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ABSTRACT: Mass spectrometry of intact proteins and protein complexes has the potential to provide a transformative level of 
information on biological systems, ranging from sequence and post-translational modification analysis to the structures of whole 
protein assemblies. This ambitious goal requires the efficient fragmentation of both intact proteins and the macromolecular, multi-
component machines they collaborate to create through non-covalent interactions. Improving technologies in an effort to achieve 
such fragmentation remains perhaps the greatest challenge facing current efforts to comprehensively analyze cellular protein com-
position and is essential to realizing the full potential of proteomics. In this work, we describe the use of a trimethyl pyrylium 
(TMP) fixed-charge covalent labeling strategy aimed at enhancing fragmentation for challenging intact proteins and intact protein 
complexes. Combining analysis of TMP-modified and unmodified protein complexes results in a greater diversity of regions within 
the protein that give rise to fragments,  and results in an up  to 2.5-fold increase in sequence coverage when compared to unmodi-
fied protein alone, for protein complexes up to 148 kDa. TMP modification offers a simple and powerful platform to expand the 
capabilities of existing mass spectrometric instrumentation for the complete characterization of intact protein assemblies.

Rapid characterization of proteins in increasingly complex 
mixtures by mass spectrometry (MS) has emerged as a power-
ful platform for understanding the details of biology and bio-
chemistry at an unprecedented level of detail. Conventional 
proteomics workflows utilize enzymatic digestion prior to 
separation and MS to sequence the peptides excised from pro-
teins in mixtures as complex as whole cell lysates1. This rapid 
characterization of exceptionally complex protein mixtures has 
enabled a revolution in biological analysis2, from determining 
the proteins and interactions involved in disease processes to 
aiding in solving the three-dimensional structures of proteins 
and protein complexes. Despite these advances, current ‘bot-
tom-up’ proteomics approaches are typically unable to com-
pletely identify all the post-translational modifications and 
proteoforms that are crucially important for biological func-
tion3.  In response to such deficiencies, ‘top-down’ MS tech-
nologies have been developed that are capable of sequencing 
intact proteins without enzymatic digestion4–6. Such tools are 
typically capable of capturing a wide-ranging snapshot of pro-
teoform composition, but typically lack the ability to com-
pletely characterize even medium-sized protein sequences7,8.  
This deficiency is amplified by the fact that most proteins re-
quire the actions or presence of other proteins to accomplish 

their biological function9,10. Detecting and analyzing these 
interactions requires characterization of not just individual 
intact proteins, but the preservation and analysis of the non-
covalent complexes they form in the cell. Both bottom-up and 
typical top-down proteomics require denaturation and/or en-
zymatic digestion of proteins, often precluding any analysis of 
structure and dynamics of these complex assemblies.  

 Direct characterization of intact protein assemblies 
using native MS11 offers a promising alternative to determine 
protein interactions, along with significant structural and 
mechanistic insights into the function of multiprotein ma-
chines12–14. Furthermore, native MS has the potential to pro-
vide protein sequence and structural information in the context 
of the same experiment, making it a promising tool for the 
study of protein complexes. However, sequencing technology 
coupled to native MS experiments lags far behind complemen-
tary bottom-up and top-down approaches targeting small, 
monomeric proteins. Incomplete fragmentation of proteins 
limits the ability of native MS to identify unknown proteins 
within complexes and prevents detailed analysis of the pro-
teoforms incorporated within such assemblies. While collision 
induced dissociation (CID) is a widely available and effective 
technology for peptide sequencing, CID information extracted 



 

from  large proteins and protein complexes analyzed under 
native conditions is often limited by the low charge density 
observed for analytes under such conditions15. In many cases, 
sequence coverage is concentrated into a few labile regions, 
e.g. flexible or terminal loop areas8. Achieving full sequence 
coverage for such large protein systems is one of the key chal-
lenges facing top-down proteomics, as well as the establish-
ment of native MS workflows for wide-ranging structural pro-
teomics.  

