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ABSTRACT: A significant challenge in natural product discovery is the initial
discrimination of discrete secondary metabolites alongside functionally similar primary
metabolic cellular components within complex biological samples. A property that has yet
to be fully exploited for natural product identification and characterization is the gas-phase
collision cross section, or, more generally, the mobility−mass correlation. Peptide natural
products possess many of the properties that distinguish natural products, as they are
frequently characterized by a high degree of intramolecular bonding and possess extended
and compact conformations among other structural modifications. This report describes a
rapid structural mass spectrometry technique based on ion mobility−mass spectrometry
for the comparison of peptide natural products to their primary metabolic congeners using
mobility−mass correlation. This property is empirically determined using ion mobility−
mass spectrometry, applied to the analysis of linear versus modified peptides, and used to
discriminate peptide natural products in a crude microbial extract. Complementary
computational approaches are utilized to understand the structural basis for the separation
of primary metabolism derived linear peptides from secondary metabolite cyclic and modified cyclic species. These findings
provide a platform for enhancing the identification of secondary metabolic peptides with distinct mobility−mass ratios within
complex biological samples.

The diverse activities of peptide natural products are
partially a function of their unique structural attributes,

which are defined by incorporation of nonproteinogenic amino
acids and by extensive “post-translational” modifications
including macrocyclization, heterocyclization, and oxidation/
elimination reactions. These modifications are responsible for
the diversity of reported cyclic and heterocyclic scaffolds.
Additionally, conformational restraints introduced through
these modifications have been implicated in the biological
activity of these secondary metabolites, as the entropic loss is
less significant upon active site binding compared to noncon-
strained analogues.1 Some microbial peptide secondary
metabolites with medical relevance include cyclosporin
(immunosuppressive), bialaphos (herbicide), and vancomycin
and penicillin (antibiotics), to name a few, and their activities
have inspired the continuing search for new peptide natural
products from microbial sources. This search has been
reinvigorated in recent years by the discovery of a large
reservoir of cryptic peptide gene clusters, both ribosomally
encoded and nonribosomally encoded, in microbial genomes,
potentially expressing new peptide natural products.2,3

Correspondingly, the conditions under which these gene
clusters are expressed as well as the identity of their products
are a matter of significant interest to the natural product
biosynthesis and discovery communities, respectively. However,

these discovery endeavors are challenged by low secondary
metabolite abundance and the peptide-rich background of
biological extracts from which they must be isolated. In this
report we describe a structural mass spectrometry technique,
ion mobility−mass spectrometry (IM-MS), to rapidly distin-
guish peptide natural products from other species present in
complex mixtures. This method of discrimination is then
applied to a crude extract for natural product candidate
prioritization. Additionally, a simulated annealing computa-
tional approach provides a model to understand the structural
differences characteristic of linear and modified peptides in the
gas phase.
Briefly, IM-MS is a two-dimensional separation technique

that first separates ions in a dimension related to structure
(charge-to-surface area ratio) based on their collision cross
section (CCS), which represents the area of the ion available
for collisions with neutral molecules in the gas phase, and in a
second dimension by mass-to-charge. Many forms of ion
mobility exist: high-field asymmetric waveform ion mobility
(FAIMS), differential mobility, traveling wave ion mobility
(TWIM), and uniform field ion mobility (IM). However, for
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CCS measurements uniform field ion mobility is the only of
these methods that presently allows for calculation of absolute
CCS using the kinetic theory of gases.4 For this reason, we
choose to focus on this technique as the foundation of this
study.
Importantly, by using IM-MS, biomolecular classes can be

separated in a complex mixture by their structure due to their
different gas-phase packing efficiencies dictated by the
prevailing intramolecular folding forces5−7 The average
correlation for each biomolecular class is referred to as a
mobility−mass correlation, or trendline, and significant
deviation, i.e., >7% in CCS for linear peptides (as it has been
shown that ∼94% of linear peptides fall within this range), from
this correlation is observed for modifications and conserved
secondary structure in the gas phase.6−8 A previous study found
that the cyclic peptide gramicidin S (cyclo-VOLFPVOLFP)
adopted a more compact structure than linear analogues.9 To
understand the full potential for IM-MS to distinguish cyclic
from linear peptides in complex samples, we have evaluated the
general utility of structural separations for a suite of microbially
produced peptide natural products in comparison to linear
peptide congeners. Moreover, we have applied this method to
the detection of the known tricyclic peptide siamycin II,
expressed in an extract from a recently isolated cave
actinomycete, demonstrating the potential of IM-MS for
distinguishing modified peptides in crude extracts.

