h h h h
FOHQm! | Ser i~ Lys .. . o . ! FOHOr: Ser__ Lys .. : o .
ST T Ty T_FDHOm Glyl lys Py WY, DL FOHOmHGY ilys
% L us |l FoHom *ser | | 3 } } P2 4. L. FOHOM  Ser } o |
§ 1 e .- vl Hobo
. ‘ et ] Lo A1 A I N il i.w] | |
0 200 400 600 800 1000 0 200 400 600 800 1000
m/z m/z
Fragment Composition Theoretical ~ Measured Om Fragment Composition Theoretical Measured dm
exact mass  exact mass ppm exact mass exact mass  ppm
Succa Succ
+chr C7H17N,O5 357.1199 357.1197 0.6 +chr C17H6N30¢ 358.1039 358.1034 1.4
B, CyoHN504 444.1519 444.1517 0.5 B, CyoH; 1 N4Og 445.1359 445.1356 0.8
B, CyeH34N;04 572.2469 572.2465 0.7 B, CyH33N¢O9 573.2309 573.2302 1.2
B; CygH37NgOy 629.2683 629.2673 1.7 B; CygH36N7019 630.2524 630.2513 1.7
B, C34Hy7N 1O 787.3375 787.3360 1.9 B, C34HyNoO15 788.3215 788.3191 3.1
B's CyoHsoN1,013 915.4325 915.4326 0.2 B's CyoHsgN;10 4 916.4165 916.4161 0.4
B's Cyi3HeuN ;3015 1002.4645 1002.4632 1.3 B's Cy43Hg3sN12O6 1003.4485 1003.4475 1.0
BY CypH7N;sO13  1160.5336  1160.5322 1.2 B, CyoH73N140p9 1161.5176 1161.5178 0.1
Y CgH1N,04 159.0770 159.0766 23 Y CgH1N,O4 159.0770 159.0765 2.9
Y" CeH3N,O 129.1028 129.1024 3.0 Y CeH3N,O 129.1028 129.1023 3.8
Y, CoH 6N305 246.1090 246.1085 2.0 Y, CoH 6N305 246.1090 246.1084 24
Y", C,Hp;N, Oy 287.1719 287.1717 0.8 Y", C,Hp3N,Oy 287.1719 287.1716 1.1
Y'; C15HpsNsO¢ 374.2040 374.2037 0.7 Y'; Cy5H,5N506 374.2040 374.2037 0.7
Y, C,1H3sN;09 532.2731 532.2740 1.7 Y, Cy3Hy NGOy 532.2731 --
Ys Cy3Hy NGOy 589.2946 589.2941 0.8 Ys Cy3Hy NGOy 589.2946 589.2920 4.4
Y CyoHs3N 1Oy 717.3895 717.3893 0.3 Y CyoHs3N g0y 717.3895 717.3910 2.1

Op: mass accuracy ([theoretical mass - measured mass|/theoretical mass). Succa succinamide, succ succinic acid, chr chromophore, single or double

prime: cyclic B or Y ions; — denotes not detectable
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temperature was 300 °C. The m/z range was 190-1500. To
ensure the m/z accuracy, the instrument was calibrated over
the mass range of 195-1822 amu in the positive mode imme-
diately prior to the analysis of the samples using the calibra-
tion solution provided by the manufacturer containing caf-
feine, the tetrapeptide MRFA (Met-Arg-Phe-Ala), and fluori-
nated phosphazines ultramark 1621. The external and internal
mass deviations were within 0.3 ppm of the accurate masses
of the calibration standards. The resolution was set to 70,000
in the full MS scan mode and all ion fragmentation (AIF)
mode. The MS/MS spectra were acquired with 17,500
resolution.

As described above, in order to facilitate the application of
our approach for PVD quantitation in addition to PVD charac-
terization, the bacterial supernatants were not subjected to a
purification step prior to the LC-MS analysis. To identify peaks
of PVD candidates from the full scan TIC, the first step in our
procedure was to extract fragmented ions of the 2,3-diamino-6,
7-dihydroxyquinoline chromophore from the TIC peaks of the
bacterial secretions. We obtained characteristic ions of the chro-
mophore through MS/MS fragmentation of the standard solu-
tion using the [M+2H]*" ion as a precursor. As collision-
induced re-arrangement reactions have been observed for the
doubly charged species [16], the singly charged molecular ion
[M+H]" was also used as a precursor in the collision cell.