 Approaches to improve sequence coverage in top-
down proteomics have focused largely on the development of 
ion activation paradigms other than CID. Electron transfer and 
capture dissociation (ETD16,17 and ECD18–21), infrared mul-
tiphoton dissociation (IRMPD22,23), electron ioniziation disso-
ciation (EID24), and ultraviolet photodissociation (UVPD7,25) 
have demonstrated significant improvements in sequence cov-
erage relative to and in combination with CID. Current state of 
the art fragmentation is typically achieved by employing sev-
eral activation methods in concert, but often still provides only 
modest coverage of large proteins and protein complexes7,8. 
Implementing multiple activation techniques often requires 
instrument modification beyond the capability of many labora-
tories and is expensive, and many promising new techniques 
remain limited to a small subset of available MS platforms. 
CID remains the most widely available fragmentation tech-
nique and is by far the most common technique to be used in 
combination with others, making further development of CID 
techniques an attractive target for improving sequencing tech-
nology.  

 Chemical modification of protein complexes offers 
the potential for a new set of complementary methods to ex-
pand intact protein characterization by MS. Derivatization of 
single peptides with reagents that bear intrinsic positive charge 
has previously been shown to alter the dissociation pathways 
accessed in CID, improving sequencing for bottom-up prote-
omics experiments26–29. Several reports have used fixed charge 
derivatization to alter the charge states of electrosprayed pro-
tein ions30,31, but expanding this concept to sequencing of large 
proteins and protein complexes has proven highly challenging 
due to the difficulty of maintaining a fixed charge at the ener-
gies required to cause backbone fragmentation in such sys-
tems32. In this report, we present the use of trimethyl 
pyrylium33,34 (TMP) to covalently tether a stable positive 
charge to protein lysine side chains, altering the energy of 
various dissociation pathways to enable improved sequencing 
for large protein complex ions. Fixed charge modification by 
TMP provides orthogonal sequence coverage to other forms of 
biomolecular activation in the gas phase, opening a new path-
way for improved sequence coverage of challenging protein 
targets using a simple derivatization that relies upon a com-
mercially available and inexpensive reagent.  

 
Experimental 
Chemical modification.  

Avidin from chicken egg white, Alcohol dehydrogenase 
(ADH) from Saccharomyces cerevisiae, Ovalbumin from 
chicken (all from Sigma Aldrich, St. Louis, MO), were dis-
solved in 100mM triethylammonium bicarbonate (TEAB, 
Sigma Aldrich), pH 8.5, to make solutions containing 25uM 
protein for chemical modification. 2,4,6-Trimethyl pyrylium 
(TMP) tetrafluoroborate (Alfa Aesar, Haverhill, MA) was 
dissolved in 100mM TEAB, pH 8.5, vortexed for ten seconds 
to dissolve, and quickly added to protein solutions to 10- to 

25-fold molar excess relative to the reactive Lysine residues 
present. Reaction solutions were briefly vortexed and allowed 
to react for 24 hours at room temperature. Following modifica-
tion, proteins were buffer exchanged sequentially into 1M 
ammonium acetate, then 200mM ammonium acetate, both pH 
7.4 (Sigma Aldrich), with P6 (Avidin) or P30 (ADH, Ovalbu-
min) microspin columns (BioRad Laboratories, Hercules, CA) 
according to manufacturer instructions. Buffer exchanged 
samples were either analyzed immediately or flash frozen with 
liquid nitrogen and stored at -80C prior to analysis.  
Ion Mobility-Mass Spectrometry.  

A quadrupole ion mobility-time of flight mass spectrometer 
(Synapt G2 HDMS, Waters, Milford, MA) was used for all ion 
mobility experiments. 5uL of buffer-exchanged protein solu-
tion (20uM) was transferred to a gold-coated borosilicate ca-
pillary (0.78mm i.d., Harvard Apparatus, Holliston, MA) for 
direct infusion. Instrumental settings were optimized to pre-
serve intact protein complexes prior to activation: capillary 
voltage 1.5 kV, sample cone 40 V, extraction cone 0 V. Gas 
flows (mL/min): source: 50, trap: 6 (Avidin) or 8 (ADH, 
Ovalbumin), helium cell: 200, IM separation: 90. IMS travel-
ing wave settings were the same for all proteins: wave veloci-
ty: 150 m/s, wave height: 20 V, IMS bias: 5 V. Backing pres-
sure was set to 5.5 mbar (Avidin), or 8.0 mbar (ADH, Oval-
bumin). A single charge state of each protein complex was 
selected and collisionally activated in the trap cell (trap colli-
sion voltage: Avidin, 140 V; Ovalbumin, 160 V; ADH, 200 V) 
prior to ion mobility separation. Trap (collision cell) pressures 
were 3.8 E-2 mbar (Avidin, Ovalbumin) or 4.4e-2 mbar 
(ADH). Time of flight pressure was 1.8 E-6 mbar for all anal-
yses. Scans were combined for 30 seconds (Avidin) or 10 
minutes (Avidin, ADH, Ovalbumin) to obtain sufficient signal 
to noise ratios.  
FT-ICR mass spectrometry. 

