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ABSTRACT: Isomeric molecules are important analytes in many biological and chemical
arenas, yet their similarity poses challenges for many analytical methods, including mass
spectrometry (MS). Tandem-MS provides significantly more information about isomers
than intact mass analysis, but highly similar fragmentation patterns are common and
include cases where no unique m/z peaks are generated between isomeric pairs. However,
even in such situations, differences in peak intensity can exist and potentially contain
additional information. Herein, we present a framework for comparing mass spectra that
differ only in terms of peak intensity and include calculation of a statistical probability that
the spectra derive from different analytes. This framework allows for confident
identification of peptide isomers by collision-induced dissociation, higher-energy collisional dissociation, electron-transfer
dissociation, and radical-directed dissociation. The method successfully identified many types of isomers including various D/L
amino acid substitutions, Leu/Ile, and Asp/IsoAsp. The method can accommodate a wide range of changes in instrumental settings
including source voltages, isolation widths, and resolution without influencing the analysis. It is shown that quantification of the
composition of isomeric mixtures can be enabled with calibration curves, which were found to be highly linear and reproducible. The
analysis can be implemented with data collected by either direct infusion or liquid-chromatography MS. Although this framework is
presented in the context of isomer characterization, it should also prove useful in many other contexts where similar mass spectra are
generated.

■ INTRODUCTION
Mass spectrometry (MS) is an immensely powerful technique
capable of providing molecular-level information on species
ranging from small organic molecules to intact viruses.1,2

Despite this range of influence, an inherent limitation of MS
experiments is that analytes must differ in mass to be
distinguished. For the vast majority of analytes, this does not
present a problem, but many important biological molecules
(and many pharmaceutical molecules that interact with them)
can adopt multiple isomeric forms with vastly different
biological activities.3 Such isomers exist for proteins,4−6

glycans,7 lipids,8 metabolites,9,10 and nucleotides.11 Due to
their biological importance and difficulty with regard to
characterization, considerable effort has been exerted to
develop methods for isomer analysis.12−17

However, evaluation of isomeric molecules, which share
identical exact masses, has historically been difficult to achieve
by MS. In fact, it has been uttered at more than one conference
that “isomers cannot be analyzed by MS”. This statement is
misleading, although it is true that meaningful analysis of
isomers requires fragmentation, or MS/MS experiments, to
enable characterization. For constitutional isomers and cis/
trans double bonds, unique product ions that definitively
distinguish specific isomers can be generated by fragmentation,
although whether such fragments will be generated is not
guaranteed and depends on numerous factors.18,19 For
example, Leucine/Illeucine isomers are not typically distin-

guishable by proton-initiated fragmentation because the
respective side chains do not produce any fragments.20

However, for chiral stereoisomers, unique mass fragments
simply do not exist regardless of which bonds are broken,
meaning that differences between spectra can only exist if there
are variations in fragment intensities. Illustrative examples of
simple isomers in each class are shown in Scheme 1. In many
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Scheme 1. Illustration of Differences in Fragmentation
between Classes of Isomersa

aConstitutional isomers can have unique mass fragments (indicated
by a dashed line), whereas chiral stereoisomers cannot.
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instances, MS/MS spectra derived from stereoisomeric
molecules appear to be very similar.21,22 This shortcoming of
common collision- or electron-based techniques provided
impetus for the development of radical-directed dissociation
(RDD), which is a particularly structure-sensitive MS/MS
method that often yields highly distinct spectra for isomeric
pairs.23−25

To quantify differences between spectra obtained from
isomeric compounds, we and others have used the R-value
method.26−29 The R-value is a ratio that is derived from the
peaks that change most between two spectra while ignoring the
rest. Although R-values can be used to reliably identify isomers
with appropriate parameter selection and after calibration on
many standard samples, the statistical certainty of the analysis
remains unclear and the majority of the data is not included in
the evaluation. Many alternative methods for comparing
spectral similarity have also been previously described.30−36

