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ABSTRACT: Lasso peptides form a class of ribosomally synthesized and post-translationally-modified peptides (RiPPs)
characterized by a mechanically interlocked topology, where the C-terminal tail of the peptide is threaded and trapped
within an N-terminal macrolactam ring. Sphingonodin I is a lasso peptide that has not yet been structurally characterized
using the traditional structural biology tools (e.g., NMR and X-ray crystallography) and its biological function has not yet
been elucidated. In the present work, we describe structural signatures characteristic of the class II lasso peptide
sphingonodin I and its branched-cyclic analog using a combination of gas-phase ion tools (e.g., tandem mass spectrometry,
MS/MS, trapped ion mobility spectrometry, TIMS, and infrared, IR, and ultraviolet, UV, spectroscopies). Tandem MS/MS
CID experiments on sphingonodin I yielded mechanically interlocked species with associated b; and y; fragments
demonstrating the presence of a lasso topology, while tandem MS/MS ECD experiments on sphingonodin I showed a
significant increase in hydrogen migration in the loop region when compared to the branched-cyclic analog. The high
mobility resolving power of TIMS permitted the separation of both topoisomers, where sphingonodin I adopted a more
compact structure than its branched-cyclic analog. Cryogenic and room-temperature IR spectroscopy experiments
evidenced a different hydrogen bond network between the two topologies, while cryogenic UV spectroscopy experiments
clearly demonstrated a distinct phenylalanine environment for the lasso peptide.

group of the C-terminal core peptide, and iii) catalyze a
condensation reaction between the N-terminal a-amino

1. INTRODUCTION

Lasso peptides are a structurally unique class of
ribosomally  synthesized and post-translationally
modified peptides (RiPPs) that display a mechanically
interlocked topology, where the N-terminal macrolactam
ring is crossed by the C-terminal tail (Figure S1) [1-4]. The
lasso peptide fold is accomplished by the action of a set
of enzymes encoded in the lasso peptide gene cluster that
i) recognize the N-terminal leader region of the
ribosomally  synthesized precursor peptide, ii)
proteolytically cleave the leader to release the a-amino

group of the core peptide with the carboxylic acid side
chain of an Asp or Glu residue in an ATP-dependent
manner [3-8]. This implies an appropriate pre-folding
step, where the C-terminal tail is positioned in a way that
allows the macrolactam ring to be formed around it and
thus enclosing the tail inside the ring. The lasso fold is
primarily maintained by steric interactions arising from
bulky side chain residues serving as plugs, and sometimes
assisted by disulfide bonds (Figure S1) [9-13]. Lasso
peptides are grouped into four classes depending on the



presence (class I, III, and IV) or absence (class II) of
specific disulfide linkages (Figure S1) [14]. The
mechanically interlocked topology affords lasso peptides
an interesting variety of biological activities, such as
enzyme inhibition, receptor antagonism, antimicrobial
or antiviral properties [1-4, 15]. Lasso peptides are
generally resistant to most common proteases, extreme
pH values and high temperature. However, unthreading
of the C-terminal tail of certain class II lasso peptides,
yielding their branched-cyclic topoisomers, can be
triggered by prolonged incubation at elevated
temperature [16-20]. In addition, specific peptidases are
present in nature dedicated solely to lasso peptide
degradation [21, 22]. These processes represent a
limitation to the biological activity of these lasso
peptides.

Sphingonodin [ is a 17 residue class II lasso peptide
originating from Sphingobium japonicum, for which no
biological activity has been yet reported. It is composed
of an eight residue macrolactam ring closed by an
isopeptide bond between the a-amino group of Gly1 and
the side chain carboxyl group of Asp8 (highlighted in
green in Figure 1). This results in a loop of five residues
located above the ring (highlighted in blue) and a C-
terminal tail of four residues located below the ring
(highlighted in orange) [16]. Traditional structural
biology tools generally used for the structural
characterization of lasso peptides, such as nuclear
magnetic resonance (NMR) [23, 24] and X-ray
crystallography [18, 21, 25-27], have not yet assigned the
position of the plug residues that lock the sphingonodin
I lasso topology. MS-based approaches using a
combination of collision induced dissociation (CID) and
electron transfer dissociation (ETD) have permitted the
assignment of the Glu13 and Asni4 residues, located on
each side of the ring (highlighted in red in Figure 1), as
being responsible for the trapping of the C-terminal part
in the macrolactam ring (plug residues) [27]. Cleavage
within the loop region of upon CID generates
mechanically interlocked species with associated N-
terminal and C-terminal fragments through the steric
hindrance provided by the Glui3 and Asni4 side-chains,
indicating the presence of a lasso topology. In addition,
sphingonodin I is not subject to temperature-induced
unthreading [16], which makes it an interesting model to
decipher the interactions responsible for its stabilization.