After buffer exchange, protein solutions (diluted to 10 µM 
in 100 mM aqueous ammonium acetate) were transferred to a 
metal-coated borosilicate capillary (Au/Pd coated, 1 µm i.d., 
Thermo Fisher Scientific, West Palm Beach, FL, USA) and 
mounted in the nanospray ion source. Mass spectrometry ex-
periments were performed using a 15T SolariX FTICR in-
strument equipped with an infinity cell (Bruker Daltonics, 
Bremen, Germany). The following instrument settings were 
used: ESI voltage: 1.2 – 1.3 kV, dry gas temperature: 180 °C, 
flow rate: 2.0 L/min, RF amplitude of ion funnels: 200 Vpp, 
Funnel 1 voltage: 200 V, Funnel 2 voltage: 6 V, Skimmer 1 
voltage: 60 – 180 V (longer for larger precursor masses; not 
enough to induce fragmentation), Skimmer 2 voltage: 5 V, 
multipole 1 RF: 2 MHz, quadrupole RF: 1.4 MHz, transfer 
hexapole RF: 2 MHz, time-of-flight: 1 – 2 ms (higher for larg-
er proteins). CID experiments were performed at collision cell 
voltages from 30-100V at a collision cell gas flow of 35%. 
Ions were accumulated for 500 ms in the collision cell before 
entering the infinity ICR cell. Source, quadrupole, and UHF 
pressures were 2.5e0, 3.7e-6, and 1.8e-9 mbar, respectively. 
At least 200 scans were combined to obtain a sufficiently high 
signal-to-noise ratio. IRMPD was performed using a 30 W 
CO2 laser (Synrad, Mukilteo, WA, USA) interfaced to the 
back of the instrument. Laser power was held at 95% with an 
irradiation time of 1 s. 
Data Analysis.  

For ion mobility-mass spectrometry data, slices of the 2D 
IM-MS data corresponding to peptide charge states were ex-
tracted from raw data to text format using TWIMExtract35, a 



 

data querying tool developed for processing Waters IM-MS 
data. Extracted data was smoothed (Savitsky-Golay, 0.2 m/z 
window size, 3 cycles), peak-picked, and de-isotoped (max 
charge 5, isotope mass tolerance 0.05 m/z, isotope intensity 
tolerance 100%) using mMass v5.5.036–38 to generate peak 
lists. Peaks were identified using an in-house single protein 
search script written in java to allow for identification of 
fragments containing variable numbers of intrinsically charged 
TMP modifications given the starting protein sequence. a, b, 
and y-type ions and neutral losses of water and ammonia were 
considered for identification of peaks after examination of the 
data revealed little contribution from other fragmentation 
pathways. Only terminal fragments were considered, as statis-
tically confident identification of internal fragments was not 
possible given available resolution and mass accuracy. Mass 
tolerance of 10 ppm was used as the cutoff for peak identifica-
tion. At least three replicates were used for all fragmentation 
data presented (Avidin n=5, ADH n=3, Ovalbumin n=3). 
Fragments identified in fewer than the majority of replicates 
were excluded from analyses. Error bars for sequence cover-
age plots were presented as two times the standard deviation in 
the number of cleavage sites observed for each replicate. For 
FT-ICR data, Data Analysis 4.0 (Bruker Daltonics, Billerica, 
MA) was used to extract and process raw data into peak lists. 
Peak lists were then processed using the same in-house search 
program and parameters as ion mobility-mass spectrometry 
data.  