For example, a common method often employed in proteomics
is calculation of the dot product or cosine similarity between
two mass spectra.37−39 This approach considers all fragment
ion masses and intensities, thus increasing the portion of data
being utilized relative to the R-value method. However, the
calculation of the dot product does not take into account the
inherent experimental factors that cause variation in ion
intensity between mass spectra (as discussed below), which
makes it difficult to ascribe an expectation outcome for
calculation of the dot product.
In the present work, we introduce a data processing

workflow that measures differences between mass spectra.
Importantly, a statistical threshold is established to determine
if variations in signal intensities exceed the expected variation
inherent to repeated analysis. Using this approach, we

demonstrate that peptide isomers can be easily distinguished
from each other using any commonly available fragmentation
method. Although changes in MS/MS spectra between isomers
may appear to be subtle, they are reproducibly generated at
much higher levels than in the typical variation observed within
replicate experiments examining the same peptide. The
method is compatible with and can be implemented for the
analysis of data derived from LC−MS (liquid-chromatog-
raphy) experiments, as illustrated by examination of a tryptic
digest of human eye lens lysate.

■ EXPERIMENTAL SECTION
Materials. Organic solvents and reagents were purchased

from Fisher Scientific and Sigma-Aldrich and were used
without further purification. FMOC-protected amino acids and
Wang resins were purchased from Anaspec, Inc. or Chem-
Impex International.
Peptide Synthesis. Peptides were manually synthesized

following an accelerated FMOC-protected solid-phase peptide
synthesis protocol.40 Following synthesis, peptides were stored
frozen at −20 °C in 50/50 acetonitrile/water (v/v). Radical
precursor peptides were prepared using a previously published
method.25

MS Analysis. All peptides were prepared in 50/50
acetonitrile/water (v/v) + 0.1% formic acid with a final
concentration of 10 μM. Peptides were analyzed on a Thermo
Fisher Scientific Orbitrap Fusion Lumos Tribrid Mass
Spectrometer equipped with a 266 nm Nd:YAG laser (Crylas,
Berlin, Germany) using direct infusion with a flow rate of 3
μL/min. The capillary temperature, RF voltage, resolution, and
spray voltage were set to 275 °C, 50−150%, 30 or 60 k, and
2.8−3.5 kV, respectively. Each series of peptide isomers was

Figure 1. CID mass spectra for IQTGLDATHAER 2+ plotted by fractional abundance in butterfly format for easy comparison. (a) Replicate CID
spectra of IQTGLDATHAER (All-L) in black and gray are almost identical. (b) CID spectra of IQTGLDATHAER (All-L) in black and
IQTGLDATHAER (D-Asp) are noticeably less similar (for example, the ordering of the 3rd/4th/5th most intense peaks changes). (c) Fractional
abundance of common ions in both IQTGLDATHAER (All-L) replicates (gray circle) is highly correlated and yields a slope with a linear fit (red
dotted line) close to 1. (d) Plotting fractional abundance of common ions in IQTGLDATHAER L/D-Asp isomers (orange circle) reveals those
that differ most (labeled in blue).
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examined under the same MS parameters and fragmented by
the same fragmentation energy and isolation window width
using collision-induced dissociation (CID), higher-energy
collisional dissociation (HCD), electron transfer dissociation
(ETD), or RDD. After the spray was stabilized with a relative
standard deviation (RSD) < 15% for the total ion count, 100
scans were collected for all experiments. The most abundant
fragment ions were extracted with in-house software. Statistical
analyses were performed with Excel.
LC−MS/MS Analysis. β-Amyloid (1−9) LC−MS data was

collected on a Thermo Fisher Scientific Orbitrap Velos Pro
coupled with an Agilent 1100 binary pump using a gradient of
solvent A (water with 0.1% FA) and B (methanol with 0.1%
FA) with a previously published method.4 Purified β-amyloid
(1−9) peptide isomers were prepared in water with 0.1% FA

and separated on a Thermo BetaBasic C18 3 μm 150 × 2.1
mm column with a standard ionization source. The LC
gradient was set to 1% B for 5 min followed by 1% B to 20% B
over 45 min with a flow rate of 0.2 mL/min. The LC/MS−MS
data for the human eye lens was collected using a Thermo
Fisher Easy nLC II using parameters as specified previously.41

