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Abstract

Protein interaction surface mapping using MS is widely applied but comparatively resource
intensive. Here a workflow adaptation for use of isotope coded tandem mass tags for the purpose
is reported. The key benefit of improved throughput derived from sample acquisition multiplexing
and automated analysis is shown to be maintained in the new application. Mapping of the epitopes
of two monoclonal antibodies on their respective targets serves to illustrate the novel approach.
We conclude that the approach enables mapping of interactions by MS at significantly larger
scales than hereto possible.

Most proteins do not function in isolation in living organisms, which is why mapping of
protein interactions with other proteins and cellular components has become instrumental to
our understanding of biologic systems. Knowledge of the detailed nature of the interfaces of
such interactions is key to understanding the molecular mechanisms at work and is often
crucial to therapeutic intervention.

High-resolution approaches such as X-ray crystallography and NMR are able to define the
atomic contacts but suffer from limited throughput and high cost. Various alternative
technologies including peptide arrays?, cell-surface display?=, and mass spectrometry (MS)
based methods have been used to elucidate protein interfaces, however there are significant
tradeoffs in terms of definition, throughput, and cost associated with each of these strategies.

Mass spectrometry based methods have become widespread due to their adaptability to
different kind of interactions and their ability to elucidate even complex interfaces with
moderate material requirements and throughput in potentially complex environments. MS
approaches generally rely on protein surface labeling to deduce interaction sites by
comparing labeling and/or enzymatic cleavage patterns between apo-protein and the
respective holo complexes®, or the identification of cross-linked peptides6-11, Surface
labeling methods used to characterize protein interaction sites and epitopes include hydrogen
deuterium exchange (HDx)1221 hydroxyl radical labelingl722-33, and amino acid
labeling34-39 approaches. The complexity of the labeling product mixtures depend on
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reaction chemistry and site-specificity of the reagents and has an immediate bearing on the
time required for data analysis, which in a lot of cases is the throughput limiting factor.

In this work, we show that commercially available isotope coded reagents originally
designed for proteome quantitation can be used for rapid characterization of protein
interactions. Improved throughput is obtained using the multiplexing capabilities of the
isotope coded reagents and the availability of automated analysis software. The new
application is demonstrated by profiling the epitopes of two monoclonal antibodies on their
respective antigens.

EXPERIMENTAL

Materials

Formic acid, acetonitrile (ACN), and M2 anti-FLAG monoclonal antibody were purchased
from Sigma Chemical Company (St. Louis, MO). Tandem Mass Tag (TMT) reagents were
obtained from Thermo Scientific (Waltham, MA). Green Fluorescent Protein (GFP) with a
N-terminal 6xHis-TEV-3xFlag tandem purification tag sequence of
MGSDKIHHHHHHENLYFQGDYKDHDGDYKDHDIDYKDDDDK), human ErbB2 D3-4
(residues R340-Rga7), anti-ErbB2 monoclonal antibody (Trastuzumab variable domains and
specificity), and anti-Lysozyme monoclonal antibody were expressed using standard
methods. The GFP construct is referred to as 3xFlag-GFP from hereon.

Epitope Mapping

All samples were buffer exchanged and concentrated into 100mM triethylamine bicarbonate
(TEAB), pH8.0, 150mM NaCl using 10kDa molecular weight cutoff micro-concentrators
(Milipore Amicon Ultra). 3xFlag-GFP/anti-Lysozyme mAb, 3xFlag-GFP/M2 mAb and
ErbB2/anti-ErbB2 mAb complexes were prepared by mixing an equimolar amount of each
antigen with the matching mAb. Complexes were equilibrated for 30 min. at room temp
before labeling.

For mapping of the M2 anti-Flag epitope on the 3xFlag-GFP protein, duplicate samples of
the antigen (0.5uM in 95uL TEAB buffer) were labeled with 5L TMT reagents 126 and
127 in anhydrous acetonitrile at four time points (10, 30, 60, 300s). Isotope coding was used
to facilitate technical repeats. Duplicates of the 3xFlag-GFP/anti-Lysozyme mAb and
3xFlag-GFP/M2 mAb complexes were then labeled with the 128 and 129, and 130 and 131
reagents at the same time points respectively.

The anti-ErbB2 mAb epitope on ErbB2 D3-4 was mapped by labeling of the antigen (0.5
UM in 95uL TEAB buffer) in triplicate using 5uL TMT reagents 126, 127, and 128 in
anhydrous acetonitrile. A single 60s time point was evaluated. Similarly, triplicate samples
of the ErbB2 D3-4/anti-ErbB2 mAb complex were labeled with the 129, 130 and 131
reagents.

Each labeling reaction was quenched with 25uL 5% hydroxylamine and equal volumes of
the six labeling reactions were mixed together. Samples were deglycosylated with PNGaseF
(according to the manufacturer’s directions), and run on an SDS-PAGE gel to separate
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components. The antigen bands (3xFlag-GFP, and ErbB2) were cut out and in-gel digested
with elastase. Peptide digests were analyzed by LC-MS/MS on a QExactive mass
spectrometer (Thermo Scientific, Waltham, MA).

