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The structures of peptide collision-induced dissociation (CID) product ions are investigated using ion mobility/

mass spectrometry techniques combined with theoretical methods. The cross-section results are consistent

with a mixture of linear and cyclic structures for bdtlhh and a, fragment ions. Direct evidence for cyclic
structures is essential in rationalizing the appearance of fragments with scraivd)gub(mutated) primary
structures, as the cycle may not open up where it was initially formed. It is demonstrated here that cyclic and
linear a, structures can interconvert freely as a result of collisional activation, implying that isomerization
takes place prior to dissociation.

Introduction confirmed that this pathway is both energetically and entropi-
cally accessiblé® Moreover, the presence of oxazolone-type
structures has recently been corroborated on the basis of
structurally diagnostic oxazolone<D stretch modes by infrared
(IR) spectroscopy??°Linear oxazolone structures are believed
to be able to isomerize to fully cyclic structures, following a
nucleophilic attack by the N-terminus on the oxazolone ring
(Scheme 1C3.1f the cyclic structure opens up at a different
amide bond than where it was originally formed, this results in
oxazolone structures with permutatee ( scrambled) primary

Although it is generally understood that the amino acid chains
that comprise peptides in solution are highly dynamic, one does
not expect a change in the primary structure.(amino acid
sequence) of these molecules to occur. However, in the gas
phase, where it is possible to add substantial internal energy,
the fragments of these linear structures can undergo rearrange
ment processes in which the sequence appears to champes
is especially true when peptide ions are subjected to collisions
with a background gas to induce collision-induced dissociation
(CID). Gengerally, t%e masses of the CID product ions are structures (gray box, Sgheme 1D). _The subsequent CID of these
expected to reflect the amino acid sequence of the peptide andfcram_bled“ structures is respon3|ble for the appearance of
therefore be valuable for sequencittgln fact, this approach nor_1d|rect CID_ f_ragmen_té,whl_ch cannot be explained on the
is now a cornerstone in the identification of proteins by mass Pasis of the original amino acid sequence of the peptide.
spectrometry:® The interpretation of these spectra is often Experimental evidence for such cyclic structures comes from
carried out using computer algorithrh&With current methods IR spectroscopy; however, the assignment is less definite than

a large fraction of examined ions cannot be identifid.least in the case of oxazolone structures, and it is difficult to draw
in part, this is due to an incomplete understanding of the conclusions on the relative abundances of the different isomers
underlying fragmentation chemist#. in the mixture?® Other indicative evidence for cyclic structures

As background, it is well-known that under CID conditions, comes from H/D exchange studiéand ion mobility measure-
protonated peptide ions generally display abundant cleavagesnents?? It should be noted that cyclic configurations are not
at the backbone amide bonds, giving rise to N-termimahd limited to b ions but can also occur for other N-terminal
C-terminal y product ionst! In proposed mechanisms, the fragments, such as for instanaéragmentsice., theb ion less
ionizing proton is thought to be moved from a site of higher a CO). In analogy td,, Leu-enkephaliray is thought to adopt
proton affinity, such as a basic side chaing, guanidine group  both linear imine (E) and cyclic structures (F) (Schemé®$.
of arginine), to the backbone=€D and then NH groups, thereby  re-opening of the cyclic isomers can again give rise to
weakening the amide bori@!3 Although there has been permutated oxazolone-type structures (gray box G), the subse-
controversy about the dissociation mechanism and the types ofquent CID of which rationalizes nondirect sequence ions.
structures that are formed (especially boiragment ions};*~18 Here, we present a systematic study of the structural products
it is now generally accepted that the most likely dissociation that are formed in collision-induced dissociation of the pen-
pathway occurs via nucleophilic attack from a backbone tapeptide Leu-enkephalin by ion mobility/mass spectronfé#y.
carbonyl oxygen to a carbonyl carbon, thus forming a five- These products are also compared to the fragments-turety!
membered “oxazolone” rin fragment structuré®8 This is Leu-enkephalin. We address the question of the relative
exemplified in the reaction chemistry of the pentapeptide Leu- abundances of the different structural isomers, and whether the
enkephalin (Tyr-Gly-Gly-Phe-Leu) that we have chosen in this re|ative abundances can be influenced by the amount of energy
study (see Scheme 1A,B). Detailad inito calculations have  deposited in the molecule. This result provides insights into the
dynamics of the isomerization pathways, which are important