Normal Data and Non-Parametric Analysis. The results
shown below all derive from one-sample t-tests, which assume
data normality. In reality, the data are not normal in all
instances, but if the sample size is high and the p-value is very
low, predictions will generally be valid. To verify this
prediction, non-parametric analysis was performed and found
to agree with the simple t-test shown below in every case.

Figure 2. Comparison of [M + 2H]2+ CID data for replicates of the same peptide versus isomeric pairs for a series of 10 sequences. (a) Fractional
abundance (FA) differences scatter above and below zero for both datasets. (b) Absolute fractional abundance differences hover above zero for
replicate data but are significantly larger for isomers. (c) Normalized absolute fractional abundance differences account for changes in peak size. (d)
Mean of normalized fractional abundance between replicates plotted for each fragmentation method. Data points are denoted with circles, with plus
signs to represent outliers.
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■ RESULTS AND DISCUSSION
To apply statistical probability to the comparison of mass
spectra, expected values must be established against which a
null hypothesis can be tested. For example, if the same sample
were examined by MS/MS twice on the same instrument
under identical conditions, we could reasonably expect the
fragmentation spectra to be quite similar, with differences
being caused by random fluctuations associated with instru-
ment performance, such as source stability, ion transfer
efficiency, detection efficiency, etc. A representative example
of replicate data is illustrated in Figure 1a for the CID
spectrum of [IQTGLDATHAER+2H]2+ where the replicate is
plotted downward at identical m/z for straightforward
reference. By visual inspection, there are no easily observable
variations between the spectra in Figure 1a. To quantitatively
evaluate variations, we could take the difference in intensity
between each peak. However, even this simple calculation
requires some consideration. For example, relative peak ratios
are much more reproducible than raw ion counts due to
fluctuations in the ionization source. However, subtraction of
relative intensities between mass spectra is problematic if the
base peak differs between spectra (which can occur for
comparison of isomers). Fortunately, this issue is easily
resolved by calculating the fractional abundance of each peak
(where fractional abundance = [peak height]/[sum of all peak
heights]). Plotting the fractional abundances from each peak in
the replicate spectra in Figure 1a yields the scatterplot shown
in Figure 1c, which illustrates that the replicate datasets are
highly correlated. To further quantify differences, the fractional
abundances for dataset 1 could be subtracted from the
fractional abundances for dataset 2. With ideal instrument
performance, the differences between replicates examining the
same sample in back-to-back experiments would all be equal to
zero. In reality, the magnitudes of these differences will be
small, with some negative and some positive, yielding an
average value near zero. Importantly, this expected value
(nearly zero) is the same for the difference between each pair
of peaks in the spectrum, making each fragment an
independent variable (or nearly independent). The simplest
explanation for why differences are not entirely independent is
that the total ion population analyzed by a mass spectrometer
under ideal conditions is a fairly consistent number. Therefore,
if fractional abundance is lost in one fragmentation channel, it
typically arises in another (if the differences are not due to
random fluctuations). Put another way, the total ion
abundance in MS/MS spectra bears resemblance to a zero-
sum game, although this behavior should not be considered or
expected to be ideal. Indeed, these considerations are entirely
consistent with the framework of unimolecular fragmentation
provided by RRKM theory, i.e., the population of different
dissociation channels is dictated by the relevant transition
states (within the inherent error of the experiment).42