Electron capture/transfer dissociation (EC/TD) [27-
29] and ion mobility spectrometry (IMS) [30-33] also
allow for the differentiation between the lasso and
branched-cyclic topologies, particularly in cases when
the former do not yield mechanically interlocked product
ions in CID. A complementary approach to these
aforementioned techniques is infrared (IR) spectroscopy,
which can provide information on the hydrogen-bond

network that participates in the stabilization of both
topologies. It has been reported that the IR spectroscopic
data were fully consistent with the ion mobility data, in
which strong evidence for a correlation between
smaller/larger collision cross sections (CCS) and
hydrogen-bond making/breaking were obtained between
the lower charge states (e.g. [M+3H]3*) and the highest
charge state ([M+4H]+*), respectively [34].

In the present work, sphingonodin I and its branched-
cyclic topoisomer (Figure 1) were investigated using
tandem mass spectrometry (CID and ECD), trapped ion
mobility spectrometry (TIMS), cryogenic and room-
temperature IR spectroscopies, and cryogenic ultraviolet
(UV) spectroscopy. The CID and ECD fragmentation
patterns, as well as the TIMS profiles, of the two
topologies were compared to reveal lasso-specific
structural signatures for sphingonodin I. Complementary
experiments using cryogenic and room-temperature IR
spectroscopies, ~ with an  optical  parametric
oscillator/amplifier (OPO/A), and room-temperature IR
spectroscopy, with a free electron laser (FEL), were
employed to derive information on the hydrogen
bonding network that participates in the stabilization of
the two topologies. Additional experiments using
cryogenic UV spectroscopy in the region of phenylalanine
chromophore absorption were used to probe the
phenylalanine (Phei6) environment, located near the
plug residues for the lasso peptide.
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Figure 1. Sequences and schematics of sphingonodin I and
its branched-cyclic analog. The macrolactam rings are
colored in green, the loop residues in blue, the plugs in red
and the C-terminal tail in orange.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Details on
sphingonodin 1 production have been reported
previously [16]. Briefly, sphingonodin I was produced
heterologously in Escherichia coli BL21 (DE3) by IPTG-



induced expression of a pET41a production plasmid in
Mg medium at 20 °C for 3 days. Sphingonodin I was
extracted from the cell pellet with methanol and then
purified by reversed-phase high performance liquid
chromatography (RP-HPLC). As sphingonodin I is
resistant to thermally induced unthreading [16, 20], the
branched-cyclic analog was obtained by solid-phase
synthesis from Genepep (St Jean de Védas, France).
Solutions were prepared at a final concentration of 5 pM
in 10 mM ammonium acetate (NH,Ac) for native
conditions.

2.2. ECD Experiments. ECD experiments were
carried out on a Solarix 7T FT-ICR mass spectrometer
(Bruker, Billerica, MA) equipped with a nanoESI source
operating in the positive ion mode. Sample aliquots (10
pL) were loaded in a pulled-tip capillary mounted on a
custom built XYZ stage in front of the MS capillary inlet.
The ESI voltage, capillary exit, and skimmers I and II were
set to 1500 V, 200 V, 50 V and 16 V, respectively. ECD
experiments were performed with a heated hollow
cathode operating at a current of 1.6 A. Electrons emitted
during 0.2 s were injected into the ICR cell with a 1.5 V
bias and 16 V ECD lens.