Full scan
=— m/z 204 extract

,IJ\/\// \Vx\ NS

2 3 4 5
Retention time, min

1,2

Retention time, min

Fig. 3 MS full scan total ion chromatogram (black) and extracted ion
chromatogram (extract: m/z 204.0773) of all ion fragmentation (red)
obtained from extracellular media of P. putida (a) and P. fluorescens
(b). Major PVD peaks were identified and numbered (also see Table 2)

Previous studies have shown that the CID fragments of PVD
are enriched in B ions relative to Y ions [10, 16]. The chromo-
phore ion (along with the side chain) was used as a starting
point to define the B serial ions (Fig. 1). Varied collisional
energies were used to generate the desired ions and increase
the coverage of B and Y fragments as applied by previous
studies on peptide sequencing [32, 33]. The collision cell ener-
gy was surveyed in the range of 20-70 % (with a 5 % incre-
ment) of the normalized collision energy (NCE). The different
fragments as a function of the different collision energies ex-
hibit different maximal intensities. By monitoring the changing
trend of fragment intensities as a function of collision energies,
we determined the required NCE for a maximum abundance of
a B or Y ion, the collision energy window for adjacent B or Y
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Fig.4 ESlions of the apo-PVDs (black) and Fe-complexed PVDs (pink)
obtained with the extracellular matrix of P. putida (a, left) and
P, fluorescens (b, right). The peptide sequence and the identity of the side
chain moiety are tabulated in Table 2
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fragments, and the resolution of subtle fragments that are only
present around their optimal NCEs. This facilitated the deter-
mination of the identity of the different amino acid residues as
well as their sequence in the PVD structure. The NCE was set
to 50 % for the AIF mode. The selected B and Y ions in [M+
2H]*" HCD process were confirmed with those in the [M+H]"
fragmentation, whenever detectable.

We validated our approach by characterizing a solution
with known PVD structures. Following method evaluation
and validation with the standard solution, we applied our
method to characterize PVDs in the bacterial samples. We
note that the extraction step to identify PVD candidates was
not necessary for the standard solution, which was a simple
solution containing two known PVD structures.

Results and discussion
Method evaluation and validation

The two PVDs in the standard solution consist of the same
peptide chain with the sequence Ser-Lys-Gly-FOHOm-[Lys-
Ser-FOHorn], and either succinamide or succinic acid as the
side chain—FOHOTrn is formyl hydroxyl-ornithine and the
brackets indicate the cyclic portion of the peptide chain
(Fig. 2a). Figure 2b illustrates the peaks for these two PVDs
in the full scan TIC. In the positive ESI, each peak contained
the [M+2H]*" ion as the major molecular ion and the [M+H]"
as the minor ion (Fig. 2¢). The detection limit for [M+2H]*" in
the full MS scan mode was 10 ng/mL (or 8.6 nM). This low
detection limit was also reported for orbitrap detection of
small metabolites [34].

To characterize the PVD structures, the respective [M+
2HJ*" and [M+H]" ions were subjected to MS/MS fragmen-
tation. We obtained three characteristic ions of the chromo-
phore: m/z 204.0773 for the dihydroxyquinoline portion and
m/z 256.0722 for the entire chromophore structure, m/z

286.0624 for the chromophore component connected to the
dicarboxylic monoamide side chain [39] (Fig. 2d). The m/z
204.0773 ion, which is the most characteristic ion for the PVD
chromophore following CID and HCD [10, 39], was the most
abundant at 40 % NCE (Fig. 2d). We monitored the trend of
fragment intensities as a function of collision energies. Our
results indicate that the HCD fragmentation of PVDs occurred
in a stepwise manner whereby the intensity of ions was de-
pendent on the collision energy applied (Fig. 2¢). Figure 2e
shows the optimal NCEs for obtaining the different targeted
MS/MS fragments of the standard PVD structure at maximum
intensity. We determined that the NCE necessary for detecting
a maximum abundance of a B or Y ion was between the NCEs
of'its immediate precursor and product (Fig. 2¢). Furthermore,
the different NCEs can be useful in identifying interfering
ions. For instance, [C49H74N15018-1—2H—H20]2+ could inter-
fere with the detection of the B2 fragment [C,H34N;Og]" in
low-resolution MS. In the orbitrap MS, we distinguished be-
tween these two fragments by adjusting the NCE applied for
the fragmentation (Fig. 2f). We were able to resolve B2 from
the doubly charged species by targeting B2 at 30 % NCE or
higher (Fig. 2f). Our results thus demonstrate that the applica-
tion of a single collision energy or a small window of collision
energy is limiting in the ability to capture a high coverage of
MS/MS fragments of PVD as well as detecting interfering
ions. Our method thus overcomes this limitation.