:Sgir\;gfspi?“gif”gl (;"‘r‘i‘égor- E-mail: polfer@chem.ufl.edu. in peptide scrambling processes. This is also the first study that
f Indiana dniversity_ ' uses ion mobility in combi_nation with theoretical_ approaches
8 German Research Center. to answer structural questions on CID fragment ions.
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SCHEME 1: Reaction Scheme for Generating b and a, CID Product lons from the Protonated Leu-Enkephalin
Pentapeptide Precursor lor?
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2 Note that the side chains are denoted assRCH,—CsH,—OH, R2= R3 = H and R4= CH,—CsHs. (A) The reactive configuration of the
precursor ion allows a nucleophilic attack of the carbonyl oxygen of residue 3 on the carbonyl carbon of residue 4. This results in the cleavage of
the amide bond between residues 4 and 5, leadingaadbneutral Leu products. (B) The resultingdthought to have a five-membered “oxazolone”
ring. Note that the proton is exclusively retained by the N-terminal fragment, by virtue of its higher proton affinity compared to Leu. (C) This
structure can isomerize to a fully cyclic structure following nucleophilic attack from the N-terminus. A re-opening of the ring can lead to the
original oxazolone structure in B or alternatively lead to linear oxazolone structures (D), which do not reflect the original amino acid sequence
(gray box). (E) Sequential loss of CO from tesults in @ which is thought to have a linear imine structure. Note that cis and trans imine isomers
have to be considered here. (F) In analogy 4¢hs structure can isomerize to a cyclic structure, which can open up at amide bobgg.glike
PFP’s, once again resulting in (G) oxazolone-type structures with permutated amino acid sequences (gray box). Alternatively, the cyclic structure
can revert back to the original linear imine structure. Note that subsequent CID of the structures with permutated sequences rationalizesitiee appear
of “nondirect” sequence ions, which cannot be explained on the basis of the original amino acid sequence. Note also that the most probable sites
of proton attachment for each fragment structure are indicated, multiple sites being possible for the, larehabragments.

Methods the overall transmission of ions through the drift t#be.
Moreover, by selecting ions of a specific mobility at the end of
the first drift tube it is possible to select specific conformers,
re-focus these selected ions in the ion funnel, and collisionally

lon Mobility/Mass Spectrometry Measurements.The pro-
tonated pentapeptide Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu)
(Sigma Aldrich, St. Louis) precursor ion was generated by . - . L
electrospray ionization (ES#. The ions were trapped in an rf activate the mobility-selected ions for injection into the second
ion funnel prior to pulsed extraction into an intermediate drift tube28.29 Additional mobility selections and activations can
pressure He-filled drift tube~(3 Torr). lons travel the length be carried out in each consecutive drift tube, thus allowing a
of the drift tube under the influence of an electric fietd( V multistage IMS approact,in analogy to multiple mass isola-
cm™Y) but are retarded in their motion due to collisions with tions (MS/MS).
the He background gas. lons of different collision cross-sections Experimental Cross-Sections.Singly protonated Leu-en-

are thus s_eparated _in space and W?” af”"e at the_deteptor atkephalin (wz 556) was determined to have an experimentally
different times, defined as the drift time or arrival time ..o collision cross-secti® ~ 162 A2 based on the drift

distributions. time in the first drift tube. The procedure to calculate cross-

The laboratory-constructed drift tube design employed in g0 cions has been described in detail many times b&fgrand
these experiments has been described in detail previdusly. is based on the relation

Briefly, it is made up of three consecutive drift tubes, each 0.9
m in length, and the series is followed by an orthogonal time-

of-flight mass analyer. At the end of each drift tube, the radially (187r)”2 e 1 1114E760 T 1
diffuse ion population is re-focused using an rf ion funnel, which Q= 16 m + —] T P 2732N Q)
is operated at the same pressure as the drift tube. This improves (kgT) Mg )
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wherez, e, kg, m andmg, andN denote fundamental properties -
such as the charge state, elemental charge, Boltzmann's constant, A a, Leu-enkephalin
mass of the ion and mass of the buffer gas, and the neutral Cyclic a, (Imine cis a,)
number density, respectively. The experimental paramé&ers
L, P, T andtp correspond to the applied electric field, length of
the drift tube (m), pressure (Torr), temperature (K) and arrival
time (s).

