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Abstract

We report an isotope-encoding method coupled with carboxyl-group footprinting to monitor 

protein conformational changes. The carboxyl groups of aspartic/glutamic acids and of the C-

terminus of proteins can serve as reporters for protein conformational changes when labeled with 

glycine ethyl ester (GEE) mediated by carbodiimide. In the new development, isotope-encoded 

“heavy” and “light” GEE are used to label separately the two states of the Orange Carotenoid 

Protein (OCP) from cyanobacteria. Two samples are mixed (1:1 ratio) and analyzed by a single 

LC-MS/MS experiment. The differences in labeling extent between the two states are represented 

by the ratio of the “heavy” and “light” peptides, providing information about protein 

conformational changes. Combining isotope-encoded MS quantitative analysis and carboxyl-

group footprinting reduces the time of MS analysis and improves the sensitivity of GEE and other 

footprinting.
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Introduction

Mass spectrometry (MS)-based protein footprinting is an emerging approach for protein 

conformational studies[1]. In general, residues on the protein surface are labeled by reagents 

in solution. Residues buried in the protein higher order structure or having low solvent 

accessibility are protected and less-labeled. Protein conformation and its variations 

determine the modification extent, which is monitored by MS. High speed and sensitivity 

make MS-based protein footprinting an effective tool in protein conformational studies[2].

Various protein footprinting strategies, ranging from hydrogen deuterium exchange (HDX) 

to NHS ester labeling, are now established [3]. HDX is particularly heavily used in studies 

of protein conformation [4]. The rapid back-exchange of deuterium to hydrogen during 

sample handling and MS analysis, however, limits its applications. The use of hydroxyl 

radicals is another way to “footprint” proteins [5]. Because the hydroxyl radical is highly 

reactive, this approach requires a comprehensive search for multiple labeling targets and 

different modified products in the data processing. This process takes considerable time for 

large protein complexes. For complicated biological systems like membrane-embedded 

protein complexes, a quick and simple footprinting approach that imparts irreversible labels 

is desired. Although many reagents are specific to one or two residues, fewer labeling 

targets and products make their use quick and simple [6-9]. This advantage has been 

convincingly emphasized in studies of complicated biological systems [10-15].

Carboxyl group footprinting[16-18] introduces GEE tags on solvent-accessible acid side 

chains under biologically relevant conditions. We termed this approach “GEE labeling” to 

represent its chemistry. The product of GEE labeling is stable during protein separation and 

purification. A typical bottom-up LC-MS/MS experiment and quantitative analysis are 

usually used to determine the labeling extent at the peptide and residue levels [19]. The GEE 

labeling method can also probe protein-protein interactions in protein complexes [11, 19].
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Here, we report an isotope-encoded approach to improve the platform of GEE labeling that 

takes a lead from isotope-encoded reagents that have been widely used in quantitative 

proteomics. The abundance of each protein can be compared between samples by measuring 

heavy-to-light ratios [20-22]. This approach has been integrated into protein footprinting 

strategies for cysteine and lysine residues [15, 23-26]. In the new development, isotope-

encoded “heavy” and “light” GEE are used to label separately the two states of a protein 

(Figure 1), here orange carontenoid protein or OCP, in a biophysics application. OCP is a 

photoactive protein involved in the photo-protection of cyanobacteria [27]. Previous studies 

show that inactive OCP (orange form, OCPO) undergoes conformational changes upon light 

irradiation. Those conformational changes give an active OCP (red form, OCPR) [28, 29]. 

Although high-resolution structural models of OCPO were reported [30, 31], the 

conformational changes occurring between OCPO and OCPR are poorly understood. In our 

approach, GEE-labeled OCP samples are mixed (OCPO:OCPR = 1:1) and analyzed in a 

single LC-MS/MS experiment. The differences in labeling extent between OCPO and OCPR 

are measured as a heavy-to-light ratio of each labeled peptide, revealing in a single 

experiment the conformational changes between OCPO and OCPR.

Experimental methods

OCP samples were separated and purified from the cyanobacterium Synechocystis sp. PCC 

6803 based on a published protocol [17]. A strong light source (1000 µmol photons m-2s-1) 

was used to irradiate OCP samples to trigger the conversion from OCPO to OCPR. Two 

forms of GEE (heavy GEE, 13C × 2 and 15N × 1 coded, Cambridge Isotope Lab, Tewksbury, 

MA) and “light” GEE (Sigma-Aldrich, St. Louis, MO) were used as primary amide sources 

during carbodiimide (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide or EDC (Life 

Technologies, Grand Island, NY) coupling reactions. GEE-labeled OCPO and OCPR 

samples were mixed after quenching the labeling reaction (for more details, see Supporting 

Information). The protein samples were digested by LysC and Trypsin. Digested OCP 

samples were analyzed by using a Waters Synapt G2 Q-TOF coupled with a nanoAcquity 

UPLC (Waters Inc., Milford, MA) and also with an LTQ-Orbitrap (Thermo Scientific, San 

Jose, CA) coupled with nano-HPLC UltiMate 3000 (Dionex, Sunnyvale, CA). The raw data 

were directly searched by using PEAKS (V 7.0, Bioinformatics Solution Inc. Waterloo, ON, 

Canada) against the Swiss-Prot database and the target OCP sequence. Quantitative analysis 

was done manually by using MassLynx (Waters Inc., Milford, MA) and QuanBrowser 

(Xcalibur, Thermo Scientific, San Jose, CA).