 
Results 

CID-stable charge fixing chemical modification 
In CID experiments, a large number of collisions with inert 

gas molecules are required to impart sufficient energy for the 
production of sequence informative fragment ions. This slow 
heating, along with the relatively rapid rate of intramolecular 
redistribution of the imparted vibrational energy39, results in 
fragmentation of the most labile bonds in the protein. Charge 
mobility plays a key role in the CID process, as “mobile pro-
tons”40–42 move along the peptide backbone, triggering b- and 
y-ion formation across a range of sites. Protein complexes 
preserved through the electrospray ionization (ESI) process 
(i.e. using native mass spectrometry conditions) typically have 
a low charge–to–mass ratio, and are furthermore stabilized by 
secondary, tertiary, and quaternary structural elements, mak-
ing typical mobile-proton based CID an efficient process for 
only a small subset of the peptide bonds available. Fixing in-
trinsically-charged moieties has been shown to alter the frag-
mentation of peptides from primarily b- and y-type ions 
formed through mobile proton type fragmentation to primarily 
a-ions formed through charge-remote mechanisms26–29, but 
prior to this report, had not yet been extended to the CID of 
intact proteins and their assemblies.  

The compound 2,4,6-trimethyl pyrylium (TMP) reacts with 
primary amines to produce an intrinsically charged pyridinium 
salt at the nitrogen of the original primary amine33,34 (Figure 
1), resulting in the addition of C8H8

+ with a mass shift of 
104.06205 Da (Fig 1, Fig S1). The efficiency of labeling under 
native conditions is not perfect (Fig. S2, S3), resulting in a 
mixture of modification states. The TMP derivatization reac-
tion proceeds under conditions that allow for native-like buffer 
conditions (see methods), resulting in labeling of intact protein 
complexes without significantly altering their structure (Fig-
ures S4-S7). IM profiles of the three protein complexes exam-
ined in this report before and after labeling are shown in sup-

porting figures (S4-S6), demonstrating the preservation of a 
single conformation through the labeling procedure for all 
protein complexes examined. The drift times of the modified 
proteins increase slightly (5-10%), which can be attributed to 
the additional mass (up to ~10 kDa) added to the complexes 
by the reaction, which is consistent with previous work with 
native labeling of protein complexes43. Furthermore, collision-
al activation of TMP-modified Avidin tetramer results in an 
unfolding trajectory that mirrors that of the unmodified te-
tramer (Fig. S7), indicating preservation of the existing overall 
structure.  

Following ESI, both TMP fixed charges and mobile protons 
can influence the CID behavior of the complex. Unlike most 
commonly used, intrinsically charged modifications, such as 
sulfonium-based reagents44,45 and quaternary amines32,46–48, 
gas-phase decomposition of TMP-modified lysine is not ener-
getically favorable under typical CID conditions for proteins 
and peptides, ensuring that the charges remain fixed through-
out the process. This enables TMP-based fixed charges to alter 
the potential energy landscape associated with protein frag-
mentation and thus enhance the formation of sequence-
informative product ions by CID.  

 

Figure 1. Charge-fixing chemical modification scheme with 
TMP. At left, the cartoon structure of an example protein complex 
prior to modification with the structure of a lysine residue high-
lighted above. At right, the effect of TMP modification on prima-
ry amines present in the protein complex (lysine residues and the 
N-terminus). Reaction of the pyrylium with a primary amine re-
sults in a pyridinium derivative with a fixed positive charge on the 
nitrogen atom of the former amine. Plus signs indicate positive 
charges localized to lysine residues or N-termini throughout the 
protein complex. 

Fixed-charge modification enhances sequence coverage in 
a model protein complex 

 Avidin, a 64 kDa homo-tetramer, has been studied 
extensively as a CID model for noncovalent protein assem-
blies in native mass spectrometry49,50. It exhibits some of the 
strongest noncovalent interactions between subunits of known 
protein complexes, making the tetramer a challenging target 
for top-down sequencing. TMP-modified Avidin tetramer was 



 

compared to unmodified Avidin using top-down ion mobility-
mass spectrometry to determine the benefits of chemical modi-
fication for extracting protein sequence information directly 
from protein complex ions (Fig. 2). The ion mobility separa-
tion, specifically, was used to separate peptides of different 
charge states51, enhancing the ability of the time-of-flight mass 
analyzer to characterize the ion populations resulting from 
fragmentation of the complexes examined. 