Under the experimental conditions used, the precursor Leu-
enkephalin ion was efficiently mobility-selected by using a 100
us-wide voltage gating window at the end of the first drift tube B a, N-acetyl Leu-enkephalin (Imine
(after~11.8 ms drift time). This precursor ion was then activated 4 (Imine cis a,)— trans a,)
by applying a voltage drop between two adjacent rings (up to 4
230 V over a 3 mnspacing) at the end of the ion funrféithus
generating a number of CID product ions, of whigh(m/z 393),
a4 (m/z 397) andb, (m/z 425) were among the most abundant.
The experimental collision cross-sections of the Leu-enkephalin
ay andby ions were calculated from the drift time distributions .
in the second drift tube. This drift time could be accurately C b4 Leu-enkephalin
determined on the basis of the mobility selection of the precursor Cyclic b, Oxazolone b,
Leu-enkephalin at the end of the first drift tube, the known /
mobility of the precursor up to the activation region at the end
of the ion funnel and the mobility selections of the CID
fragments at the end of the second drift tube. The “unknown
guantity” in this approximation is the temporary change in
mobility due to collisional activation and the unknown time for

Imine trans a,

complete thermalization. Nonetheless, the decrease in the drift D b, N-acetyl Leu-enkephalin
time of the precursor ion due to collisional activation could be Oxazolone b
accurately determined and this serves as a good estimate for S~

the “unknown quantity” above. It was found that this decrease
in drift time was on the order of 166200 us for drift times of
~10 ms through 1 drift tube. This decrease in drift time was
taken into account when calculating the cross-sections, thus
bringing the total error of the measurement in the range of 30 31 32 33 34 35 36
1-2%, as commonly expected in ion mobility measure- Drift time / ms
ments3%-31 The CID product ion drift time distributions of Leu-  Figure 1. Drift time distributions for the CID product ions (A),&f
enkephalin were also compared to those for N-acetylated Leu-Leu-enkephalin, (B) aof N-acetyl Leu-enkephalin, (C)sbof Leu-
enkephalin. The latter peptide was made by using acetic J e L o mobity separated peals are
anhydride .to couple an.acetyl group o Fhe N-.terrplnus. tentatively indicated and cgn only be confirmed ¥heo$etically?n some
Calculations. A detailed theoretical investigation of the cases; the more hypothetical assignments have been indicated by
fragment structures fdps andas of Leu-enkephalin has been  brackets. Note that these drift time distributions have been determined
published beforé? and the density-functional theory geometries for the length of the whole instrumerite,, 2.9 m).
(B3LYP/6-31+G(d,p)) and atomic charges of the optimized
structures were used to calculate theoretical cross-sections. Wesplit drift tube design. The longer drift times for the N-acetylated
used the trajectory method in the MOBCAL program developed Leu-enkephalin fragments, relative to the Leu-enkephalin frag-
by the Jarrold group, which includes He-ion long-range interac- ments, are not surprising, given the bulky acetyl group.
tions32 In the nomenclature of the, imine structures, the same  However, the differences between theand a arrival time
notation was used as in the previous publicaifiM TR distributions are much more telling. Tt fragments of Leu-
N-term-prot” refers the trans imine structure that is protonated enkephalin (Figure 1C) anb-acetyl Leu-enkephalin (Figure
on the N-terminus. “IM CI imine-prot” denotes the cis imine 1D) display relatively narrow peaks, whereas the distributions
structure that is protonated on the imine nitrogen. “Cyc N-prot” for a, are much broader, and clearly involve multiple structures.
refers to the fully cyclic structure @&, which is protonated on  The drift time distribution of other CID products, such yas
the nitrogen that was previously included in the imine group. (rigure S2), also only show one main feature. It is interesting

