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Abstract

Covalent labeling and mass spectrometry (MS) are increasingly used to obtain higher order
structure of proteins and protein complexes. Because most covalent labels are relatively large,
steps must be taken to ensure the structural integrity of the modified protein during the labeling
reactions so that correct structural information can be obtained. Measuring labeling kinetics is a
reliable way to ensure that a given labeling reagent does not perturb a protein’s structure, but
obtaining such kinetic information is time and sample intensive because it requires multiple liquid
chromatography (LC)/MS experiments. Here we present a new strategy that uses isotopically
encoded labeling reagents to measure labeling kinetics in a single LC/MS experiment. We
illustrate this new strategy by labeling solvent exposed lysine residues with commercially
available tandem mass tags (TMTSs). After tandem MS experiments, these tags enable
simultaneous identification of modified sites and determination of the reaction rates at each site in
a way that is just as reliable as experiments that involve multiple LC/MS measurements.

INTRODUCTION

Mass spectrometry (MS) has emerged as a valuable tool for studying the higher order
structure of proteins and protein complexes, especially in instances in which more
commonly used methods, such as NMR and X-ray crystallography, are not suitable due to
protein size, conformational flexibility, aggregation propensity, and/or limited sample
quantity. Typically, to obtain protein 3D structural information, MS is combined with H/D
exchange,1-10 cross-linking,11-21 covalent labeling,22-30 or noncovalent labeling31-33 to
encode structural information into the mass of the measured protein (or peptide fragments).
Covalent labeling combined with MS has seen increased interest in recent years because it
provides information about side chain solvent accessibility and is therefore particularly
valuable for studying protein-protein interfaces.24:34-42 In addition, as compared to H/D
exchange and cross-linking, reliably identifying modified protein sites is experimentally
straightforward. Usually, fewer sites on proteins are modified by covalent labeling reagents
than in H/D exchange; however, the use of hydroxyl radicals23-28:38-42 or other general
modification reagents, such as diethylpyrocarbonate (DEPC),34-37:43.44 enable a higher
percentage of a protein to be probed and therefore a greater effective “resolution” to be
obtained.

Structural information obtained from covalent labeling is reliable, though, only if the
structural integrity of a protein is preserved during the reaction. Because most covalent
labels are relatively large compared to deuterium, for example, they can potentially distort a
protein’s structure upon reaction. Consequently, appropriate checks are required to ensure
that the labeling reaction preserves the protein’s structure and thus provides reliable
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information. Several methods, such as circular dichroism (CD) spectroscopy, activity assays,
and fluorescence spectroscopy, have been used to check protein structure; however, these
methods are often not sufficient for monitoring the effect of modification on protein
structure because they report on either global structure (e.g. CD) or only a few regions of the
protein (e.g. fluorescence spectroscopy and activity assays). Previously, we have
demonstrated that dose-response curves can be used to reliably detect protein structural
changes anywhere in the protein.34 Such plots involve measuring the extent of modification
at each labeled site to determine labeling kinetics. Measuring the kinetics of the labeling
reactions provides a very sensitive way to monitor any modification-induced structural
changes caused by the covalent labels.

While this method is a sensitive and site-specific indicator of protein structural integrity, it
requires multiple LC/MS measurements to establish reliable kinetics and therefore can be
laborious and sample intensive. Here, we present a new approach based on isotopically
encoded reagents that allow labeling kinetics to be measured at each site in a single LC/MS
experiment, thus providing a faster and less sample intensive way to ensure protein structure
integrity. To demonstrate this new approach, we employ commercially available tandem
mass tags (TMTs),4:46 which are commonly used in MS-based quantification experiments.
The tags react with lysine residues and the N-terminus, providing a good probe of protein
surface structure. Importantly, they contain isotopic reporter groups that are liberated during
either collision induced dissociation (CID) or electron transfer dissociation (ETD)
experiments and can be used to quantify modification extent. In effect, the TMTs allow
simultaneous identification and quantification of covalent labeling sites and therefore allow
us to produce entire dose-response curves in a single LC/MS experiment.