In Figure 1b, corresponding CID spectra for two isomeric
versions of the same sequence are shown (IQTGLDATHAER
with either L-aspartic acid or D-aspartic acid). The spectra are
still quite similar, but visual inspection reveals some differences
in the intensity for select fragment ions. The differences are
again more apparent in the scatterplot shown in Figure 1d. If
the differences in fractional abundance are similarly calculated
as described for replicate experiments above, a greater variation
in fractional abundance differences would be observed for
some of the fragments where the isomerized residues exert

sufficient influence on the relevant transition states. However,
the average value of all differences may still be close to zero
because negative differences in one channel can be offset by
roughly equivalent positive differences in one or more other
channels due to the pseudo-zero-sum game attributes
described above.
To evaluate this model more broadly, we calculated the

differences in CID spectra for a series of replicates and isomers.
Each data series in Figure 2 represents the cumulative
differences between replicate analyses of 10 peptides (series
1−10) and differences between single analyses of the same 10
sequences in two isomeric forms (series 11−20). Individual
data points within each series indicate the difference in
fractional abundance of a given fragment between the two
spectra. The results are displayed in a box plot format in Figure
2a with all contributing data points explicitly shown. The data
scatter roughly symmetrically, with similar numbers of peaks
either gaining or losing fractional abundance for both isomers
and replicates. Furthermore, the average values are close to
zero in both cases. This behavior complicates statistical
comparison of replicate versus isomeric data sets because
both systems trend toward average values near zero, with the
primary difference being that larger deviations are observed for
comparison of isomeric spectra. It is therefore not optimal to
test the statistical likelihood that means are different when the
datasets are expected to yield similar values in both cases.
This issue can be resolved by taking the absolute value of the

difference in fractional abundance between the two spectra as
shown in Figure 2b. In the case of replicate results, the values
obtained are small and yield an average value that is positive
and close to zero. For isomeric data, significantly larger
differences and higher averages are observed. Finally, we found
that it is optimal to normalize absolute differences to the
average value of the absolute fractional abundance of the
fragments from both spectra. This normalization is rooted in
the premise that the percent change in each peak height best
reflects the contribution of each peak to differences in the
overall spectrum and balances the influence of changes in
intensity between small and large peaks. Normalized data are
illustrated in Figure 2c for both isomer pairs and replicates.
In the case of isomeric data sets, some subset of fragments

are likely to exhibit larger differences in fractional abundance
than would be expected from replicate datasets due to the
influence of the isomeric structures on the fragmentation
process itself (the largest of these deviations would have
previously been utilized in the R-value approach discussed
above).25 All fragmentation channels that vary by more than
the expected instrumental variation will cause the average
difference in fractional abundance to be larger than that
obtained from replicate experiments. The statistical likelihood
that isomeric data differs from replicate measurements can be
determined by calculating a p-value. Individual replicate and
isomer difference datasets (where the replicate is simply a
repeat experiment for one of the isomers) can be compared
directly with a two-sample t-test. Alternatively, a more general
approach employs a one-sample, one-tailed t-test against a
hypothesized mean, which can be obtained from a series of
replicate experiments collecting data from a variety of different
peptides, as shown in Figure 2d. To implement this approach,
we set the hypothesized mean for each dissociation method to
be the average plus 3 standard deviations for each dataset
shown in Figure 2d. This approach provides a conservatively
high value for the hypothesized mean.
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Potential Factors That Influence Reproducibility. A
number of instrument parameters could potentially influence
the reproducibility of MS/MS spectra, ranging from voltages in
the source region to resolution to various fragmentation
parameters. If experiments are being conducted to identify
isomers, all controllable parameters should be kept at identical
values whenever possible. Furthermore, to offset the likelihood
of influence from other factors typically outside instrument
control (such as relative humidity or ambient temperature),
experiments should be conducted on the same day or within
the nearest temporal proximity that is feasible. However, to
explore the likelihood that changes in instrumental parameters
might yield false positives, we conducted replicate experiments
where a range of experimental parameters were intentionally
altered. The results are shown in Table 1. Although the average

means are influenced by such changes, the differences are
typically much smaller than those observed when isomeric
spectra are compared. This allows conservative values to be
used for the hypothesized mean, which greatly reduces the
probability of false positives. On the other hand, if all
conditions are strictly controlled and experiments conducted
back-to-back, we note that our method could theoretically be
used to identify changes in instrumental parameters if very
strict hypothesized means were employed.
The data in Figure 2 also make it clear that spectral