2.3. TIMS Experiments. Ion mobility experiments
were performed on a custom built nanoESI-TIMS
coupled to an Impact Q-ToF mass spectrometer (Bruker,
Billerica, MA, Figure S2). The TIMS unit is controlled
using a custom software in LabView (National
Instruments) synchronized with the MS platform
controls [35]. Details regarding the TIMS operation
(Figure S2) and calibration procedure can be found
elsewhere [35-38]. Peptide sample solutions were loaded
in a pulled-tip capillary mounted in a custom built XYZ
stage in front of the MS inlet. A typical 8oo-1000 V
between the capillary and the MS inlet was applied. TIMS
experiments were carried out using nitrogen (N,) as
buffer gas at room temperature. The gas velocity was kept
constant between the funnel entrance (P1 = 2.6 mbar) and
exit (P2 = 1.1 mbar, Figure S2). An 1f of 250 V,;, at 880 kHz
was applied to all TIMS electrodes. A voltage ramp (Viamp)
of -250 to -50 V, a deflector voltage (V) of 60 V, and a
base voltage (Vou) of 60 V were used for the separation of
the two topoisomers. Collision induced dissociation
(CID) experiments were performed in the collision cell
located after the TIMS analyzer (Figure S2). The mass-
selected [M+2H]>* ions were fragmented using nitrogen
as collision gas at a collision energy of 22 eV.

2.4. Room-temperature IR Spectroscopy. IR
spectroscopy experiments were performed employing a 7
T FT-ICR mass spectrometer (Apex Qe, Bruker) equipped
with tunable infrared lasers. A detailed layout of this
experimental apparatus is described elsewhere [39]. The
mass-selected [M+2H]?* ions were accumulated in an

argon pressurized (~ 1073 mbar) linear hexapole ion trap
and were then pulse extracted and stored in the ICR cell
where they were irradiated with infrared light. The most
abundant fragments observed upon infrared activation
for the mass-selected [M + 2HJ** ions of sphingonodin I
and sphingonodin I branched-cyclic were the loss of a
water molecule ([M+2H-H,OJ**) as well as ys, b, and b,s>*
product ions. Other fragment channels which led to very
low ion intensities and did not significantly affect the
photodissociation efficiencies were not used in the
calculations. IR spectra were recorded in the 2800-3700
cm™ spectral range using an OPO/A (Laser-Vision,
Bellevue, WA) benchtop system. Two different OPA
settings were used to optimize the laser output energy in
the 2800-3400 cm™ and 3400-3700 cm™ spectral regions.
The OPO irradiation time was 1s with a CO2 (BFI Optilas,
Evry, France) pulse length of 2 ms to enhance the infrared
induced fragmentation efficiency. IR spectroscopy in the
1350-1800 cm™ spectral range was performed using the
infrared free electron laser (IR FEL, from CLIO, Orsay,
France) [40]. The IR FEL irradiation time was set to 500
ms to record vibrational spectra in the mid-infrared.

2.5. Cryogenic IR/UV Spectroscopy. A detailed
layout of the instrument used for cryogenic IR and UV
spectroscopy is described elsewhere [41]. The mass-
selected [M+2H]** ions were trapped and cooled by
collisions with helium buffer gas in a cryogenic octupole
trap (3.5 K). UV and IR beams irradiated the ion cloud.
UV spectra were acquired counting the Phe side-chain
loss fragments with a channeltron detector placed after
an analyzing quadrupole. Phenylalanine side-chain loss
occurred from the electronic excited state of Phe and can
be increased by vibrationally exciting the peptides that
have absorbed a UV photon, as previously described [42].
We achieved large enhancement of the Phe side chain
loss fragmentation shining infrared light (3310 cm™) 100
ns after a UV pulse. Cryogenic infrared spectra were
obtained by means of the He-tagging technique [43]. In
short, at the low temperature of the octupole trap part,
the peptide ions were tagged with helium atoms. Before
unloading the trap, an IR OPO/A beam was overlapped
with the ions. The He-tagged peptides that absorb IR
radiation lose their weakly bound He atom, causing
depletion of the tagged-ion signal.