HPLC was performed using a vented column setup*, with a 2cm Poros 10 R2 (Life
Technologies, Carlsbad, CA) self-packed pre-column, and a PepMap EASY-Spray C18
analytical column (Thermo Scientific, Waltham, MA). Proteolytic fragments were eluted
using a gradient from 2 to 40% acetonitrile / 0.1% formic acid in 120min at a flow rate of
300mL/min. The chromatography system was coupled with a QExactive mass spectrometer
(Thermo Scientific, Waltham, MA). Data-dependent MS/MS experiments were performed
for peptide identification.

Data Analysis

Proteome Discoverer 1.4 was used for peptide identification by Mascot and Sequest-HT
database searching. Search parameters included fixed carbamidomethyl modification of
cysteine, and variable oxidation of methionine, deamidation of N, pyroGlu of n-terminal Q,
and TMT(6-plex) modification of K residues. Scaffold 4 Q+ was used for filtering search
results and quantification of reporter ion intensities. The Scaffold quantitative settings used
included normalization between samples based on an average protein reference. For each
spectrum, average ratios were determined from the replicate channels. Relative sample
abundances were compared by dividing the average reporter ion ratio of the complex
samples by the average ratio of the control samples. Then, the ratios were averaged for each
spectrum derived from the same peptide and charge-state. To determine the ratio of a
particular lysine residue, the average ratios from peptides that contained the same modified
lysine residue were averaged. A macro written in Microsoft Excel VBA was used to compile
quantification reports, and map peptide data to individual lysine residues.

Intact LC-MS

Intact proteins were analyzed by LC-MS using an Agilent 1200 series HPLC system and an
Agilent 6520 QTOF mass spectrometer. The system was configured with a PLRP-S, 1000A,
2.1 x 50mm, 8um particle column (Agilent, Santa Clara, CA) and was operated at a flow
rate of 500pl/min. A linear gradient of acetonitrile containing 0.1% formic acid was
delivered over 1min after sample loading. Average spectra were de-convoluted using the
MassHunter Qualitative Analysis software.

RESULTS AND DISCUSSION

Protein surface labeling is controlled by structure, local pH, temperature and a number of
other factors whose interplay in controlling labeling rates at each specific site are poorly
understood. A detailed analysis of TMT labeling and the observed reactivity difference as
well as the difficulties involved in correlating rates with structure derived parameters such as
solvent-accessible surface area was recently published®!. Therefore, protein surface labeling
experiments typically employ a time course as signals for various sites maximize at different
labeling times. As labeling experiments integrate over the full folding equilibrium, which is
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potentially disturbed by the labeling process, interpretations based on a single structure or
protein conformer might be flawed. Nevertheless, a wealth of data is now available in the
literature showing that in most cases useful protein interaction site information can be
obtained by a simple differential experiment that compares the labeling observed between
the constituents of a complex labeled independently with the degree of labeling observed
when the complex is labeled under identical conditions. The differential labeling observed in
such an experiment is interpreted on the basis of the simplistic model that surfaces
participating in a protein interaction are protected from labeling due to shielding in the
complex by the binding partner, whereas they are “freely” accessible if the constituents are
labeled alone. This model does not provide a means to explain potentially increased labeling
rates in the complex and can’t account for differences resulting from conformational change
in the complex induced by the binding event. The simple assumption is that sequences
participating in a protein-protein interface are those that show the largest protection signals
in the difference experiment. If no dominant protection signals are observed inference of an
interfacial region is not possible.

Isotope coded reagents that derivatize amino groups are commonly used for the MS based
quantification of complex peptide mixtures*2:43, and have been previously employed to label
intact proteins#4=48. We evaluated both iTRAQ and TMT reagents for intact protein labeling
and found TMT reagents to label more efficiently in the low percentage organic conditions
we employed. Fig 1. shows an example of TMT labeling of an intact 3xFlag-GFP construct
in the absence and presence of an anti-Lysozyme mAb and an anti-Flag mAb. Labeling was
determined as being close to quantitative after 5 min and resulted in the addition of 23.6
TMT labels on average to 3xFlag-GFP (Fig. 1, 3xFlag-GFP contains 26 free amines). This
shows that the lysines of GFP are rapidly derivatized.

The presence of the control anti-Lysozyme mAb did not reduce TMT labeling as compared
to the labeling of GFP alone. However, the average number of TMT labels was reduced in
the 3xFlag-GFP/M2 anti-Flag mAb complex in comparison to the controls (GFP and GFP+
anti-Lyz, Figure 1). The difference in the number of TMT labels was greatest at the 60s time
point, at which labeling was reduced by ~4 TMT in comparison to the controls. This result is
consistent with protection of several lysine residues in the 3xFlag-GFP construct by the M2
mAb, whose epitope is known to comprise the DYKD motif4°.