 

Figure 2. Enhanced sequencing of the Avidin tetramer following 
TMP modification. (A) Mass spectrum of fragments from CID of 
TMP-modified Avidin compared to (B), mass spectrum of frag-
ments from unmodified Avidin presented on the same intensity 
axis. Sequencing information obtained from intact Avidin tetram-
er for thirty-second (C) and ten-minute (D) accumulation times 
(N=3). Cleavage sites unique to TMP-modified Avidin are high-
lighted in green, those unique to unmodified Avidin in blue, and 
common to both states in black. (E) Total sequence coverage 
obtained from thirty-second fragment accumulation, or (F) ten-
minute fragment accumulation, for unmodified (blue), TMP-
modified (green), and both datasets combined (black). 

Top-down analyses often require significant signal accumu-
lation times, as extensively fragmenting a single precursor 
results in many low intensity fragment ions52. The impact of 
TMP modification was examined on timescales that both mim-
ic those utilized in the context of on-line separations coupled 
to MS detection (30 seconds total accumulation time) and an 
in-depth full coverage experiment, typically associated with 
separation tools coupled off-line to top-down MS (10 minutes 
total accumulation time). While significant accumulation 
times offer the most information about the impact of TMP on 
product ion populations and the future sequencing outcomes 
for this approach overall, the majority of applied top-down 
proteomics is typically done of the timescale of chromato-
graphic separations, where elution of a species typically oc-
curs on a timescale of seconds to tens of seconds. As such, the 
30 second accumulation time data shown in Figure 2, where 
we observe the greatest enhancements to the number of prod-
uct ion populations and their orthogonality to those produced 
from unmodified protein ions, represents the most practical 
assessment of the ability of TMP to serve as part of current 
top-down sequencing workflows.  

The low mass region of the mass spectra acquired for un-
modified and TMP-modified Avidin tetramers over the ten-
minute time frame discussed above (Fig. 2A-B) exhibit a more 
even distribution of intensity amongst many fragment peaks 
when compared to equivalent spectra acquired for the  unmod-
ified protein. For example, CID of unmodified Avidin typical-
ly generates only approx. five fragment peaks that exceed 20% 
relative intensity (Fig. 2B), which is typical of CID of proteins 
having low, native-like charge states. The spectrum from 
TMP-modified Avidin, in contrast, shows intensity more even-
ly distributed across dozens of peaks (Fig. 2A). This fragment 
ion intensity distribution enables, in part, the substantial im-
provement in sequencing observed in our thirty-second accu-
mulation runs, where TMP-modified Avidin generates nearly 
double the sequence coverage (17 cleavage sites vs 9) when 
compared to equivalent data for the unmodified protein te-
tramer (Fig. 2C, E). Most cleavage sites observed have nu-
merous fragment ions corresponding to them (multiple charge 
states, neutral losses, and modification numbers), hence why 
the rich fragment spectra observed correspond to lower total 
numbers of cleavage sites. Modified Lysine residues are not 
explicitly labeled in Fig. 2 as the exact location of modifica-
tion cannot be determined in all cases. Over the course of a 
full ten-minute accumulation, many peaks that are generated 
in very low abundance in the unmodified Avidin accumulate 
sufficient signal to be resolved and identified, reducing the 
difference in total coverage between modified and unmodified 
Avidin (Fig. 2D, F). The combined datasets, however, main-
tain a significant improvement in sequence coverage relative 
to any individual sequencing dataset due largely to the orthog-
onality of regions we observe to be covered within the Avidin 
sequence when using modified and unmodified precursor ions. 
We note that Avidin contains a highly heterogeneous glyco-
sylation site at reside ASN-17 53,54. Top-down fragmentation 
datasets from neither control nor TMP-modified Avidin reveal 
any evidence of this modification, despite extensive coverage 
of the n-terminus of the protein in our TMP-related data up to 
SER-15. 

TMP modification acts to diversify the structural elements 
of the Avidin assembly from which sequence information can 
be obtained in addition to improving the total number of frag-
ments observed. Figure 3 shows the X-ray structure of 



 

Avidin55 (PDB code: 1AVD), where highlighted residues indi-
cate a detected fragmentation event for unmodified (Fig. 3B, 
E) and TMP-modified (Fig. 3C, F) tetramer. We use this sur-
face map representation in order to visualize the locations of 
fragmentation events across the protein surface, taking into 
account the monomer and dimer substructures of the Avidin 
complex, which are shown in Figure 3 in place of the tetramer 
for simplicity. Fragmentation in the unmodified Avidin is con-
fined to two main regions of the surface map with very little 
coverage of the total protein surface. In contrast, the regions of 
coverage in TMP-modified Avidin cover more of the protein 
surface and access regions left undetected in our datasets from 
unmodified Avidin, particularly at the n-terminus of the pro-
tein. The orthogonality of coverage is clearly demonstrated by 
projecting a combined fragmentation map of the Avidin com-
plex (Fig. 3 D, G), where a few small regions are found in 
both modified and unmodified Avidin, but much of the ob-
served coverage is unique to one experimental condition or the 
other.  