The chemical structures are also displayed in Scheme 1. to note that the drift time distribution of Leu-enkephadinin
] ] Figure 1 has at least three identifiable peaks (centere@t6,
Results and Discussion 32.2 and 33.45 ms) bit-acetyl Leu-enkephaligy just exhibits
Comparison of Leu-Enkephalin and N-Acetyl Leu-En- two main features (centered at 34.6 and 35 ms). Admittedly,

kephalin. Protonated Leu-enkephalimiz 556) andN-acetyl ~ the third peak at 33.45 ms is of low intensity, but it was
Leu-enkephalinrfyz 598) were mobility-selected in the same reproduced independently on multiple measurements (see also
experiment and subjected to collision-induced dissociation underFigure S2, Supporting Information). Other studies have also
identical conditions, giving rise to their respectivg(nm/z 425 shown that multiple CID product ion structures can be resolved
and 467) andy (m/z 397 and 439) fragments. The total drift by ion mobility 228though no theoretical analysis was done in
time distributions of each of these fragments are presented inthose studies. Our assignment of the mobility-separated struc-
Figure 1; note that the total drift time corresponds to the sum tures in Figure 1 is tentatively indicated, and each of these will
of the drift times that the ions spend in different parts of the be discussed in detail in the following section.
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site of proton attachment. (B) Experimentally determined cross-section
distribution of a, based on the mobilities through the second drift tube. ) . ) .
Mobility selections (+3) were also carried out at the end of the second Figure 3. (A) Theoretical cross-sections and relative energies for the
drift tube, as explained in the Methods. Note that the intensities of the density-functional theory calculated structures of the lowest-energy
mobility selections are increased by a factor of 40 relative to the ©0xazolone (red circles) and cyclic (blue squares) isomers for Leu-
unselected adistribution. The three distinct features in the mobility ~€nkephalin i (B) Experimental cross-section distributions far b

spectrum are labeled as I, Il and III.

Experimental cross-section distributions / A*

TABLE 1: Theoretical Collision Cross-Sections (&) and
. o . . Standard Deviations for the Structural Variants of

The dissociation chemistry of Leu-enkephalin and N-acety- | eu-Enkephalin as, Shown in Figure 2A, and h, Shown in
lated Leu-enkephalin is expected to be quite different: due to Figure 3A

the presence of thi-acetyl group, fragments of N-acetylated
Leu-enkephalin cannot adopt a fully cyclic structure (see Scheme

structural variants ofa calculated collision cross-sectiorf/A

S1, Supporting Information). Moreover, proton attachment on :m:ﬂg gi";nNS_{\é'rt;rm 11312&1:421
the N-terminus is no longer possible, thus making the imine N imine trans imine N 142 3
unambiguously the most basic site in téon structure. This imine cis imine N 1325
limits the number of putative structures that have to be cyclic 129+ 3

considered to the cis and trans imine configurations. It is thus
tempting to assign the two mobility-separated peaks as cis and
trans imine, as we have done in Figure 1B. It is worth noting, 142: 4
however, that the trans form is energetically more favored than 132+3
the cis one® The above assignment clearly contradicts this of many of these conformers has already been preséheeu
energetics, because it suggests that the cis form is more favoredve make use of the lowest-energy structures from that study to
than the trans structure. Further theoretical investigations aretry to explain the results shown here. The theoretical cross-
underway in our laboratories to resolve this controversy. sections of the four lowest-energy conformers of each imine
Preliminary molecular mechanics modeling suggest that therevariant are presented in Figure 2A, as well as the six lowest-
is no significant difference in the predicted collision cross- energy conformers of the cyclic structure. The average theoreti-
sections between cis and trans imine structures (not shown). cal collision cross-sections and the standard deviations for each
Leu-Enkephalin as. Figure 2B shows the mobility distribu-  structural variant of, are also summarized in Table 1. On the
tion of Leu-enkephali, on a collision cross-section scale. This  basis of the IR spectroscopy stu#fyN-terminal-protonated
mobility distribution was derived from the experimental drift imine and cyclic structures could be confirmed, whereas imine-
time distribution ofa, (Figure S3) and mobility selections<1 protonated and oxazolone-typgwere excluded. Note that the
3) at the end of the second drift tube. The corresponding cross-latter oxazolone-typey structures were not excluded on the
section for each selection was determined from the drift time basis of the calculated structures, but rather on the absence of
through the second drift tube (as described in the Methods), an oxazolone CO stretch in the IR spectrum digf°
thus allowing a conversion of the total drift time distribution A comparison of the calculated cross-sections to the experi-
into a cross-section scale. The mobility selections are displayedmental results shows that the most compact structure (l) could
in Figure 2B and the experimental features are labeled as I, Il be explained by the cyclic geometry (orange pentagons),
and Il for the sake of the discussion hereafter. whereas the most extended conformer (llI) matches the trans
For Leu-enkephalim, many more structural possibilities have  imine N-terminal-protonated structure (red triangdyeature
to be considered compared to the N-acetylated variant, includingll could be rationalized by the cis imine N-terminal protonated
imine structures with proton attachment to the N-terminus, the structures (blue dots). It is nonetheless odd that the higher-energy
cyclic conformer, as well as oxazolone-typgstructures (see  cis imine should be much more abundant than trans imine, the
Scheme 1 and nomenclature in the Methods). A detailed studyrelative contributions of the different structures being estimated