EXPERIMENTAL SECTION

Materials

Immobilized chymotrypsin and triethylamine acetate (pH 8.0) were purchased from
Princeton Separations (Adelphia, NJ, USA). Human B-2-microglobulin (32m) was obtained
from Lee Biosolutions, Inc. (St. Louis, MO, USA). Triethylammonium bicarbonate (TEAB),
50% (w/w) hydroxylamine, iodoacetamide, tris(2-carboxyethyl)phosphine (TCEP), and
equine skeletal muscle myoglobin were obtained from Sigma-Aldrich (St. Louis, MO,
USA). The sixplex Tandem Mass Tags (TMTs) reagent kit and TMTzero™ (TMT?Y) labeling
reagent were purchased from Thermo Scientific (Rockford, IL, USA). Methanol,
acetonitrile, and acetic acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
Centricon molecular weight cutoff (MWCO) filters were from Millipore (Burlington, MA,
USA). Deionized water was generated with a Millipore (Burlington, MA, USA) Simplicity
185 water purification system.

Sample Preparation and Reaction Conditions

The TMT? modification reagent, which has no isotope substitutions, was used to optimize
and validate the reaction conditions that were eventually conducted with the TMTsixplex™
(TMTS) reagent set. The TMT reagents (TMTO or TMT®) were first dissolved in acetonitrile.
Proteins (2 uM) were then covalently modified with the TMT reagents at varying
concentrations (0.04 — 0.24 mM) in a 20 mM TEAB solution at pH 7.4. The reactions were
then quenched after 1 min (myoglobin) or 10 s (82m) by adding a hydroxylamine solution (5
wt % in 200 MM TEAB). Before proteolytic digestion, the modified proteins were purified
using a 10,000 MWCO filter. B2m, which has a disulfide bond, was reacted with TCEP
(protein: TCEP=1:40 molar ratio) to reduce the disulfide bond. lodoacetamide was added
simultaneously at room temperature for 30 min in the dark to alkylate the reduced Cys
residues.3® Both $2m and myoglobin were incubated with 10% (vol/vol) acetonitrile at 50
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°C for 45 min prior to digestion. The resulting samples were then digested by immobilized
chymotrypsin (enzyme/substrate ratio of 1:10) at 37 °C. After 2 h, the reaction mixture was
centrifuged for 2 min at 9000 relative centrifugal force to separate the enzyme from the
protein. Digestions after the parallel reactions with the TMTS reagents were done in parallel
and then pooled for immediate analysis by LC-MS/MS.

Instrumentation

The MS analyses were carried out on a Bruker AmaZon (Billerica, MA, USA) quadrupole
ion trap mass spectrometer, which is equipped with an electrospray ionization source.
Typically, the electrospray needle voltage was kept at ~4 kV, and the capillary temperature
was set to 250 °C. Either collision-induced dissociation (CID) in the PAN™ mode or
electron transfer dissociation (ETD) was used to obtain tandem mass spectra. Because CID
on quadrupole ion traps typically suffers from a limited product ion range, the reporter ions
from the TMT® reagents are often not measurable for larger peptide ions during standard
CID experiments. To overcome this limitation, we used the panorama (PAN™) mode to
enable lower m/z ions to be observed in the CID spectra. The PAN mode works in a way
that is comparable to the pulsed Q dissociation*’ and HASTE*® methods described
previously. For the CID PAN™ mode, the activation was set to 70%, and the low CID cutoff
was set to 17%. For the ETD experiments, fluoranthene radical anions were used with an
accumulation time of 10 ms. Low m/z cutoff (LMCO) values ranging from 50 to 100 and
reaction times ranging from 50-180 ms were used. The MS and MS/MS scan ranges were
100-3000 m/z unless otherwise stated. An HP1100 HPLC system (Agilent, Wilmington,
DE, USA) with a Discovery Cqg column (15 cm x 2.1 mm, 5 ym particle size; Supelco, St.
Louis, MO, USA) was used for HPLC analysis. Peptide fragments from the proteolytic
digests were eluted using a linear gradient of methanol containing 0.1% acetic acid that
increased from 10% to 100% methanol over 30 min at a flow rate of 0.25 mL/min.