reproducibility is dependent on the analyte itself. Although
means from replicate experiments are all close to zero, they are
not identical despite being individually reproducible. To use
peptides as an example, the amino acid composition (including
acidity/basicity, hydrophobicity, modifications, etc.), length,
concentration, charge state, matrix (i.e., solvents, solvent ratios,
other additives),43 and purity among others may all potentially
influence the reproducibility of dissociation.
Number of Scans and Statistics. To examine the

influence of ion count on spectral reproducibility, we
conducted experiments where we modified the automatic
gain control to modulate the initial ion population. The results
are shown in Figure S3, where ion count is plotted versus the
observed mean (calculated as described above). Importantly,
the mean exhibits a wide region of stability, comprising several
orders of magnitude range of variation in the ion count before
exceeding the means in Figure 2. These results suggest that
analysis will not be extremely sensitive to variations in the
source, but we suggest that ideally experiments be conducted
with total ion count fluctuations within a factor of 10. The
number of scans that are averaged for any dataset will also
directly influence the size of the calculated mean. For direct

Table 1. CID Spectra Collected with Intentional Changes to
Various Instrument Parametersa

original
parameter

changed
parameter

observed
mean

smaller isolation window 5 Da 1.5 Da 0.054
ion trap isolation quadrupole

isolation
ion trap
isolation

0.019

lower RF% 150% 50% 0.019
lowering spray voltage 1700 V 1300 V 0.013
add source-induced
dissociation

SID = 0 V SID = 30 V 0.012

higher CID energy CID = 23 CID = 30 0.079
lower CID energy CID = 23 CID = 19 0.223
higher resolution R = 60,000 R = 240,000 0.047
aThe mean differences are relatively unaffected by most parameters
except changing the collisional activation energy (bolded text).

Figure 3. Calculated means for a variety of peptide isomers. P-values were determined by a one-sample t-test against a hypothesized mean (red
dotted line) as described in the text. Results are binned by charge state and fragmentation method (a) CID, (b) HCD, (c) ETD, and (d) RDD. All
isomer pairs can be differentiated by any fragmentation method (*p < 0.05, **p < 0.01, ***p < 0.001).
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infusion experiments, 50 scans or more are suggested (though
typically we found no improvement over 100 scans). For LC−
MS experiments, all available scans should be used, but the
number of scans between comparisons must be equal, and the
number of scans used to set the hypothesized mean must
match the subsequent isomer comparisons.
Having explored factors likely to influence our analysis, we

next tested a variety of peptides with different fragmentation
methods. The results are shown in Figure 3. Each bar
represents the calculated mean for an isomeric peptide pair.
The hypothesized mean, as determined from replicate
experiments as described above, is shown by the red line for
each MS/MS method. The p-value for the difference between
the calculated mean and the hypothesized mean is indicated by
stars above each bar. Importantly, many classes of isomers were
examined within this set, including L/D alanine, which
represents the smallest isomeric change that can be produced
in a peptide. All four aspartic acid isomers, L/D glutamic acid,
leucine/isoleucine, and L/D serine were also examined,
representing some of the most common isomers encountered
in biological samples. All of the dissociation methods are able
to identify these isomers, and the probabilities that the data
could be consistent with replicate results are generally very
small (typically p-values < 0.001). Previous results based on R-
value calculations have indicated that RDD provides the
greatest structural sensitivity for isomer disambiguation by
dissociation.25 The results in Figure 3 also show that RDD
yields consistently high differences with the mean difference
approach. CID also affords high selectivity for some peptides,