■ RESULTS AND DISCUSSION
Measurements of Collision Cross Sections of Peptide

Secondary Metabolites. Collision cross sections for a series
of peptide natural products including thiostrepton, vancomycin,
ampicillin, valinomycin, phleomycin, cyclosporin A, polymyxin
B, actinomycin D, bacitracin, and siamycin were determined
and compared to the values for a large suite of collision cross
sections for linear peptides. Peptide CCS measurements are
reported in Table 1. The peptide natural products were
prepared and analyzed using a MALDI-IM-MS instrument,
which was described previously,10 and further information
about the sample preparation and collision cross section
calculations can be found in the Experimental Section. The
collision cross sections for all of the quasimolecular ions
present (i.e., [M + H]+, [M + Na]+, [M + K]+, and [M + Cu]+)
in the IM-MS plot were compared to the mobility−mass
correlation for the relevant 280 of 607 reported linear peptides
that occur within the m/z range reported (see Table 1, Figure
1).7 A power-fit line of regression was used to best describe the
linear peptide data over this region (y = 2.8269x0.6475, R2 =
0.8926). Notably, 76% of peptide natural product signals fall
below the peptide trendline, consistent with peptide natural
product’s compact and modified structures.
Computational Modeling of Peptide Natural Products

in the Gas Phase. A molecular dynamics model was
developed to interpret the theoretical basis of these results.
For conformational analysis, a protocol analogous to simulated
annealing was used in which snapshots of conformations were
taken periodically during the heating procedure, and these
conformations were subsequently cooled to allow for energy
minimization, generating 24 000 unique low-energy conforma-
tions. This method was performed for representative peptide
natural products based upon their chemical and structural
diversity, as illustrated in Figure 2.11 Further details regarding
the modeling protocol can be found in the Experimental
Section. Valinomycin is a macrocyclic depsipeptide comprised

of a mixture of D- and L-Val. Vancomycin is a highly cross-

linked tricyclic peptide compacted and rigidified by aromatic

C−C and C−O (ether) cross-links. Cyclosporin A is a

Table 1. Peptide Natural Products Analyzed in the Present
Studiesa

peptide natural product ion adduct m/z (Da) Ω (Å2)

ampicillin [M + Na]+ 372.1 110.1 ± 1.3(20)
valinomycin [M + H]+ 1111.6 271.9 ± 1.4(19)
valinomycin [M + Na]+ 1133.6 269.7 ± 0.8(19)
valinomycin [M + K]+ 1149.6 274.5 ± 0.6(19)
cyclosporin [M + H]+ 1202.8 296.6 ± 1.2(19)
polymyxin [M + H]+ 1203.8 285.6 ± 1.0(19)
cyclosporin [M + Na]+ 1224.8 289.9 ± 1.2(19)
polymyxin [M + Na]+ 1225.7 279.4 ± 0.9(19)
polymyxin [M + K]+ 1241.7 284.4 ± 4.9(19)
actinomycin [M + H]+ 1255.6 280.1 ± 1.9(18)
actinomycin [M + Na]+ 1277.6 284.2 ± 0.7(19)
actinomycin [M + K]+ 1293.6 280.8 ± 4.1(17)
bacitracin [M + H]+ 1422.8 301.2 ± 0.8(19)
phleomycin [M + H]+ 1427.7 275.7 ± 1.3(13)
bacitracin [M + Na]+ 1444.7 305.3 ± 1.0(19)
phleomycin [M + Na]+ 1448.4 276.7 ± 1.2(19)
vancomycin [M + H]+ 1448.4 299.4 ± 0.9(20)
bacitracin [M + K]+ 1460.7 303.6 ± 2.3(10)
vancomycin [M + Na]+ 1470.4 296.0 ± 3.7(20)
vancomycin [M + K]+ 1486.4 299.4 ± 3.8(15)
phleomycin [M + Cu]+ 1489.5 276.8 ± 2.7(19)
thiostrepton [M + H]+ 1664.5 310.0 ± 1.6(20)
thiostrepton [M + Na]+ 1686.5 315.5 ± 1.0(20)
thiostrepton [M + K]+ 1702.5 314.8 ± 3.0(10)
siamycin I [M + Na]+ 2185.8 373.2 ± 0.8(15)
siamycin I [M + K]+ 2201.8 375.2 ± 1.7(14)