RESULTS AND DISCUSSION

Previously we have demonstrated that dose-response plots are reliable ways to ensure the
structural integrity of a protein during covalent labeling reactions. These plots rely on
measuring the modification rates of individual peptide fragments and looking for deviations
from linearity as a way to indicate the range of label concentrations that maintain a protein’s
structure. The reaction of a covalent label with a protein follows second-order kinetics under
the conditions we typically use34 and can be described by equation 1, where [P]y is the
initial unmodified protein concentration, [X]g is the initial covalent label concentration, [P]
is the unmodified protein concentration at time t, [X] is the labeling reagent concentration at
time t, and k is the second-order rate coefficient. Typically we use a constant reaction time,
and hence, a plot of ™[ x| [ P], will result in a straight line if the protein’s structure remains
unchanged over a range of reagent concentrations. Deviations from linearity indicate a
change in protein structure, as hypothetically illustrated in Scheme 1. In our usual protocol,
we react a given protein with at least six different concentrations of the covalent labeling
reagent, with three replicates at each concentration. Therefore, a minimum of 18 HPLC-MS
runs are conducted.

%:_m[xmktmo @)

in

While this approach is very effective for finding reaction conditions that ensure protein
integrity and the measured rates provide quantitative insight into the solvent accessibility of
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a given residue, this approach is very time consuming. Consequently, we hypothesized that
parallel reactions of different concentrations of isotopically encoded reagents could
dramatically shorten the time frame of our approach by minimizing the number of LC-MS
runs. Scheme 2 shows the experimental steps to implement this isotopic labeling method: (a)
each isotopically encoded reagent is reacted at a different concentrations with the protein
under otherwise identical conditions; (b) the resulting products are digested, pooled together,
and analyzed by LC-MS/MS; and (c) the ion abundances of the different m/z that arise from
the isotopically encoded reagents are used to generate a dose-response plot that helps ensure
the structural integrity of the protein.

To explore the feasibility of this idea, we investigated tandem mass tags (TMTS) as the
isotopically encoded covalent labeling reagents. TMTs comprise a set of structurally
identical tags that mainly label the free N-terminus and lysine side chains (Scheme S1 in the
Supporting Information). After the labeling reaction, the protein and eventual peptide
digestion products will have a mass shift for every TMT molecule that is added. The
isotopically encoded regions of the molecule that carry the information necessary to
generate the dose-response plots are measured at the MS/MS, not MS, stage of the
experiment, meaning that the pooled solution-phase reaction products give rise to the same
m/z ratio for the labeled peptides (Scheme 2 (c)). A common measured m/z product ion
during the MS stage of the experiment avoids diluting the ion signal across multiple reaction
products and ensures co-elution of the products. During MS/MS, dissociation of the
modified peptides from the pooled reactions gives rise to reporter ions at different m/z ratios
whose relative ion abundances contain information about the extent of reaction with the
different label concentrations and can be used to generate the dose-response plots (Scheme 2
(c)). The TMTs have been designed to give rise to product ions in a m/z region that is
typically devoid of peptide product ions.

The ability of the TMT reagents to enable accurate dose-response plots to be constructed
was tested using the TMT sixplex (TMT®), which has five isotopic substitutions per tag (see
Scheme S1 (c) in the Supporting Information). These labeling reagents give a mass increase
of 229 for every TMT that is added and generate reporter ions at m/z 126 through m/z 131
for CID and m/z 114 through 119 for ETD (Scheme S1 (c)). The relative abundances of
these reporter ions are used to measure the modification rate of a given labeled amino acid
(in a given modified peptide) and determine the reagent concentrations that ensure the
structural integrity of the protein.

To simplify data analysis, the TMTs were reacted with proteins of interest under pseudo-
first order conditions (equation 2) in which the isotopically encoded labeling reagents had
concentrations that exceeded protein concentrations by at least 20 times.