3. RESULTS AND DISCUSSION

3.1. Sphingonodin I MS/MS CID signatures. The
analysis of sphingonodin I and its branched-cyclic form
resulted in the observation of a single charge state species
(IM+2H]*>*) under native conditions. The CID spectra of
the [M+2H]>* ions of sphingonodin I (m/z 771.8) and the
branched-cyclic analog are illustrated in Figure S3a and
S3b, respectively. The CID spectrum of the lasso peptide
showed a complicated fragmentation pattern that



involves a classic b;/y; series, corresponding to chain residues, which entrap the C-terminal part inside

fragmentations in the C-terminal tail of sphingonodin I, the macrolactam ring, as previously reported for class 11
as well as mechanically interlocked product ions with lasso peptides [27, 44]. Such mechanically interlocked
associated b; and y; fragments as illustrated in Figure S3a. product ions clearly evidence the presence of a lasso
These fragments remain associated through steric topology for sphingonodin I. The CID spectrum of the
interactions imparted by the two bulky Glui3/Asni4 side- [M+2H]>* ions of the branched-cyclic topoisomer
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Figure 2. Typical MS/MS ECD spectra of the [M+2H]>* ions of (a) sphingonodin I and (b) the branched-cyclic topoisomer (m/z
771.8). Typical hydrogen migration events are highlighted in red and labeled on the peptide cartoons (right of each panel). (c) Bar
plot showing the hydrogen migration events of sphingonodin I (blue bars) and the branched-cyclic topoisomer (red bars) obtained
by correcting the contribution of the theoretical isotope patterns (black dashed lines in insets) to the experimental isotopic
distribution (gray traces in insets). The macrolactam rings, the loop residues, the plugs and the C-terminal tails are highlighted in

green, blue, red and orange, respectively.

did not exhibit any of the mechanically interlocked
product ions and was only dominated by b;/y; fragments
(Figure S3b). Sphingonodin I could therefore be
differentiated from the branched-cyclic analog by CID.

3.2. Sphingonodin I MS/MS ECD signatures. A
limitation to CID is that the mechanically interlocked
product ions are only observed for class II lasso peptides,
in which the loop is strictly longer than four amino acid
residues [27]. We previously demonstrated the utility of
ETD/ECD for identifying class II lasso peptide topologies
as an alternative fragmentation approach to overcome
the limited structural information provided by CID
experiments [27]. ECD spectra of sphingonodin I (Figure
2a) and the branched-cyclic topoisomer (Figure 2b) were
for the first time compared, for which a very similar
fragmentation pattern was observed for the [M+2H]*
ions. Both topologies presented the charge-reduced
[M+2H]* ions (m/z 1542.7) and classic c’i/z; fragment
series, consisting of c¢'s to c's together with their
complementary z," to z," (except z/, Figure 2) fragments.
ECD spectra of sphingonodin I also displayed an increase
of hydrogen migration events (H transfer) near the loop
region (Valg-Glui3) when compared to the branched-
cyclic topoisomer, as previously reported for lasso
peptides (Figure 2c) [27-29]. In fact, the ¢’s to ¢'; product
ions of the lasso topology were partially shifted by 1 Da
from a loss of He, leading to the formation of the cs to ¢,
fragments, while their complementary z," to zs' (except
z,;) product ions were partially shifted by 1 Da from a
capture of He, yielding the 2z, to z'; fragments
(highlighted in red in Figure 2a). Conversely, these mass-
shifted product ions were substantially lower in relative
intensity for the branched-cyclic topology (Figures 2b
and 2c¢), indicating that the hydrogen migration events in
the Valg-Glui3 region occurred less frequently in the
absence of a lasso structure. Sphingonodin I could
therefore be differentiated from the branched-cyclic
analog by ECD through comparison of the hydrogen
migration events. Note that the c¢i/z fragments having
hydrogen migration events are actually a combination of
both c'i/ci' and z;/z}, as illustrated by the theoretical
isotope patterns in the insets of Figure 2 (black dashed
lines). Thus, the bar plots in Figure 2c were calculating by
correcting the contribution of the theoretical isotope
patterns to the experimental isotopic distribution (gray
traces in the insets of Figure 2).