The exact monoisotopic mass of the chromophore with
the side chain was 357.1199 (with the succinic acid as the
side chain) and 358.1039 (with succinamide as the side
chain) (Table 1). These two ions served as the starting
point to define the B serial ions (Table 1). The starting
point for the Y ion series was based on the a priori knowl-
edge that PVD biosynthesis is initiated from the formation
of hydroxyornithine (OHOr) [6], which is commonly de-
tected at the terminal end, either as FOHOrm or cyclo-
hydroxyornithine (¢cOHOrn), of the majority of PVDs pro-
duced by Pseudomonas [4, 10]. The detection of m/z

Table 2 Structural characterization of major PVDs secreted by the two Pseudomonas strains

PVD# RT [M+2H]*" [M+H]" Identity of side chain and peptide sequence

P. putida KT2440
1 2.47 546.2232 1091.4395 succa-chr-Asp-Om-OHAsp-Dab-Gly-Ser-cOHOm
2 2.75 537.2177 1073.4284 succa-chr-Asp-Om-[OHAsp-Dab]-Gly-Ser-cOHOm
3 393 537.7099 1074.4123 suce-chr-Asp-Om-[OHAsp-Dab]-Gly-Ser-cOHOrm

P, fluorescens RA12
1 6.60 723.8135 1446.6206 succa-chr-Ser-Lys-Gly-Gly-Ala-OHAsp-Gly-Ser-Ala-Ala-Ala-Ala-cOHOm
2 6.62 715.8180 1430.6300 succa-chr-Ala-Lys-Gly-Gly-Ala-OHAsp-Gly-Ser-Ala-Ala-Ala-Ala-cOHOrm
3 6.93 716.3095 1431.6124 succ-chr-Ala-Lys-Gly-Gly-Ala-OHAsp-Gly-Ser-Ala-Ala-Ala-Ala-cOHOm

RT retention time (min). [M+H]" and [M+2H]*" singly and doubly monoisotopic molecular ions. Brackets indicate a cyclic structure. Succ represents
succinic acid and succa represents succinamide. Unusual or modified amino acids: OHAsp (hydroxyaspartic acid), Dab (diaminobutanoic acid), cOHOrn
(cyclo-hydroxyornithine). The parts that are different in the PVD structures produced by each strain are shown in bold
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159.0770 in the standard solution was assigned to the
presence of FOHOrn.

The initial assignments of the first B and Y ions in the series
facilitated the identification of subsequent B and Y ions in the
PVD structure (Table 1). The MS/MS spectra generated at 35 %
NCE using the [M+2H]*" ion of the two PVDs and the resulting
B and Y ions are shown in Table 1. Table 1 shows the compar-
isons of the theoretical and measured exact masses of the iden-
tified B and Y ions, which illustrate our ability to achieve high
mass accuracy detection of these ions, within 4.4 ppm or lower.
We detected two series of Y ions and the full series of B ions
(Table 1). From the two Y serial ions, we resolved that the linear
structure of the PVD from the chromophore end is up to
FOHOrn attached to Lys, which combines with Ser and
FOHorn to form the cyclic portion in the peptide chain. In a
previous study, using low-resolution quadrupole-ion trap MS,
an additional CID fragmentation was performed in order to de-
termine the arrangement of the tripeptide cycle in the same PVD
[15]. Our findings demonstrate that we were able to determine
the cyclic portion with the high-resolution and sensitive detec-
tion of the MS/MS HCD fragmentation approach (Table 1).

The co-existing pair of PVD structures in the standard so-
lution, which differs only in the side chain, is typical [4]. Both
structures share the same Y serial ions, but differ by 0.9840 Da
in their [M+H]", singly charged B ions and associated ions
from neutral losses, and 0.4920 Da in their doubly charged
counterparts (Table 1). A simultaneous structural characteri-
zation was applied because the two PVDs share a similar
fragmentation pattern (Table 1). And, we were able to distin-
guish the presence of the different side chains by monitoring
the m/z difference (Table 1).