[P]
[Pl

Using the ion abundances for the unmodified (I,nmodi) and modified (Imqqi) peptides,
equation 2 can be converted to equation 3.

in

=—k't, K =k[X], @

Lunmods
In——vmmodt il TMT .
I unmodit I modi [ ]0 (3)

If only one isotopomer of the TMTs is used, | nmodi @nd Imqgi are easily determined from the

I unmodi

mass spectrum, and a plot of Z“I vs [TM T}y would give a straight line when

unmodi +Imodi
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the protein’s structure remains unchanged and would deviate from linearity at high
concentrations when the protein’s structure changes. If all six TMTs are used in parallel
reactions and the digested products are mixed for LC-MS analysis, then the data analysis is
slightly more complicated. The ion abundances of the unmodified (i.e. 1 ;nmodi) Peptide
cannot be directly related to each TMT label because it carries no information about the
reaction solution from which it came. The modified peptide ion abundance (i.e. lyogi),
however, does contain the necessary information, but it is not revealed until the modified
peptide is dissociated during MS/MS (Scheme 2(c)). As an example, the extent of
modification for the TMT that gives rise to a product ion at m/z 126 for CID can be
determined by equation 4, where i, indicates the ion abundance of each reporter product ion.

1126 _ytotal % il

mods modi (21+’LQ+’L;+’L4+’LG+Z()) (4)

If we assume that the total peptide amount is the same in each of the parallel modification
reactions, then equation 5 can be used together with equation 4 to generate equation 6.
Assuming the peptide amounts are identical is reasonable because each reaction is done with
identical protein concentrations, and the proteins are digested under identical conditions.

total +It0tal

[1113(;” it I}n?(?d = unmodz3 modi (5)
total total ;
1'126 = ’11,71,7r1,()d7:+‘[7n,od’/? o totg{ % (2 (6)
unmodi 6 modi (21+22+Z;+Z4+25+Z())

We can then use equations 4, 5, and 6 to arrive at an expression (equation 7) that uses the
measured product ion abundances to determine the percentage of the modified peptide that
forms by reaction of a given TMT label.

total :
[P] —1-6 x I % tz
[total +It0tn,l (21—|—ZQ+Z§—|—’L4—|—Z5+Z6)

[ ] 0 unmodi modi

M

Putting this into a pseudo first-order reaction expression leads to equation 8.

Jrova )
In |1-6 x modi X < =kt[TMT
n Itotal +Itatal (i1+i2+i3+i4+i5+i6) [ }O (8)

unmodi modi

If equation 8 is then plotted as a function of the concentrations used in each individual TMT
reaction, a dose-response plot will be created. In this plot a straight line will be obtained for
the range of TMT concentrations over which the protein’s structure remains unchanged, just
as in the previous approach for constructing dose-response plots.34 The protein’s structure is
distorted when the plot deviates from linearity.

The suitability of this isotopic encoding approach was initially tested with the protein -2-
microglobulin (B2m). In parallel reactions, the protein (2 uM) was reacted with 0.04 mM,
0.06 mM, 0.08 mM, 0.10 mM, 0.12 mM, and 0.16 mM of the TMT sixplex reagents, with
the reagents having the more massive reporter ions (see Scheme S1) used at increasingly
higher concentrations. After the 10 s reactions were completed, the protein was digested,
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pooled and analyzed by LC-MS/MS to identify the modified sites and determine the rate of
modification. As an example of the data that is obtained, Figure 1a shows the CID mass
spectrum of the peptide fragment SRHPAENGKSNF, which was found to be modified at
Lys19. The inset of Figure 1a shows the relative abundances of the reporter ions as centroid
spectra because such centroid spectra more accurately indicate ion abundances. The ion
abundances of these reporter ions are then plugged into equation 8 to produce a dose-
response plot for this peptide (Figure 1b). At TMT concentrations equal to or below 0.10
mM, a linear relationship is observed, suggesting that the protein’s structure is maintained
during the covalent modification reactions at these lower concentrations. Deviations from
linearity occur at TMT concentrations above 0.10 mM, which implies that the protein’s
structure is distorted at these higher TMT concentrations. The rate coefficient, ; obtained
from these data is 0.8 + 0.1 s71. The plotted values that result in this reaction rate coefficient
are included in Table S1 of the Supporting Information.