structural variants of p calculated collision cross-sectiorf/A

oxazolone
cyclic
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Figure 4. CID mass spectra of singly protonated Leu-enkephalin-fiJt for activation energies of (A) 180 V and (B) 220 V. Note that the
vertical intensity scale is expanded by a factor of 2. Total drift time distributions of tfragment ion for activation energies of (C) 180 V and
(D) 220 V.

at 31% |, 61% Il and 8% IIl. We are currently performing further derived cross-sections agree well with the predicted cross-
calculations to resolve this contradiction. sections for the cyclic structure but give an inadequate match

The theoretical approach followed here involves generating t0 the lowest-energy oxazolone-type structures. This is surpris-
zero-energy structures and corresponding predicted collisioning, as oxazolone structures have been identified by IR
cross-sections, which are then compared to experimentally SPectroscopy for this particulay fragment!®2°Under the CID
determined cross-sections. This is probab|y not an accurateconditions here, similar fragment structures would be eXpeCted
reflection of the dynamic structures that are actually probed by t0 be observed as in that previous study. The higher-energy
ion mobility. As one compares the theoretical mobilities of the Ccalculated oxazolone conformers exhibit increased mobility, in
lower- to the higher-energy imine structures, one observes aanalogy to the higher-energy imiag conformers, thus at least
general decrease in the calculated cross-sectiansificrease ~ approaching the experimentally determined cross-sections. In
in mobility). This is contrary to what one may expect intuitively, ~conclusion, it is highly probable that oxazolone structures are
but it suggests that the 300 K mobilites may actually be higher formed in the case dfs, which also suggests that the theoretical
than what is predicted for the lowest-energy zero-K structures. Cross-sections from zero-energy structures consistently overes-
The cyclic configurations, on the other hand, have consistently timate the actual cross-sections of the linear fragments at room
high mobilities. This is in fact expected from their compact temperature.
structures and constrained flexibility compared to linear struc-  An argument in favor of a mixture of oxazolone and cyclic
tures. The large range in predicted cross-sections for the linearstructures forb, can be made in light of the broader peak in
imine structures is probably due to the combination of a highly the drift time distributions for Leu-enkephallwy, (Figure 1C)
flexible backbone around the glycine residues and the presencecompared toN-acetyl Leu-enkephalitb, (Figure 1D) under
of bulky aromatic side chains (Phe and Tyr) near the termini, identical experimental conditions. The broader peak shape of
which make an accurate prediction of the collision cross-section Leu-enkephalitb, is consistent with a mixture of structures, in
challenging. In summary, the structural assignment of the most contrast to N-acetyl Leu-enkephalinbs, where the cyclic
compacta, ions as cyclic structures and the most extended structure cannot be formed. It is also interesting that the weak
structures as linear trans imine structures is relatively convincing; feature at 127 A is consistently reproduced, although a
however, the interpretation of feature Il remains to be clarified. structural assignment could not be made yet.