aQuasi-molecular ion types are shown with their associated CCS
values. Ion deviation from expected linear peptide conformation is
depicted in Figure 1. Number of measurements for each CCS is shown
in parentheses.

Figure 1. Conformational space plot depicting the relative increased
gas-phase density of cyclic peptides when compared to linear peptides.
IM-MS plot comparison of the collision cross sections of peptide
natural products compared to a trendline best representative of linear
peptides for the mass range of 1100−2300 Da (y = 2.8269x0.6475, R2 =
0.8926). The collision cross section values and associated error of
measurements can be found in Table 1. Symbols are as follows: ●, [M
+ H]+; ■, [M + Na]+; ▲, [M + K]+; and ⧫, [M + Cu]+.
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nonribosomally synthesized macrocyclic molecule containing D-
Ala along with a butenyl-N-methyl-L-threonine residue. Finally,
polymyxin B is a lariat macrolactam with a hydrophobic tail and
hydrophilic macrocyclic core. Shown in Figure 2 are the most
representative conformations describing the data discriminated
using experimentally derived CCS values, which were extracted
from the aforementioned 24 000 unique structures generated
for each modeled structure. For structural analyses, larger sets
(ca. 18−22 representative conformations) were generated using
clustering analyses and interrogated to determine prevalent
structural motifs (see Supporting Information).
These molecular dynamics calculations provide a model for

rationalizing conformational differences for cyclic versus linear
peptides. The primary features that influence gas-phase
conformational density are (1) the loss of degrees of freedom
due to macrocyclization, (2) the presence of highly coordinated
metal atoms, and (3) the presence of atoms with intrinsically
higher density, such as halides.12 While it is expected that
torsional freedom is significantly reduced for cyclic peptides
compared to linear peptides, this effect was visualized in these
models. Notably, the degree of cyclization and the number of
residues per ring have a large influence on trendline deviation.
For example, valinomycin (a 12-residue macrocycle) and
cyclosporin (an 11-residue macrocycle) each adopt CCS values
greater than that predicted by the linear peptide trendline,
while polymyxin B (a lariat compound with seven residues
present in the macrocycle) falls below the trendline. However,
vancomycin (a modified tricyclic peptide with three to four
amino acids per ring) falls significantly below the linear peptide
trendline. Modeling indicates extensive coordination of sodium
within the ring of cyclosporin and valinomycin, likely resulting
in the less dense conformations, as this extends the ring. This is

supported by the increased collision cross section of
valinomycin when coordinated to potassium, which likely
results in an extended ring conformation, as reported in the
literature (as valinomycin is a potassium-specific ionophore).13

Sodium coordination distances and proximities in peptide
natural products are consistent with those from quantum
mechanical calculations previously reported for gas-phase linear
peptides.14,15 The observed high degree of coordination to
sodium appears to be facilitated by the more constrained
orientation of carbonyls, esters, ethers, amines, and other
functional groups (e.g., chlorine), but should not be considered
an exclusive product of cyclization. It should be noted that
post-translational modifications and the addition of atoms such
as chlorine increase the density of the compounds, resulting in
further deviation from the linear peptide trendline. Therefore,
although cyclization provides increased density, glycosylation
and halide inclusion can further enhance the deviation from
linear peptides in ion mobility based separations.
In individual cases, these models aid in rationalizing

deviations. For example, the relatively low collision cross
section deviation of polymyxin B is attributed to coordinating
sodium by both the ring and tail portions of the lariat peptide.
The small number of residues present in the ring allows for
increased density due to this constraint as well. The extended
butenyl-methyl-L-threonine group of cyclosporin A likely
expands its conformation relative to other peptides, while the
large number of residues present in the ring structure preclude
adopting a dense gas-phase conformation. Vancomycin is an
example of a molecule possessing both deoxysugars and halides
in addition to three small macrocyclic structures, factors that
apparently contribute to the higher gas-phase packing
efficiency.