To validate the data obtained with this isotope encoding method, we reacted 2m with the
same six concentrations of the non-isotopically enriched TMT reagent (i.e. TMT9) and
carried out separate LC-MS/MS analyses for each reaction concentration. Figure 2 is the
resulting dose-response plot for the same peptide in Figure 1 (i.e. SRHPAENGKSNF).
Because the reaction products from each concentration are analyzed by separate LC-MS
experiments, the much simpler equation 3 is used to generate the plot in Figure 2. The
results in Figure 2 are in very good agreement with the results shown in Figure 1. At TMT
concentrations equal to or below 0.10 mM, a linear relationship is observed, and deviations
from linearity occur at TMT concentrations above 0.10 mM. Moreover, the rate coefficient
(k=0.7 £ 0.1 s71) is essentially identical for this peptide. The plotted values for each TMT
concentration are included in Table S2 of the Supporting Information.

While the isotopic encoding approach appears to be valid for at least one modification site
on f2m, confidence in this approach requires that all labeled sites be validated. A
comparison of the data for all the sites, however, was made challenging by an unexpected
interfering product ion at m/z 129 that is observed in the CID spectra of several peptides.
We found that peptides with an unmodified lysine residue generate a product ion at m/z 129
that overlaps with one of the reporter ions from the TMT® set of reagents. The result is that
the ion abundances of the reporter ions from CID could not be confidently used in some
cases. The CID spectrum of the peptide fragment KNGERIEKVEHSDL, modified at Lys41,
illustrates this fact (Figure 3). This peptide has two lysine residues that can both be
modified, and each modified form is separated by LC. CID of the peptide modified at Lys41
by the TMT® set of reagents reveals reporter ions in the expected m/z region (inset in Figure
3(a)); however, the ion at m/z 129 peak has an unexpectedly high abundance relative to the
other reporter ions. Upon observing the unexpectedly high abundance of m/z 129, we
surmised that the ion at this m/z ratio might be a mixture of the reporter ion at m/z 129 and
another interfering product ion at the same m/z. Indeed, m/z 129 is a common low mass
product ion found in the CID spectra of lysine-containing peptides, and the presence of the
unmodified Lys48 might lead to this product ion. CID of the same peptide
(KNGERIEKVEHSDL) labeled at Lys41 with the TMTO reagent confirms that the
interfering ion does not arise from the modification reagent (Figure S1(b) in the Sl), as the
TMTO reagent should only produce a reporter ion at m/z 126. The product ion at m/z 129 is
even generated after CID of the unmodified peptide (Figure S1(a) in the SI), which further
establishes that this ion is not caused by the TMTS reagent. Overall, we found the interfering
ion to arise in peptides containing two or more lysine residues, with one or more of the
lysines remaining unmodified.

The solution to the problem caused by this interference ion is to dissociate the modified
peptides via ETD. The effectiveness of this solution is exemplified in the ETD spectrum of
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the same peptide (i.e. KNGERIEKVEHSDL) modified at Lys41. The inset in the figure
shows the reporter ions at m/z 114 through m/z 119. No interfering ions appear in the
reporter ion range of this spectrum or the ETD spectrum of the unmodified peptide (data not
shown). Thus, ETD can provide interference free data. If ETD or ECD is not available for
dissociation, an alternate approach would be to modify the remaining free Lys residues with
a Lys specific reagent before analysis to avoid the CID produced m/z 129 ion.

Using ETD to dissociate the peptides with interfering ions and CID to dissociate all other
peptides, the isotope encoding method can now be validated for all eight labeled sites in
2m. Indeed, Table 1 shows good agreement between the rate coefficients obtained by the
more labor intensive TMTO analysis (TMTO column in Table 1) and the 6x faster TMT®
analysis (TMT®/CID or TMTS/ETD columns in Table 1).