although other peptides yield more similar spectra and with
lower overall differences relative to replicates. Importantly, all
peptides that we tested could be distinguished by CID. ETD
also enables excellent differentiation, although the usual
limitations in terms of suitable charge states will apply (i.e.,
+1 ions cannot be analyzed). Perhaps most surprising is the
observation that HCD provides robust isomer identification
despite the fact that the fragmentation spectra do not vary
greatly between isomeric pairs (i.e., the observed mean
differences are typically small. However, since HCD tends to
yield fragment-rich spectra, the statistical confidence that small
differences are robust is generally high. For one peptide pair,
VAGILLK/VAGLLIK in the 2+ charge state, HCD could not
distinguish them as isomers. This was the only failure we
observed, and the same isomers were distinguishable by HCD
in the 1+ charge state. Overall, the results in Figure 3 suggest
that with direct infusion experiments, identification of isomeric
pairs by mean difference should be highly robust.
The results in Figure 3 demonstrate that isolated isomers

can easily be distinguished from each other by many MS/MS
methods, but frequently isomeric species may be found in
mixtures that are not easily separated. To evaluate whether our
calculated means could be used to determine the fraction of
each isomer present in a mixture, we collected data for
calibration curves as shown in Figure 4. In each case, the plots
of calculated mean versus percentage of one isomer yield
highly linear fits. Furthermore, the slope of the lines relative to
the reproducibility of replicate measurements suggests that
compositions could be easily determined to within 5%.

Figure 4. Calibration curves for observed means versus isomer composition for duplicate experiments (blue or purple circles). Highly linear results
are observed for all 4 sets of peptide isomers: (a) YAFGYPK (L- and D-Ala), (b) FAEDVGSNK (L- and D-Asp), (c) HFSPEDLTVK (L- and D-Glu),
and (d) TVLDSGISEVR (L- and D-Ser8).
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Previous attempts to use MS/MS data for calibration curves
have generated non-linear results28,44 or required manipulation
of the ratios to generate linear curves.45 The results in Figure 4
are further confirmation that mean differences in fragmentation
spectra (calculated as described above) quantitatively reflect
variation between isomeric peptides and that these differences
are extremely reproducible.
Application to LC−MS Data.Many aspects of an LC−MS

assay differ from those employed for direct infusion experi-
ments, including limited time for examining any given analyte,
a solvent composition that can change with time, and the
presence of competing ions. These differences require the
recalculation of hypothesized means, as those determined by
direct infusion will not be applicable. Furthermore, variations
in the results between multiple LC−MS runs may be larger
than differences between direct infusion experiments,46,47

which complicates the possibility for calculating a generic
“LC-hypothesized mean”. Fortunately, given that LC−MS runs
typically involve the analysis of complex mixtures, they should
generally contain sufficient data to allow estimation of the
hypothesized mean within a single dataset. To illustrate this
concept, we collected LC−MS data from a simple mixture of
Aβ(1−9) isomers (All-L, L-isoAsp1, L-isoAsp7, and L-isoAsp1 +

L-isoAsp7). The chromatogram is shown in Figure 5a, where
all four isomers are nicely resolved. To establish the
hypothesized mean, we must determine the reproducibility of
the CID spectra in this data. Each single peak is divided
vertically, and the CID spectra from the leading and trailing
edges are compared as illustrated in Figure 5b. Sample CID
spectra from peak A are shown in Figure 5c. The calculated
means from each single peak are used to generate the
hypothesized mean as shown in the central table in Figure 5.
This hypothesized mean can then be used to compare the
central portion of each peak to the other isomeric forms as
illustrated in Figure 5d. An example of the isomeric CID data is
shown in Figure 5e. Finally, the results are summarized in
Figure 5f, where it can be observed that all combinations of
isomer peak comparisons yield high mean differences relative
to replicates and low p-values.
A similar approach can be applied to more complex LC−MS

data. Shown in Figure 6 are results from a tryptic digest of
crystallin proteins from a human eye lens. In a “real-world”
sample such as this, determination of the hypothesized mean
requires additional consideration because the identity and
location of isomers within the data are not known. First,
identified peptides are checked for multiple elution times. If