 

Figure 3. Mapping locations of peptide bond cleavage on Avidin. 
(A) Depiction of the monomer surface map used for comparison 
of cleavage locations, generated from Avidin crystal structure 
(PDB code: 1AVD). Monomer and dimer surfaces from the com-
plex were used for ease of view. (B-D) Cleavage site map of 
fragments from thirty-second accumulation for unmodified, TMP-
modified, and both combined, respectively. (E-G) Cleavage site 
maps from (B-D) presented on dimer surfaces to highlight inter-
face locations in the complete Avidin tetrameric complex. In the 
combined views (D, G), blue coloring indicates cleavage sites 
unique to unmodified Avidin, green coloring indicates those 
unique to TMP-modified Avidin, and black coloring indicates 
sites common to both. 

 
Modification extends proteomic sequencing to large pro-
tein complexes 

 Many proteins of critical biological importance as-
semble into complexes with masses that extend to hundreds of 
kilodaltons and beyond56,57. Such sizes are sufficient to be 
highly challenging for current top-down sequencing technolo-
gies, leaving important post-translational modifications locat-
ed deep within these sequences inaccessible. In order to inves-
tigate the ability of TMP derivatization to bridge this technol-
ogy gap, we modified two large protein complexes and carried 
out top-down sequencing experiments in a mode similar to 
those described above. Alcohol dehydrogenase (ADH) from 
yeast, a 148 kDa tetramer containing several phosphorylation 
sites, and Ovalbumin from chicken, a 170 kDa tetramer, were 

modified with TMP and subjected to CID for sequencing (Fig. 
4).  

 Sequencing data obtained for unmodified ADH re-
sults in relatively few fragment ions that originate primarily 
(>90%) from the n-terminal region of the protein. Such results 
are common for typical top-down sequencing efforts involving 
ADH, in which fragmentation rarely penetrates past reside 30 
of the protein sequence17,21, though concentrated efforts with 
multiple activation methods have achieved additional cover-
age23. In contrast, TMP modification of ADH yielded a dra-
matic improvement in CID sequence coverage compared to 
unmodified ADH, with more than twice as many sequence-
informative fragments detected for the TMP-modified protein 
(Fig. 4 A, C). Furthermore, while TMP-modification led to 
enhanced coverage at the ADH n-terminus, on par with previ-
ous ETD17 and ECD21 datasets, it also unlocked significant 
fragmentation from the c-terminus, including 12 new c-
terminal fragment sites that cover an additional 57 residues not 
typically accessed in unmodified ADH by CID, ECD, or ETD 
data.  Similar to Avidin, TMP modification resulted in orthog-
onal coverage information and the combined analysis of both 
modified and unmodified data resulted in the most total cover-
age, with nearly two and a half times the coverage of the un-
modified ADH alone. Our TMP-modified sequencing data 
also covers a phosphorylation site at SER-31658–60, which was 
previously shown to be up-regulated in the presence of a mat-
ing pheromone58. Phosphorylation at this site was not detected 
in our dataset, likely indicating the ADH standard used is not 
phosphorylated at this site, although we cannot rule out loss of 
the attached phosphate during CID.   