Figure 2. Representative structures for peptide natural products. From left to right: sodiated cyclosporin A (24 000, 807), valinomycin (24 000, 302),
polymyxin B (24 000, 891), and vancomycin (24 000, 2010) conformations, which are most representative (top row) of the extracted conformers
discriminated based upon experimentally derived CCS values. The number of unique structures initially calculated and the number that correspond
with the IM-MS empirical collision cross section are shown in parentheses, respectively. The percent deviation of each calculated CCS value from
predicted CCS values for isobaric linear peptides is 2.69% ± 0.43%, 0.43% ± 0.30%, −1.08% ± 0.32%, and −6.88% ± 1.16%, respectively. Sodium
coordination distances are labeled. Carbon atoms are shown in gray, hydrogen white, nitrogen blue, oxygen red, chlorine green, and sodium yellow.
Shown below are the associated chemical structures.
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Discriminating Linear Peptides from Peptide Secon-
dary Metabolites. Intuitively, the apparent decreased
mobility−mass correlation of modified and structurally con-
strained peptides relative to linear peptides can potentially aid
in discriminating peptide natural products from linear peptide
ions. As previously noted, a line of regression best describing
the mobility−mass correlation for a large number of linear
peptides was generated. This creates a baseline of comparison,
in which we explored the utility of analyzing percent deviation
from this line of regression as a discriminator for peptide
natural products, termed the threshold. Figure 3 displays the

percentage of peptide natural products (white fill) versus
unmodified linear peptides (black fill) that fall beyond the
applied threshold (i.e., have a CCS value smaller than the
applied threshold). Using this threshold analysis, the enrich-
ment of modified peptides is evident. For instance, 80% of
peptide natural products possess CCS−mass ratios beneath a
−3% deviation, whereas only 20% of linear peptides are
observed. Using a more stringent analysis, beneath a 6.0%
deviation threshold, 95% of linear peptides are excluded from
analysis, while 40% of the peptide natural products in the data
set remain. Beyond a −8% deviation threshold, ∼99% of linear
peptides are removed from analysis, at the expense of excluding
about two-thirds of peptide natural products. Therefore, while
not an absolute discriminator of cyclic from linear peptides, we
propose that the deviation of observed mobility−mass
measurements from the linear trendline is a useful metric for
enhancing the identification of peptide natural products in
extracts containing competitive background levels of linear
peptide signals.
Secondary Metabolic Peptide Discrimination in an

Extract. To demonstrate the potential of IM-MS to
discriminate peptide natural products within a crude microbial
extract, we analyzed an extract derived from actinomycete
“BBBLUE19”, an organism recently isolated from a hypogean
ecosystem (Blue Springs Cave, Sparta, TN, USA). This
organism was fermented and extracted under conditions typical
for natural product discovery, and a total hydrophobic extract

of BBBLUE19 was analyzed using the aforementioned MALDI-
IM-MS methodology. Correspondingly, the linear peptide
mobility−mass correlation was superimposed on the IM-MS
snapshot of the extract (Figure 4a). A threshold of −6.0% was

applied to enrich for potential peptide natural products, and
peaks were prioritized upon this basis. A series of high
abundance peaks with significant trendline deviation were thus
selected for further identification, one of which (accurate mass
= 2175.88, CCS value 360.8 ± 4.5 Å2) possessed >11%
deviation (predicted linear peptide CCS at this mass = 409.7
Å2, Figure 4b), which corresponds to a <1% probability of
being a linear peptide. The observed mass was most consistent
with siamycin II (within 5 ppm mass error), previously isolated
from Streptomyces sp. AA3891.16−18 Subsequently, the isolated

Figure 3. Percentage of analyzed linear (black fill) and secondary
metabolic (white fill) peptides that deviate from the linear peptide
mobility−mass correlation greater than an applied threshold. As a
function of percent deviation from the linear peptide trendline, the
percentages of analyzed species that occupy a more dense CCS value
are indicated. Notably, with a threshold of −6.0%, 95% of linear
peptides are excluded from analysis, while 40% of peptide natural
products have more dense CCS values.