To elucidate precisely which lysine residues were protected, we subjected the derivatized
3xFlag-GFP protein to proteolytic digestion and quantified the resulting peptide mixture. It
should be noted that trypsin does not cleave after modified lysine residues which
necessitates the use of proteases with alternative specificity like pepsin, elastase or
chymotrypsin. Peptide reporter ion abundances, derived from in-gel elastase digests, were
compared between the 3xFlag-GFP, 3xFlag-GFP/anti-Lyz, and the 3xFlag-GFP/anti-Flag
mAb complexes. Ratios of reporter ion intensities of the 3xFlag-GFP/anti-Flag complex
compared to the controls were determined for peptides containing all but one of the lysine
residues in the 3xFlag-GFP construct (Fig. 2, K5 and the n-terminus were not covered by the
data). The ratios for 3xFlag-GFP and 3xFlag-GFP/anti-Lyz mAb complex were identical
within experimental error and only data for 3xFlag-GFP is shown in Figure 2. In this
strategy, ratios below 1 (log, < 0) represent a decrease in the extent of TMT derivatization.
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The M2 anti-Flag mAb clearly protects several lysine residues including Ko, Kyg, and Ksg,
all of which are found within the DYKD motif of the known epitope of this mAb. No major
differences in the extent of labeling could be discerned between the three aforementioned
lysines, suggesting that all three Flag repeats are similarly blocked by the M2 anti-Flag
mADb. This result is in agreement with data obtained on the complex using hydrogen
deuterium exchange mass spectrometry°0. The disappearance of the difference signal at 300s
is consistent with competitive elution of FLAG tagged proteins with FLAG peptide in
protein purification applications and reported off-rates1:52,

A second test was performed in the ErbB2/anti-ErbB2 system. We chose this target for a
proof of concept study because of the availability of high quality structures.

Reporter ion ratios of modified peptides covering five of the six lysines of ErbB2 D3-4
could be mapped to specific lysine residues as shown in Figure 3. Panel (b) of Figure 3
shows strong, protection of Kys4 and Ky7g as indicated by the dramatically lower relative
reporter ion intensities observed for the complex (blue columns). The protected residues are
buried in the protein interface of the complex as seen in the structure shown in Figure 3 (a).
In contrast, the two remotely located lysine residues K31 and K3, do not show any
protection within experimental error in good agreement with expectations. The only other
quantifiable lysine residue Kogg is not observed in the available structure data but shows
minor protection suggesting it is only indirectly affected by antibody binding.

The two mapping studies shown above are proof of concept examples of protein interaction
mapping with TMT reagents. The major advantages of using isotope coded labeling reagents
for proteome quantitation are multiplexing and the availability of automated analysis tools,
which allows greatly improved throughput. The examples show that those advantages can be
translated to protein interaction studies, which opens up the potential for mapping of tenth to
hundredth of interactions within a few days. The stability of the TMT modification does not
put any limitations on the post-labeling processing of samples, facilitating the analysis of
even heavily postranslationally modified targets using standard proteomics sample
processing strategies (i.e. reduction, deglycosylation, etc.). A target’s inherent lysine
distribution thus remains the major limitation for comprehensive interaction profiling.
However, because of the relatively large number of lysine residues in most proteins, and the
propensity of lysine residues to be at the surface, this method should still be widely
applicable.

CONCLUSION

We have demonstrated that tandem mass tags can be used to identify protein interaction sites
by quantifying the relative protection observed toward labeling of lysine residues. The
strategy was successfully demonstrated in an epitope mapping setting. The method translates
the design features of isotope encoded mass tags into the new application and ameliorates
throughput issues of surface labeling methods at both sample acquisition and data analysis
stages for a compounding of benefits. As it was shown that all the benefits of isotope coded
labels that enable large scale proteomic quantitation studies are also applicable in a protein
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interaction setting, it is expected that the demonstrated workflow facilitates protein
interaction mapping at considerably larger scales, too.
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Figure 1.
Average number of TMT labels on 3xFlag-GFP measured by intact mass spectrometry at

four time points (10, 30, 60, and 300s). 3xFlag-GFP has 25 lysine residues (error bars
correspond to 1 standard deviation).
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Figure 2.
Log, of the ratio of average reporter ion intensities for labeled lysine side chains in the

3xFlag-GFP + anti-Flag M2 mAb complex compared to the 3xFlag-GFP control.
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(a) Structure (PDB: 1N8Z) of ErbB2 D3-4 (green) in complex with anti-ErbB2 Fab (light
chain yellow, heavy chain blue, N-linked glycans orange sticks, lysines red balls). (b)
Average relative reporter ion intensities for control (green columns) and complex (blue
columns) of ErbB2 lysines (error bars correspond to 1 standard deviation).
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