Unlike ADH and Avidin, both n- and c-termini of unmodi-
fied Ovalbumin exhibited significant sequence coverage val-
ues in our experiments. The compact, low-charge monomer of 
Ovalbumin was analyzed, rather than the intact tetramer due to 
low amounts of tetramer in both unmodified and modified 
spectra. Despite the significant coverage already present in 
unmodified Ovalbumin, TMP modification still resulted in a 
substantial improvement in coverage (Fig. 4B, D), with an 
average over three replicates of nearly 50% more fragmenta-
tion sites than unmodified Ovalbumin. Like ADH and Avidin, 
combining the modified and unmodified data resulted in the 
best overall sequence coverage for Ovalbumin, with an 80% 
improvement over unmodified Ovalbumin alone, on average 
(n=3). Ovalbumin contains several PTM sites; however, cov-
erage of these regions of the protein sequence was not signifi-
cantly extended through TMP modification. As might be ex-
pected given the similarity of the coverage maps in Fig. 4D, a 
superposition of fragmentation data with Ovalbumin monomer 
structure shows an incremental, yet significant, improvement 
in the diversity of regions of the protein surface covered 
through CID fragmentation of the TMP modified protein (Fig. 
4F).  
Modification of ADH and Ovalbumin demonstrates the poten-
tial of fixed charge derivatization with TMP to expand the 
capabilities of intact sequencing for large proteins and protein 
complexes. The dramatic improvement in sequencing of the 
ADH tetramer, and particularly the generation of fragments 
from the previously intractable c-terminal region represent the 
potential of TMP modification for enabling sequencing of 
previously inaccessible regions of large protein complexes. 
TMP modification compares favorably to state of the art frag-
mentation methods such as ECD and ETD without the ad-
vanced instrumentation requirements of those techniques, and 



 

provides complementary coverage in many cases. Further-
more, modification by TMP enabled coverage of a PTM site 
near the c-terminus of ADH that has not been previously ac-
cessed before by any top-down analysis to our knowledge. In 
the case of Ovalbumin, where essentially the same regions of 
the protein are fragmented in both the modified and unmodi-
fied cases, the improvement to total sequence coverage re-
mains substantial.  
 

High resolution MS analysis of large complexes 
 Ion mobility-mass spectrometry (IM-MS) analysis of 

ADH and Ovalbumin revealed significant portions of the pro-
tein sequences, despite being generally unable to isotopically 
resolve large (mass greater than approx. 8000 Da), highly 
charged (z > 5) fragment ions. 

 

 

Figure 4. Enhanced sequencing of large protein complexes ADH and Ovalbumin. (A, D) Total sequence coverage (number of unique pep-
tide bond cleavage sites) obtained from modified and unmodified ADH (a) and Ovalbumin (d) (N=3). (B, E) Sequence map of cleavage 
sites obtained from ADH (B) and Ovalbumin (E). Black dots indicate the middle 150 (b) or 200 (e) residues of the protein sequence, from 
which no coverage was obtained for any condition. (C, F) Cleavage location maps for ADH (C) and Ovalbumin (F). As in figure 3, only a 
monomer is shown of the tetrameric structure to allow view of all sides. Coverage unique to unmodified protein is colored blue, TMP-
modified protein is colored green, and sites common to both states are colored black

 
To resolve these large fragments and further confirm the se-
quencing improvements offered by TMP, high resolution FT-
ICR tandem MS analysis was performed on modified and un-
modified ADH and Ovalbumin.  

A comparison of CID fragmentation spectra acquired from 
the same ADH samples on both the FT-ICR and IM-MS plat-
forms reveals clear trade-offs between the two instruments for 
top-down sequencing experiments. On the IM-MS platform, 
high energy CID and control of pressure and gas flow enabled 

extensive fragmentation of the large protein complex, but the 
mass resolution of the time of flight mass analyzer is insuffi-
cient to resolve isotopes for the largest fragments. The FT-ICR 
platform, in contrast, readily resolves any fragments generat-
ed, but did not bring about the degree of fragmentation ob-
served on the IM-MS instrument used (Fig. 5D). Fragments 
identified for CID of modified and unmodified Ovalbumin 
precursors were nearly identical between the two platforms, 
with the exception of several high mass fragments identified 



 

on the FT-ICR platform that could not be isotopically resolved 
on the IM-MS instrument.  

Infrared multiphoton photodissociation (IRMPD) was per-
formed in addition to CID for both ADH and Ovalbumin on 
the FT-ICR platform. As is the case with our CID datasets 
discussed above, TMP modified ADH and Ovalbumin exhibit-
ed dramatic increases in fragmentation when compared to 
unmodified proteins. In the case of ADH, only a single frag-
ment could be observed at low intensity in the IRMPD spec-
trum of the unmodified complex, while the TMP-modified 
complex had nearly a dozen peaks corresponding to five se-
quence informative cleavage sites (Fig. 5A, B). Analysis of 
IRMPD data acquired for TMP-modified Ovalbumin revealed 
a similar trend, with activation of the protein producing 18 
sites of coverage compared to just three for the unmodified 
Ovalbumin (Fig. 5C).  