While ETD avoids the interference ion that complicates data analysis in the TMT® labeling
experiments, the longer dissociation times required during the ETD experiment can limit the
number of mass spectra that are obtained as an LC peak elutes. This longer duty cycle makes
it challenging to analyze peptides with low levels of modification or low ion abundances.
For example, the peptide fragment GLSDGEWQQVL, which is labeled at the N-terminus,
has a low ion abundance when modified by the TMT® reagent. As such, the ETD spectrum
does not provide a complete collection of reporter ions (Figure 4a). To increase the effective
signal for peptides like this one, we investigated shortening the quadrupole ion trap scan
range used in these experiments to obtain more spectra during the same amount of time, and
thus obtain higher quality spectra. Instead of acquiring data from m/z 100 to 3000, we
explored whether a shorter scan range (i.e m/z 100 to 150) would improve the signal in the
reporter ion region. This shorter scan range increases the number of spectra acquired per unit
time by at least a factor of 2 and thus provides better ion statistics and more reliable reporter
ion information (Figure 4b). A drawback of this approach, however, is that two LC-MS/MS
runs are needed; one to identify the labeled residues using a broader scan range and a second
to obtain the reporter ion information necessary to construct the dose-response plots for the
sites that are modified to a minor extent. As Table 1 shows the shorter scan range provides
excellent rate coefficient data that is comparable to the more involved analysis with the
TMTO reagent.

To demonstrate that this isotope encoding method can work with another protein, we also
investigated the covalent labeling of myoglobin. The results for this protein are also listed in
Table 1. In comparing the results from the more involved TMTO experiment, which requires
six LC-MS/MS runs per experiment, and the TMTS experiment, which requires one (or two)
LC-MS/MS runs per experiment, we find very good agreement in the dose-response plots
for myoglobin, as indicated by the measured rate coefficients. To emphasize the time and
sample savings involved in the isotope encoding approach, it should be noted that a total of
18 LC-MS/MS runs each were required to obtain the TMTO results for myoglobin and p2m,
while only three LC-MS/MS runs each were required to obtain the TMT® results. Together
the data for these two proteins indicate both the robustness and greater efficiency of this
approach.

Finally, it should be noted that while TMT reacts most readily with N-termini and lysine
residues, it can also modify other residues, such as serine, threonine and tyrosine residues. In
fact, we found that at higher TMT concentrations some serine and tyrosine residues were
modified. In each case, though, these residues were modified at TMT concentrations that
were too high to be useful as they were modified under conditions in which the protein’s
structure had been distorted. Interestingly, CID and ETD both produce the same set of
reporter ions for these modified residues as they do for lysine. It is quite possible that for
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other proteins serine, threonine, and tyrosine residues could be modified in a structurally
informative way, thereby increasing the information available with the TMT reagent.

CONCLUSION

We have developed a new strategy for ensuring protein structural integrity during covalent
labeling reactions. Our new strategy uses isotopically encoded covalent labeling reagents to
simultaneously investigate the range of covalent labeling reagent concentrations that will
provide information about the surface structure of the protein while avoiding modification-
induced structural changes. To illustrate this new strategy, we used tandem mass tags
(TMTSs) to isotopically encode the desired reactivity information. In using the TMTs, MS/
MS is used to generate reporter ions that provide a readout of a given site’s reactivity with
the covalent labeling reagent. This new approach is faster and requires less sample than
previous approaches based on dose-response plots. We have validated this new approach by
comparing the isotope encoding method to another more time-consuming method of
ensuring protein structural integrity and found that the new approach provides comparable
results. In addition, we find that both CID and ETD can generate the required reporter ions.
In cases where a peptide fragment contains an unmodified lysine residue, though, ETD
provides more reliable data by avoiding the formation of an interfering ion. Overall, this
new strategy represents a faster and more efficient way to ensure the accuracy of covalent
labeling/MS experiments. We envision that this strategy could be used with other covalent
labeling reagents that are isotopically labeled and could be used in a different format where
MS, instead of MS/MS, is used to provide a readout of the modification reactivity.
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Refer to Web version on PubMed Central for supplementary material.
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(a) CID tandem mass spectrum of the [M+4H+TMT®]** ion of the peptide fragment
SRHPAENGKSNF, acquired using the PAN mode (see experimental section for details). A
series of unmodified b ions from b, to bg, modified bg b1g and b14 ions, unmodified y, and
modified y4 and yg ions confirm that Lys19 is the site of modification. The product ions
with an asterisk are the product ions that contain the TMT® modification. The inset is an
enlarged view of the reporter ion region. (b) Dose-response plots for the peptide fragment
(SRHPAENGKSNF) obtained by plugging the reporter ion abundances at m/z’s 126 to 131
into equation 8. The k value is obtained from the slope and is corrected using equation 2.
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Figure2.
Dose-response plot for the proteolytic fragment SRHPAENGKSNF after reaction with the
TMTO reagent. The k value is obtained from the slope and is corrected using equation 2.