Figure 5. Workflow for identifying isomers with illustrative LC−MS data for Aβ(1−9) L- and L-isoAsp isomers. (a) Number of MS2 scans in each
isomer dictates the scans required to determine the hypothesized value for statistical analysis. Peak D has the least number of scans (144 scans), (b)
thus 72 scans would be extracted from both shoulders. (c) In the absence of coelution, the MS2 spectra are very similar and (d) can be used to
determine the hypothesized mean for the data set. (e) 72 scans from the middle of each peak are compared against every other peak. (f) MS2
spectra from Peak A and Peak B, illustrating greater differences in fragmentation pattern. (g) Statistical analysis results are summarized and show
that all 4 isomers can be identified.
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multiple peaks in the chromatogram are found, it is most likely
that the peptide is isomerized and that each peak corresponds
to at least one isomeric form. However, it is also possible that
some isomers do not elute in discernably separate peaks,
meaning that additional isomers may be hidden within single
peaks (or within one peak of a group where some isomers were
separated). These possibilities are outlined graphically in
Scheme 2 for clarification.

To set the hypothesized mean difference, we calculated
differences between all the multiple peaks (likely isomers) and
compared those values to the mean differences from the
leading and trailing edges of the single peaks (many of which
are not likely to be isomers). The results are shown in Figure
6a. For the most part, the differences from single peaks are all
lower than those observed for different peaks. This is
consistent with most of the single peaks representing a single
peptide. However, there are some individual peaks with means

Figure 6. Tryptic digest of 59-year-old human eye lens crystallin with cataract. (a) Bar graph displays the calculated means for single peaks (blue)
and for different peaks (orange). The hypothesized mean for this LC−MS/MS data was set to 0.06 (red dotted line) as described in the text. (b)
Stacked bar graph showing the total numbers of assignments as a function of peak type. (c) LC chromatogram with non-isomers (p > 0.05) in blue
and confirmed isomers in red (p < 0.05). (d) Unconfirmed isomers (different peaks, p > 0.05) are shown in pink and the isomers within coeluting
peaks (p < 0.05) are shown in light blue. Examples of each type of peak comparison are on the right side of (b,c).
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that are similar to some values obtained from different peaks.
We therefore set the hypothesized mean difference to the
upper quartile of the distribution for the single peak differences
(0.08) for the purposes of statistical testing. The results after
applying statistical testing to the entire dataset are shown in
Figure 6b−d. Single peaks that do not likely contain isomers
are shown in blue in Figure 6c, while isomers eluting in
different peaks and confirmed by MS/MS data are shown in
red. In Figure 6d, two additional classes are reported. A few
peptides eluting in multiple peaks did not yield statistically
significantly different CID spectra (pink peaks). Most likely,
this occurs due to the reduced averaging and higher spectral
variability inherent with LC−MS (relative to direct infusion),
combined with low overall isomer discrimination capability of
CID. It is possible that RDD or another fragmentation method
might discriminate these isomers with LC−MS. However, CID
was able to confirm the presence of several additional isomers
that appeared to elute as single peaks, but where statistical
comparison revealed differences across the elution profile.

■ CONCLUSIONS
We have demonstrated that, surprisingly, isomeric peptides
including examples of the most difficult cases can be easily
distinguished by any MS/MS method by statistical comparison
of differences in intensity among common fragment ions. It is
clear that even subtle structural changes caused by isomer-
ization are sufficient to alter the population of various
dissociation channels well above typical reproducibility thresh-
olds. This analysis can be implemented with both direct
infusion and LC−MS experiments, and it is amenable to
quantitation of binary mixtures. Although we have geared the
present work toward analysis of isomers, the same method may
be useful for comparing similar mass spectra in other contexts.
For example, the method may be useful for normalizing
collisional activation between instruments, comparing the
similarity of common fragment ions in proteomic analyses,
evaluating the influence of structure on dissociation, among
many other possibilities. Furthermore, it is clear that with
advances in modern instrumentation, even apparently subtle
differences in mass spectra may be highly reproducible and
contain important information.
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