Figure 4. Shown are the analyses of the BBBLUE19 Streptomycete
extract using IM-MS methodologies for the determination of peptide
natural product presence. (a) Two-dimensional MALDI-IM-MS
spectrum of the extract using drift tube mobility separations. The
boxed-in region is expanded in (b). In (b), the circled region annotates
a peak that, upon initial inspection, has dense gas-phase packing
efficiency. Collision cross section measurements were performed,
resulting in a CCS value of 360.8 ± 4.5 Å2, a deviation of 11.9% below
the linear peptide trendline for this m/z (predicted CCS value of 409.7
Å2). The sample was then analyzed using ESI-IM-high-resolution MS
(not shown). This compound was identified to be siamycin II, a
tricyclic peptide, using high mass accuracy measurements obtained
from an IM-high-resolution MS and confirmed by isolation and NMR
analyses. The structure is shown as an inset in (b).
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compound was dereplicatively identified and validated as
siamycin II by comparison to the reported 1H NMR spectrum.
As a result, the tricyclic peptide natural product siamycin II was
successfully prioritized from a crude extract using the unique
CCS value adopted in the gas phase.
Conclusions and Perspectives. Uniform field IM-MS

instruments as described herein remain an uncommon
instrument in drug discovery laboratories. Commercially
available IM-MS instruments typically use an alternative
mobility separation paradigm termed a traveling wave, which
is distinct from uniform field instruments and not amenable to
absolute CCS determination using the kinetic theory of gases.4

As such, the utility of using the mobility−mass correlation as a
means for discrimination of natural products using the
commercially available traveling wave IM-MS is currently
being explored. The primary difficulty in comparing the two
separations is the inability to extract CCS values from first
principles using traveling wave IM separations, as the electric
field gradient experienced by ions is time dependent, although
CCS calibrants can be used to obtain relative CCS measure-
ments.19,20 Ongoing studies in our laboratory seek to describe
the degree to which these deflections are observed in traveling
wave based instrumentation. We envision the mobility
differences resulting from oxidation, cyclization, and macro-
cyclization to be consistent with those reported here for
uniform field IM-MS.

■ EXPERIMENTAL SECTION
MALDI Sample Preparation and Analysis. The modified cyclic

peptides, thiostrepton, vancomycin, ampicillin, valinomycin, phleomy-
cin, cyclosporine A, polymyxin B, actinomycin D, and bacitracin, were
obtained from Sigma and used without further purification. The
extract was reconstituted in 50:50 MeOH/H2O at a concentration of
∼5 mg/mL. To determine collision cross sections, MALDI ionization
was performed by mixing analytes in a 200:1 molar ratio of saturated
2,5-dihydroxybenzoic acid in 20% MeOH or 25 mg/mL α-cyano-4-
hydroxycinnamic acid in 50% MeOH with analyte. Samples were
spotted onto a stainless steel plate and allowed to dry before IM-MS
analysis. The MALDI-IM-TOFMS is equipped with a 13.9 cm ion
mobility drift cell that is maintained at a pressure of ca. 3 Torr helium
and an orthogonal reflectron TOFMS with a 1 m flight path
maintained at 5 × 10−8 Torr. Further instrumental details have been
published previously.10

Collision Cross Section Calculations. The ion-neutral collision
cross section (Ω) was calculated by determining the drift time (td) of
the ions across the cell under low-field conditions. Drift time values
were obtained at multiple field strengths of between 69 and 91
Townsend (Td), to ensure that measurements were performed under
the low-field limit. Collision cross sections were calculated by the
following:

Ω = π +
⎡
⎣⎢

⎤
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ze

k T m m
t E

L p
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where L is the length of the drift cell, E is the electrostatic-field
strength (∼90−120 V cm−1), z is the charge state of the ion, e is
elementary charge, mi and mn are the masses of the ion and the neutral
drift gas, respectively, N0 is the gas number density at standard
temperature and pressure, kB is the Boltzmann constant, and p and T
are the pressure (∼3 Torr) and temperature (∼293 K), respectively.4

Computational Modeling Charge Derivation Protocol. All
molecules were first built in ChemBioDraw Ultra. Molecules were
broken into fragments for charge derivation of feasible size for
quantum-based energy minimization and charge calculations (i.e.,
∼120 atoms or less). An initial energy minimization was performed
using a B3LYP/HF 6-31G* level of quantum theory in Gaussian03.21

After determining the calculation had converged upon a local
minimum, the frequency values were interrogated to ensure the
calculation had not rested upon a saddle point. These energy-
minimized structures were then subjected to further ab initio
optimization and electrostatic potential calculations using Gaussian03,
mimicking the protocol derived for the general Amber force field,
applying a HF/6-31G* basis set and the Merz−Singh−Kollman
scheme for charge parametrization.