3.3. Sphingonodin I mobility separation. The ECD
approach revealed itself to be wuseful for the
differentiation between lasso and branched-cyclic
topoisomers but is limited for the case of mixtures, for
which the hydrogen migration events cannot be
determined, since both topologies present this feature.
This lead to consider TIMS as an alternative strategy,
which proved to be very effective for the mobility
separation between lasso and the unthreaded branched-
cyclic analog [30]. Native TIMS spectra corresponding to
the [M+2H]** ions of sphingonodin I and the unthreaded
branched-cyclic topoisomer are presented in Figure 3.
Previous traveling wave IMS (TWIMS) experiments
showed a single broad arrival-time distribution for the
doubly protonated species of the lasso peptide (Figure 3,
dashed line) [45]. Conversely, the high resolution TIMS
analysis resulted in the identification of multiple IMS
bands for the two topoisomers, providing additional
insights about the structures adopted by the two
topoisomers in native conditions (Figure 3). In addition,
sphingonodin I and the branched-cyclic analog were
clearly separated in TIMS, for which the branched-cyclic
topology adopted significantly more extended structures
than sphingonodin I, as previously reported using
different IMS technologies [30, 31, 46]. Note that the
present TIMS technology allows it to separate the two
topologies at low charge state (native conditions), while
artificially induced high charge states (denaturing
conditions with supercharging reagents) are needed to
discriminate the two topoisomers using TWIMS (31, 45,

46].
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Figure 3. Typical TIMS spectra of the [M+2H]>* ions of
sphingonodin I (blue trace), its branched-cyclic topoisomer
(red trace) and in a 11 mixture (black trace). The black
dashed line illustrates a previously reported TWIMS
distribution [45]. Schemes highlight the macrolactam rings
in green, the loop residues in blue, the plugs in red and the
C-terminal tail in orange.

3.4. Sphingonodin I in room-temperature IR
Spectroscopy. IR spectroscopy is a complementary
approach to IMS-MS to derive structural insights on the
intramolecular interactions of mass-selected ions [47].
The IR FEL and the OPO/A provide access to a wide
frequency range, permitting the recording of vibrational
spectra in the mid-infrared and in the X-H (X=C, N, O)
stretching regions, respectively. These experiments were
performed in an attempt to understand how the
hydrogen bond network participates in the stabilization
of the lasso peptide sphingonodin I and the unthreaded
branched-cyclic topoisomer. IR spectra of the [M+2H]**
ions of sphingonodin I and its branched-cyclic form are
shown in Figure 4a and 4b, respectively. A tentative
assignment of the observed infrared bands is proposed in
Table S1. Both topoisomers displayed similar IR bands in
the high energy range (Figure 4). The IR bands observed
at ~3560 cm™ (highlighted in orange) are characteristic of
free carboxylic OH C-terminal stretches [48, 49]. Those
observed at ~3440 and ~3540 cm™ can be assigned to free
amide NH, symmetric and asymmetric stretches [50],
respectively, arising from the side chains of asparagine
(Asni4/Asnis) residues (highlighted in green). The IR
bands at ~3480 cm™are a typical signature of free amide
NH stretches [34, 50] of peptide bonds (highlighted in

light purple). The relatively broad IR bands observed in
the ~3040-3130 cm™ spectral range are tentatively
assigned to H-bonded carboxylic acid OH stretches [51],
provided by the side chain of the Glui3 (highlighted in
magenta). The presence of H-bonded carboxylic acid OH
stretches was expected for the lasso topology due to the
position of the Glui3 residue, which is literally inside the
molecular knot (plug residue) and probably interact with
the residues involved in the macrolactam ring. However,
this feature was not expected for the branched-cyclic
topology, for which the Glui3 residue is not located inside
the molecular knot, suggesting that the C-terminal tail of
the branched-cyclic topology is probably folded in close
proximity to the macrolactam ring. Indeed, clear
evidence for hydrogen bonding in the branched-cyclic
topology could be observed in the ~3215-3415 cm™spectral
range (highlighted in purple). This broad band could be
assigned to red-shifted amide NH stretches [52, 53],
confirming that the flexible C-terminal part
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Figure 4. Typical IR spectra for the [M+2H]>* ions of (a)
sphingonodin I and (b) the branched-cyclic topoisomer. The
vibrational bands are assigned using a color coding as
follows: gray (CH bend), blue (amide NH bend), red
(carbonyl C=0 stretch), brown (CH stretch), magenta (H-
bonded carboxylic acid OH stretch), purple (H-bonded
amide NH stretch), pink (H-bonded alcohol OH stretch),
green (free NH, sym. and asym. stretches), light purple (free
amide NH stretch), orange (OH C-terminal stretch) and
yellow (free alcohol OH stretch).