Results and discussion

We used database searches to identify tryptic and semi-tryptic peptides covering 98% of the 

OCP sequence. Only two small tryptic regions (86TK87 and 235ENVLR239) were missing in 

the LC-MS/MS data. We also found an N-terminal methionine excision (NME) and single-

sequence variation (180Gln to 180Arg). GEE-labels were detectable with an LC-MS/MS 

experiment on 13 peptides (Figure S1). All 13 modified peptides show the typical doublet 

peaks with a 3 Da difference (“heavy” and “light” versions of GEE labeling products) 

allowing us to calculate their heavy-to-light ratios in triplicate experiments (Figure S2 and 

S3). Four of 13 peptides (peptide 2-9, peptide 10-27, peptide 172-180 and peptide 240-249) 
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have significant increases in the ratio (> 3 fold). Those indicate that regions covering those 

four peptides undergo large conformational changes from OCPO to OCPR. Four peptides 

adopted more “open” conformation in OCPR than OCPO.

Although substantial evidence indicates that conformational changes occur during 

conversion from OCPO to OCPR [31-35], molecular-level details of these changes are 

missing. A high-resolution structural model of OCPO has a typical two-domain structure: N-

terminal domain (NTD) and C-terminal domain (CTD). The carotenoid (pigment), 

echinenone, spans both domains and is buried inside the OCPO [30]. Recently, X-ray 

crystallography provided a structural model of isolated, carotenoid-binding NTD in an 

active state (equal to the NTD of OCPR) without light irradiation [33]. Evidence from that 

structure coupled with information from MS-based protein footprinting suggests that the 

conversion from OCPO to OCPR introduces a separation between NTD and CTD and 

exposes regions between NTD and CTD [17, 36]. We highlight the four peptides recognized 

by isotope-encoded GEE labeling on the OCPO structure (Figure 2). All four peptides are in 

the linker region between NTD and CTD. The result from isotope-encoded GEE labeling is 

consistent with proposed OCPO-to-OCPR modes from other evidence.

In the traditional GEE labeling, intensity information for both unmodified and modified 

peptides comes from two experiments and are required for calculation of modification 

extents (Figure 3). Because there may be a variation of ionization efficiency between 

unmodified and modified peptides, the calculated modification extent from LC-MS/MS data 

may be different than the real modification level. In most MS-based protein footprinting, the 

calculated modification extents of the two protein states (OCPO and OCPR in this case) are 

compared. The protein conformational changes are surmised based on the difference of 

modification extents. Isotope-encoded GEE labeling only requires the intensity information 

for the modified peptides. The difference in modification level is encoded into a heavy-to-

light ratio of the same modified peptide measured in a single LC-MS/MS experiment 

(Figure 3).

Using isotope-encoded GEE labeling reduces the LC-MS/MS experiment time: one LC-

MS/MS run (isotope-encoded GEE labeling) instead of two LC-MS/MS runs (traditional 

GEE labeling). Introducing the “heavy” GEE reagent improves the identification and 

quantitative analysis of the modified peptides. The time for data processing is also 

significantly reduced by extracting the conformational difference from the heavy-to-light 

ratio of the same modified peptides. In the study of OCPO to OCPR conversion, 

conformational changes of OCP can be clearly identified by such a simple and quick protein 

footprinting experiment. The results are consistent with the previous report based on the 

traditional GEE labeling protocol[17].

Conclusion

Although GEE labeling modifies fewer targets compared to HDX and hydroxyl radical 

footprinting, it provides a simple and quick approach that can be easily adapted in most 

biology labs. Here, we report, following the lead of stable isotope labeling in MS-based 

quantitative proteomics[20-22], an improved version of GEE labeling that uses an isotope-
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encoded reagent. This improved approach brings a significant advantage for MS-based 

peptide quantification. Integrating such features into MS-based protein footprinting was also 

recently reported[24-26] for cysteine or lysine residues, which are common targets for 

isotope-labeling quantitative proteomics. In our application, we introduce and show the 

utility of isotope-encoded GEE footprinting and demonstrate that it serves as a faithful 

reporter for protein conformational changes as well as protein-protein interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The products of carboxyl group foot-printing, heavy elements 13C × 2 and 15N × 1 are used 

in isotope-encoded GEE tags (high-lighted by red circles).
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Figure 2. 
Footprinting results from isotope-encoded carboxyl group labeling. Four peptide regions that 

undergo large conformational chang-es are highlighted in red on the OCPO structure (PDB 

ID: 3MG1). Magnified mass spectra of modified peptides are displayed on the right side.
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Figure 3. 
Traditional GEE labeling vs. isotope-encoded GEE labeling. The red box represents the 

calculation of modification extent based on peak areas of both labeled and unlabeled 

peptides from two analyses. The green box shows the spectra of modified peptide in isotope-

encoded GEE labeling. The peak areas of both labeled and unlabeled peptides are extracted 

by using accu-rate masses of the peptides (EIC spectra).
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