Computational Modeling Molecular Dynamics Protocol. All
molecular dynamics simulations were generated using the Amber 11
molecular dynamics package.22 Charge densities were converted to
restrained electrostatic potential values and prep files using
Antechamber.

Intact molecules were assembled and coordinated with sodium in
LeAP using prep files. GAFF23 (general AMBER force field) was used
for atom type descriptions. To define the sodium cation, AMBER99SB
force field was used.24,25 Topology and coordinate files were generated
for molecular dynamics simulations in Sander. Initially, restraint files
were generated for the sodium cation such that full exploration of the
assembled molecule was possible, but if the cation began to leave the
molecule, a force would be applied to return the sodium within
reasonable distance constraints of sodium-peptide interaction. Upon
inspection of trajectory files, this restraint was not necessary, as the
cation remained proximal to the molecule, yet was still able to fully
explore all regions of the molecule. Prior to simulation, an energy
minimization was performed using Sander to ensure a stable starting
structure. The simulated annealing protocol was carried out in three
steps. First, the structure was heated to ∼1200−1500 K over 10 ps
using 0.25 fs time steps. The structure was then held at this
temperature for 9 ns using 0.25 fs time steps, extracting a
conformation every 3 ps, resulting in 3000 conformational snapshots.
These snapshots were cooled to ∼320 K over 15 ps to allow the
conformation to find a local minima. To generate the desired 24 000
conformations, this protocol was performed eight times, using unique
starting conformations for each to promote enhanced sampling of
conformational space. Each conformation was then converted to a
collision cross section using MOBCAL.26,27 The collision cross section
and potential energy for each conformation was then extracted and
visualized using a scatter plot. Data were then discriminated using the
measured collision cross sections, with the sampling window ±2 sigma
of the IM CCS measurement.

Computational Modeling Clustering Protocol. The extracted
conformations were then aligned using superpositioning software,
Suppose, written by Jarrod Smith (Vanderbilt Center for Structural
Biology). These structures were then clustered based upon their root-
mean-square distance (rmsd) over all atoms. A cutoff was then
determined based upon the rmsd, which resulted in approximately
19−21 conformations. This value was then imposed, and the most
representative conformation from each branch of the cluster was
extracted. This in effect distilled the data from ∼400−2000
conformations to 20, which could be interrogated (see Supporting
Information). PDB files for each were generated and interrogated
using Molecular Operating Environment.28

Fermentation and Extraction Conditions. BBBLUE19 was
cultivated in a 1 L Erlenmeyer flask containing 500 mL of medium EA
(5% lactose, 0.5% corn steep solids, 0.5% glucose, 1.5% glycerol, 1%
soybean flour, 0.5% bacto-peptone, 0.3% CaCO3, 0.2% (NH4)2SO4,
0.01% FeSO4·7H2O, 0.01% ZnCl2, 0.01% MnCl2, 0.05%
MgSO4·7H2O) for 7 days at 30 °C on rotary shaker at 170 rpm.
Then 25 g of Diaion HP-20 resin was added to the 500 mL culture,
and the resin/culture mixture was agitated on a rotary shaker at 170
rpm for 1 h. The mixture was separated by centrifugation, and resin/
cells layer was extracted separately with 300 mL of MeOH and 300 mL
of acetone. Combined organic fractions were evaporated to dryness to
produce the extract. The closest relative by 16S RNA sequencing was
Streptomyces mirabilis NBRC 13450 (99.9% identity). The 16S RNA
sequence for BBBLUE19 can be found in GenBank with the accession
number BankIt1497245 BBBLUE19 JQ085995.
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