is folded in close proximity to the macrolactam ring. This
assignment was further supported by the IR spectrum in
the 1350-1800 cm™ spectral region. In fact, a blue-shifted
amide NH bend [54, 55] band was observed at ~1570 cm™
(highlighted in blue), with a red-shifted carbonyl C=O
stretch [56, 57] band in the 1610-1670 cm™ spectral region
(highlighted in red). In addition, the presence of an IR
band at ~3640 cm™, corresponding to free alcohol OH
stretches [48, 58], provided supplementary structural



insights for the branched-cyclic topology (highlighted in
yellow). This feature is evidence that the side-chain of
Thré is free, indicating that the folding of the C-terminal
part is probably not in close proximity to this residue.
Moreover, no signal corresponding to free alcohol OH
stretches (highlighted in yellow) at ~3640 cm™ was
observed for the lasso topology, suggesting that the Thr6
residue was likely involved in hydrogen bond
interactions. As a result, the relatively broad IR band
observed in the ~3240-3290 cm™ was tentatively assigned
to red-shifted alcohol OH stretches [53, 59] (highlighted
in pink). Evidence for hydrogen bonding in the lasso
topology could also be observed in the 3300-3415 cm™
spectral range (highlighted in purple). Unresolved IR
bands can be observed in this spectral region with three
maxima at ~3305, 3350 and 3405 cm™ corresponding to
red-shifted amide NH stretches. This hydrogen bonding
hypothesis was further supported by the 1350-1800 cm™
spectral region, where red-shifted carbonyl C=0O
stretches at ~1665 cm™ were observed (highlighted in
red). However, the hydrogen bonding network of the
lasso topology was found to be different from that of the
branched-cyclic topology. A similar behavior was
observed for the previously reported IR spectrum of the
class II lasso peptide microcin J25, which adopts a short
antiparallel S-sheet in the loop region [34]. This suggests
that sphingonodin I also probably adopts a short
antiparallel B-sheet in the Valg-Glui3 loop region that
involves neutral hydrogen bonds between amide NH and
CO groups.

3.5. Sphingonodin I in cryogenic IR/UV
Spectroscopies. The cryogenic IR spectrum of the lasso
peptide was more resolved than that of the branched-
cyclic topoisomer (Figure sa). Indeed, separate IR
absorption bands that correspond to amide NH and NH,
oscillators were clearly distinguishable, suggesting less
structural variability for the lasso topology. The
frequency range <3300 cm® was more crowded for the
branched-cyclic topoisomer, which may be due to a more
efficient hydrogen bonding network of the amide NH and
NH, oscillators in a large number of conformers, which is
in agreement with the findings from room-temperature
IR experiments. In contrast to the room-temperature IR
spectra, the free carboxylic acid OH C-terminal band at
~3560 cm™ was only pronounced in the lasso topology,
implying that the carboxylic group is predominantly free
in the conformers of the lasso peptide. The branched-
cyclic peptide instead did not show significant absorption
at the C-terminal free carboxylic acid OH frequency. The
resolved IR bands at >3400 cm™ in the lasso topology
pointed to the presence of a few amide groups that are
fixed in a specific conformation. Conversely, one distinct
absorption IR band at >3400 cm™ was only observed in
the branched-cyclic peptide. This feature suggests a

larger variability in the amide group interactions with the
neighboring polar groups. In general, the more flexible
branched-cyclic peptide can freeze in many possible
conformations at low temperature, which results in a less
resolved spectrum. The locked structure of the lasso
peptide is restricted to a smaller conformational space
that leads to a more structured and sparse IR spectrum.
Differences between cryogenic and room temperature IR
spectra can thus occur because a range of conformers
with distinct folding patterns can be trapped at low
temperature.