Leu-Enkephalin bs. The mobility distribution of Leu- CID Activation Energy. To assess the influence of the
enkephalinb, on a cross-section scale is shown in Figure 3B. energy deposited in the CID process on the relative abundances
The procedure to derive cross-section distributions from drift of the CID product ions, the activation energy was varied from
time distributions is again the same as #ar The predicted 180 to 220 V, as shown in Figure 4A,B. At the lower activation
cross-sections and relative energies of five oxazolone and threeenergy, the fragmentation yield is low ard, dominates,
cyclic structures are displayed in Figure 3A and their average whereas at the higher activation energy other produmtsyé,
cross-sections are summarized in Table 1. The experimentallyy, andas) become competitive. This has in fact been shown in
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Figure 6. Semiquantitative potential energy diagram for the reaction
pathway for CID of linear a In this simplified diagram the relative
energies for each chemical structure are shown as a function of the
reaction coordinate, as well as the transition state energies for
interconversion. The linear imine and cyclic structures are almost
isoenergetic. The energy of the unassigned structure is not known but
‘ cannot be higher than either the linear or cyclic structures, given its

[ — Selection 3
Activation 3

high abundance. The height of the transition states are lower in energy
than the sequential dissociation to smaller CID products.

were subjected to activation (220 V) prior to injection into the
third drift tube (activations £ 3; see Figure S4). Although some
a, ions dissociated to smaller CID products, a considerable
proportion remained as unfragmented ions. It is then
interesting to see what happens to the mobilities of the selected
a4 ions as a result of the activation. This is shown for the three
selections in Figure 5A13.34 Of these selections only selection
3 can be considered a clean isolation, where no other ions are
present in the selected ion population. Note that mass isolations
B Activation 3 a, are not pqssible on this_ instru_me_nt, and as some fragment ions
have partially overlapping drift times (notabéy, by andyy;

see Figure S2) this limits their complete isolation. Upon
activation, the vast majorityi.€., 90%) of the extended linear
imine (isolation 3) is converted to higher-mobility structures,
whose cross-sections are compatible with features | and Il. In
fact, the remaining ratio of Il (10%), compared to | and I,
after selection and activation is very similar to the ratio of IlI
after CID of the precursor ion (8%). For the two other selections,
similar trends are seen, although one needs to be cautious due
to the interference from CID df,. For selection 1, the activation
results in the re-appearance of structures with reduced mobility,
prior to and after collisional activation. The drift time distribution of ~WhOSe cross-sections match those of feature Il. For selection 2,
the whole a distribution is indicated with a fine line as a reference. @ substantial re-appearance of higher-mobility structures occurs,
Note that the intensity scale has been arbitrarily normalized to allow but also some appearance of lower-mobility ions, which suggests
for a better comparison. (B) CID mass spectrum of mobility-selected g re-appearance of features | and Ill. All of these results are
&, using mobility selection 3 from above. The expecteandb ions compatible with the picture that the individual structures can
are !ndlcated, as well as the masses of other fragment ions that are les?nterconvert freely upon activation. Some readers will notice
straightforward to interpret. R .

the similarity of the above approach to spectroscopic methods

other studie&33 and does therefore not come as a surprise. On In supersonic expansions, where particular conformers are
the other hand, if one compares the drift time distributions of Selected and activated, causing them to isomerize to other
a, as a function of the activation voltage (see Figure 4C,D), conformers®

one sees that the distributions are essentially identical! The Activation of the mobility-3-selected ions yielded the CID
Boltzmann distributions of the collisionally excited ions are mass spectrum shown in Figure 5B. Some of the subsequent
expected to be broad, but as the ions exit the activation region,CID products are expected from the lineaisequence, whereas
they are quickly thermalized due to collisions with the back- others are more ambiguous to interpret (indicated by their
ground He gas (3 Torr He). As the re-thermalized ion popula- masses), as they could be assigned to either direct or nondirect
tions display the same distribution of structures, independent sequence ions.

of the activation energy for CID, this implies a complete The observed mobility shifts upon activation of lingarcan

I I 1 1 1 I
120 125 130 135 140 145
Experimental cross section distributions / A2

120 b,234
\ 177 f
a
.L. { . l J.zl _l._' Lo LI " . l ||IL|_.I.

T
100 200 m/z 300 400

Figure 5. (A1—3) Cross-section distributions of mobility-selected ions

a ;N H{

equilibration of structures prior to cooling.

Collisional Activation of Mobility-Selected lons. The

be rationalized by interconversion of the linear, cyclic and
unassigned structures. This suggests a complete isomerization

mobility-selecteda, ions at the end of the second drift tube and equilibration of the structures prior to dissociation, which
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