Anal Chem. Author manuscript; available in PMC 2014 October 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zhou and Vachet

2+

(a) Vi YR YEViVeYs ViYa
100+ o bl KINJGERIEKVIEH[SDIL
? 2 (D VN A A O A P S A
° 8 ¢ 129
80 b =
©
8 1 5 4
S bt | 2
2 60+ [ 2 2 130
3 X 1. : . 16127 128 131
3+
2 4o - 5 = 126 128 130 132
(] 5 24 y5 10
K] y8 y6 2+
4 y X \ 3 b102
20 +
yz\ 3\ \ l P );12
bl
A ANt SPNTRSNA N A N ‘l. il J‘I mJA .Ml T =
200 400 600 800 1000 1200
m/z
(b) [M+4H]4+ 2123+le Zy1Z\0Ze Zg Z7 Zg Z5 Z4
100+ KIN|G[E[RIEK|V]E[H[S[DIL
o C1*C2*C3*C4* C7*C8 cm*cﬂ”c%fcff
£ 02 117 118
ol 116
g < 115 119
S 80 3 i
©
£ 2oo | ‘ ‘ L ‘
= = .
g = % . 114 116 118 120
) = Z, m/z
'..% C* . 2+*
% 20— 2 22+ Cf; 1M o
h's 210* 2+Z, 713 C* + 2
* C C
C; 24 0315 l 13?&)(/ A % " - Z
IR L e [
0 | AL 1011 e .

Figure 3.
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(a) CID mass spectrum of the [M+4H+TMT®]4* ion of the peptide fragment
KNGERIEKVEHSDL, acquired using the PAN mode (see experimental section for details).
A series of modified bs to by3 ions, and a series of unmodified y, to y1, ions confirm that
Lys41 is the site of modification. The inset is an enlarged view of the reporter ion region. (b)
ETD mass spectrum of the [M+4H+TMT8]4* ion of the peptide fragment
KNGERIEKVEHSDL. A series of modified ions from cq to ¢13 and a series of unmodified
ions from z,4 to z43 confirm that Lys41 is the site of modification by TMTS. The inset is an
enlarged view of the reporter ion region. In all spectra, the product ions with an asterisk are
the product ions that contain the TMT modification.
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Figure 4.

(2) ETD mass spectrum of the [M+3H+TMT®]3* jon of the peptide fragment
GLSDGEWQQVL. A series of modified cq to cg ions and a series of unmodified z3 to z1g
ions confirm that the N-terminus is the site of modification. The product ions with an
asterisk are the product ions that contain the TMT modification. The inset spectrum is an
enlarged view of the reporter ion region, showing that poor ion statistics leads to insufficient
information to construct a reliable dose-response plot. (b) ETD mass spectrum of the [M+3H
+TMT®]3* ion of the peptide fragment GLSDGEWQQVL, acquired using a shorter scan
range (from m/z 100 to 150).
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Scheme 1.

Hypothetical dose-response plot for a second-order reaction indicating that the protein/
peptide’s structure deviates at higher reagent (Xp) concentrations
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Experimental work-flow for TMT labeling strategy. (a) A protein is labeled in parallel with

different concentrations of isotopically encoded reagents. (b) The protein samples are
digested and pooled for LC-MS/MS analysis. (c) MS/MS is used as a readout of the

isotopically labeled peptides.
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