Identification of PVDs in the bacterial samples

The full TIC spectra of the bacterial supernatants of each strain
are illustrated in Fig. 3. Multiple peaks were present consisting
of singly charged ions in the range of 800—1500 Da. The
molecular ions of the compounds were found in singly ([M+
H]"), doubly ([M+2H]*"), and triply ((M+3H]*") charged
forms, with the former two being more abundant. Each bacte-
rial sample was analyzed in AIF mode at 50 % NCE, in order
to generate the peak of the chromophore fragment at m/z
204.0773 with a decent intensity. This fragment ion was used
for screening the full scan TIC peaks for PVD candidates
(Fig. 3). We determined that there were three major PVD
candidates in the P. putida supernatant and three in the
P, fluorescens supernatant (Fig. 3a, b, respectively). The sin-
gly and doubly charged ions of these PVD candidates were
used for subsequent MS/MS structure characterization.

In order to confirm that the identified PVDs can indeed
complex Fe, we reacted our bacterial supernatants with an ex-
cess of Fe**. The TIC spectra illustrated the disappearance of
the peaks of the free PVDs following Fe-complexation

(Electronic Supplementary Material Fig. S3). Instead, the Fe-
complexed PVDs were detected as earlier eluants (Electronic

Table 3  Theoretical and measured exact monoisotopic masses and
compositions of B and Y ions generated via HCD fragmentation

P. putida PVD 2

81 BZ
B Succa+Chr : Asp Orn !
Y1 YZ Y3 YIS YS
>Y cOHOrn Ser Gly [OHAsp+Dab] Orn
£ i
ol MJJ AT Jllmh N [ L L
0 200 m/z 400 600
P. fluorescens PVD 2
81 BZ BS B4 BS BE B7 BB B‘J B\U BH B12 B\3
B|.  SuccatChr Alal_Lys GlGly Alai OHAspiGly SerAla}AlaiAla}AlaicOHOM
4 Y2 Y3 Y, Y, Y, ! H H H H H H H H H H
YlcoHOM|Ala | Ala} Alai
> !
§
[‘ \LH i : :
0 200 400 600 800 1000 1200 1400
m/z
Fragment  Composition Theoretical ~Measured 8y
exact mass  exact mass  ppm
P. putida PVD 2
Succa+chr C7H;7N4Os 357.1199 357.1199 0
B, C,1H,N50g 472.1468 472.1468 0.1
B, Cy6H3,N;09 586.2262 586.2258 0.6
Y, CsH;N,0, 131.0821 131.0817 2.7
Y, CgH N304 218.1141 218.1139 0.8
Y3 CoH9N4O5 275.1355 275.1351 1.6
Y's CsH30N;09 488.2105 488.2104 0.2
Y Cy3HyoNoOy 602.2898 602.2896 0.4
P. fluorescens PVD 2
Succa+chr  C;H;7;N,O5 357.1199 357.1199 0
B, CyoH2,N50¢ 428.1570 428.1570 0
B, C,6H34N-0, 556.2520 556.2520 0.1
B; C,3H37NgOg 613.2734 613.2731 0.5
B, C50H40NgOg 670.2949 670.2950 0.2
Bs C33HysN 19Oy 741.3320 741.3340 2.7
B¢ C37H50N 104 872.3539 872.3536 0.3
B, C39Hs53N 5015 929.3753 929.3743 1.1
Bg CyHsgNi3017 1016.4074  1016.4080 0.6
By CysHesN14O1g 1087.4445  1087.4456 1.0
Bio CygHgsN1sO9  1158.4816  1158.4811 0.4
By, Cs51H73N 6059 12295187  1229.5168 1.5
B, CsyH7gN1;0,;  1300.5558  1300.5531 2.1
B CsoHggN19O,3  1430.6300  1430.6286 1.0
Y, CsH; N0, 131.0821 131.0817 2.7
Y, CgH¢N;03 202.1192 202.1190 0.8
Y; Cy1Hy;N,Oy 273.1563 273.1560 1.0
Yy C4H6N505 344.1934 344.1933 0.3
Ys C7H31NgO¢ 415.2305 415.2301 1.0
Y C,oH36N40g 502.2625 502.2625 0.1

Op: mass accuracy ([theoretical mass - measured mass|/theoretical mass).
Succa succinamide, succ succinic acid, chr chromophore

@ Springer



4636

H. Wei, L. Aristilde

Supplementary Material Fig. S3). The relative abundances of
the complexes were similar to those of the free PVDs
(Electronic Supplementary Material Fig. S3). We obtained tri-
ply ([M+Fe]’"), doubly ([M-H+Fe]*"), and singly ([M-2H+
Fe]") charged ions of the PVD-Fe complexes were present,
with the former two being in a higher abundance (Fig. 4).