 

 

 

Figure 5. FT-ICR MS sequencing of large protein complexes 
with chemical modification. (A) Comparison of fragment mass 
spectra from IRMPD of intact ADH tetramer unmodified (top) 
and TMP-modified (bottom). (B) Unique cleavage sites obtained 
from IRMPD of ADH unmodified (blue) and TMP-modified 
(green). (C) FT-ICR sequencing of Ovalbumin using both CID 
(left) and IRMPD (right) for unmodified (blue), TMP-modified 
(green), and combined (black) analyses. (D) Comparison of se-
quence information obtained for CID of Ovalbumin on FT-ICR 
(gray), IM-MS (beige), and common to both instruments (brown). 

 
Like CID, IRMPD requires step-wise heating of the protein 

in order to deposit sufficient energy to elicit sequence-
informative fragmentation61. TMP modification results in im-
proved sequence coverage for both the CID and IRMPD ex-
periments, presumably due to the fact that both methods typi-
cally cleave the weakest bonds present in the protein sequence, 
and that this landscape of bond energies is significantly altered 
in TMP-bound protein ions. Modification by TMP thus repre-
sents a strategy for enhancing sequence coverage of intact 
proteins and protein complexes across slow-heating fragmen-
tation techniques available on a great many MS instrument 
platforms. Large protein complexes often require many activa-
tion techniques operating together to achieve sufficient se-
quence coverage for post-translational modification (PTM) 
analysis and identification purposes, and it is clear from the 

data reported here that TMP modification, or similar strategies 
based on the principles discussed here, have the potential to 
enable an increased role for CID/IRMPD tools within such 
workflows. 

 
Conclusion 

Top-down and native MS have emerged as valuable tech-
niques for the analysis of intact proteins and protein complex-
es, but have been limited by incomplete sequence coverage, 
particularly for large proteins and complexes. Chemical modi-
fication using intrinsically-charged moieties such as TMP 
provides a simple and effective method to substantially en-
hance sequence coverage of intact proteins and protein com-
plexes. Using this approach, we demonstrate enhancements in 
sequence coverage of three challenging model systems of 50-
150% over analysis of the unmodified protein complexes by 
CID alone. We show that TMP modification provides these 
benefits across multiple instrument platforms that utilize mul-
tiple activation techniques, with enhancements to coverage in 
both CID and IRMPD datasets. TMP-enhanced CID compares 
favorably with standard top-down activation techniques like 
ECD, demonstrating both comparable coverage in ECD-
accessible regions and providing coverage of previously in-
tractable regions of the ADH tetramer.  

Despite fixing many positive charges to our model proteins 
through TMP modification, the fragmentation we observe 
remains dominated by the b- and y-type ions characteristic of 
mobile proton-induced fragmentation, as is typical for CID of 
unmodified proteins. The absence of a shift to primarily a-type 
ions, contrasting to experiments with charge-derivatized pep-
tides, is a novel and somewhat surprising result that demon-
strates the persistence of mobile-proton behavior for high mass 
ions capable of intramolecular charge pairing. Clearly, howev-
er, the fragmentation pattern of intact proteins can be altered 
by fixed charges, likely through changing the relative ordering 
of bond strengths throughout the molecule as a result of the 
new locations of fixed charges imparted by TMP. We cannot 
rule out that some of the observed alterations to fragmentation 
are due to pathways associated with charge remote fragmenta-
tion events, which was the ultimate aim of the TMP modifica-
tion chemistry described here. Further data collection will be 
necessary to verify and quantify such channels within TMP 
modified proteins.  

Modification with TMP is a simple, single-step procedure 
that can be easily incorporated into an existing experimental 
workflow. Improving sequencing of intact proteins and com-
plexes without the need for extensive instrument modifications 
has the potential to expand the capabilities of many laborato-
ries to analyze intact proteins and complexes within top-down 
workflows. A comprehensive protein complex analysis work-
flow, utilizing TMP modification in conjunction with one or 
several activation techniques, holds the potential to provide 
both state-of-the-art sequencing and PTM information as well 
as structural and stoichiometric details for protein assemblies, 
enabling next generation experiments in structural proteomics. 
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