Cryogenic UV spectroscopy in the region of
phenylalanine chromophore absorption is a sensitive
probe of the phenylalanine environment. In the case of
the lasso topology, UV-induced fragmentation was very
weak, probably suggesting that the Phei6 side chain
strongly binds to the rest of the peptide (Figure 5b, blue
traces). The large continuous absorption was due to a
variability in the Phe chromophore interactions with the
lasso peptide backbone that gives rise to a multitude of
vibronic transitions. The UV spectrum of the branched-
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Figure 5. Typical cryogenic (a) IR and (b) UV spectra for the
[M+2H]>* ions of sphingonodin I (blue traces) and the
branched-cyclic topoisomer (red traces).

cyclic topology was more structured than that of the lasso
peptide, where three strong absorption UV bands (37442,
37446 and 37535.2 cm-1) were obtained that repeat 532
cm” further in a vibrational progression due to the
phenylalanine chromophore bending (Figure sb, red
traces) [60, 61]. The intense UV bands appeared near the
frequency of the band origin in the protonated amino
acid (37520.9 cm™) [60], suggesting that the
phenylalanine chromophore is weakly interacting with



the backbone of the branched-cyclic peptide. The intense
UV absorption bands of the branched-cyclic topology
were absent in the UV spectrum of the lasso topology,
suggesting a different folding pattern for the lasso
peptide that strongly affects the phenylalanine residue.
Overall, the fragmentation yield was significantly lower
in the case of the lasso peptide. The presented results
therefore allowed us to hypothesize that the aromatic
chromophore strongly interacts with the backbone and
very probably with the macrolactam ring, suggesting that
the Phei6 residue plays a role in the stabilization of the
C-terminal part inside the macrolactam ring. In fact, it
was surprising that the relatively small side chain of
Asni4 resulted in a lasso peptide that is not sensitive to
thermal unthreading [16]. We suggest that Glui3 and
Asni4 remain the primary plugs based on the MS
observation, but that a proper folding of the C-terminal
tail probably makes Phe16 forming a cork together with
Asni4 that completely locks the lasso fold more efficiently
than Asni4 could do by itself, as previously described for
microcin J25 [62].

4. CONCLUSIONS

The lasso peptide sphingonodin I and the
corresponding branched-cyclic topoisomer were studied
using complementary gas-phase ion tools. The MS/MS
CID experiments were effective for the differentiation
between the two topoisomers by specifically yielding
mechanically interlocked product ions for the lasso
topology only. Likewise, MS/MS ECD was also effective
by specifically showing a larger extent of hydrogen
migrations near the loop region of the lasso topology,
when compared to the branched-cyclic analog. The high
resolution TIMS resulted in the clear separation of both
topoisomers  under native conditions, where
sphingonodin I adopted a more compact structure than
the branched-cyclic analog. This is fundamental since
previous TWIMS experiments with lasso peptides
required the artificial induction of high charge states by
addition of a supercharging agent under denaturing
conditions to achieve separation.

Cryogenic and room-temperature IR spectroscopy
experiments evidenced a different hydrogen bonding
network between the two topologies, where the lasso
topology probably adopts a short antiparallel S-sheet in
the Valg-Glui3 loop region while the flexible C-terminal
part of the branched-cyclic topology is potentially folded
in close proximity to the macrolactam ring. Cryogenic UV
spectroscopy experiments clearly showed distinctly
different phenylalanine environments for the two
topoisomers. Whereas the phenylalanine chromophore
only weakly interacts with the backbone of the branched-
cyclic peptide, a strong backbone interaction of the
phenylalanine chromophore is apparent in the lasso

topology. This behavior suggests that Phei6 might be
responsible for a secondary interaction that strengthens
the stabilization of the lasso fold, making it resistant to
thermal unthreading. It thus seems that the present
findings can constitute a step forward in understanding
the mode of stabilization of sphingonodin I, which has a
small lower plug (below the ring), but does not unthread
upon temperature increase.
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