Structural characterization of PVDs in bacterial samples

Using the same approach detailed in the “Method evaluation
and validation” section, we characterized the structures of the
three PVDs in the P. putida and P. fluorescence supernatant
solutions (Tables 2 and 3 and Fig. 5). The starting B ion for the
B series was analogous to what was determined for the stan-
dard solution, thus indicating that the PVDs in our samples
has either succinic acid or succinamide as the side chain.
However, the starting Y serial ion was different. The detection
of m/z 131.0821 was assigned to the presence of cyclo-
hydroxyornithine (cOHOm). All the PVDs possess OHAsp
within the peptide chain, cOHOrn (at one end of peptide
chain), in addition to the dihydroquinoline chromophore (at
the other end); these moieties have been proposed as the li-
gand sites for the complexation of Fe [40] (Table 2 and
Fig. 5.). The MS/MS spectra and the detected B and Y ions
of the most abundant PVD from each strain (PVD 2 from
P putida and PVD 2 from P. fluorescens) are shown in
Table 3. For the P. putida PVD 2, only the smaller B and Y
ions were detected; for the P. fluorescens PVD 2, all B ions
were obtained, whereas only the initial Y ions were detected
(Table 3). These ions were obtained from the MS/MS frag-
ments of [M+2H]*" at 35 and 30 % NCE for P. putida and
P, fluorescens, respectively. The comparison of the theoretical
and measured exact masses of the identified B and Y ions,
shown in Table 3, illustrates our ability to detect these ions
with high mass accuracy (within 2.7 ppm or less).

The full structure derived for P. putida PVD 2 (Table 2 and
Fig. 5a), which consists of seven amino acids, is in partial
agreement with the predicted peptide chain of OHAsp-Lys-
OHAsp-Dab-Gly-Ser-Orn based on silico analysis of non-
ribosomal peptide synthetases genes [41], but is identical to
the structure determined via isoelectrofocusing method [9]
and via fast atom bombardment MS coupled with NMR
[42]. Two additional PVD structures (1 and 3) were character-
ized in the secretion of the P. putida strain (Table 2 and Fig. 5).
The cyclicized OHAsp-Dab in PVD 2 and PVD 3 was linear
in PVD 1 (Table 2 and Fig. 5a). Both structural arrangements
(cyclic and linear) have been reported among the different

Fig. 5 Chemical structures of the three major PVDs characterized in the P>

bacterial secretion of P. putida (a) and P. fluorescens (b). The
chromophore is shown in red and the moieties that are different among
the structures are shown in blue. Structures were drawn using ChemDraw
Pro.Version 14.0.0.117
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PVDs produced by Pseudomonas strains [4]. Our high-
resolution MS analysis thus provides evidence that both ar-
rangements of the peptide chain can exist in the extracellular
medium of one strain. PVDs 2 and 3 have the same linear
peptide sequence and differ only in the side chain (succinic
amide and succinic acid, respectively) (Table 2 and Fig. 5).

With respect to the three major PVD produced by
P, fluorescens, we determined that all three have a linear pep-
tide chain consisting of a sequence of 13 amino acid residues
(Table 2 and Fig. 5b). The peptide sequence of PVD 2 closely
resembles that of another previously reported PVD sequence,
Ala-Lys-Gly-Gly-OHAsp-GlIn-Ser-Ala-Ala-Ala-Ala-
cOHOrn, from P, fluorescens with a molecular mass of 1430
[43]; the only difference between the two structures is that one
of the Gly residues in the PVD 2 is replaced by a Gln in the
reported PVD. Similar to P. putida PVDs 2 and 3,
P. fluorescens PVDs 2 and 3 only differ in the side chain
whereby the former has a succinamide, whereas the latter
has a succinic acid (Table 2). Compared with PVD 2, PVD
1 produced by P, fluorescens has a Ser substituting for the Ala
as the first amino acid residue attached to the chromophore
(Table 2), thus indicating that the same strain may produce
PVDs with a different peptide sequence.

Conclusions

Pseudomonas and related bacteria secrete peptidic
siderophores in response to Fe-limited nutritional environ-
ments. A simple and fast approach for obtaining high-
resolution characterization of these molecules in bacterial se-
cretions is an important step toward elucidating the Fe-
transport mechanisms of these bacteria. In addition to
avoiding analyte losses, the absence of purification steps in
the presented method simplified and sped up the characteriza-
tion procedure. The combination of LC with quadrupole-
orbitrap MS along with the application of multiple HCD en-
ergies can be applied to facilitate, with high-resolution and
high-mass accuracy, the structural elucidation of multiple pep-
tidic siderophores in a bacterial secretion.
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