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Abstract
Protein phosphorylation is a vital and common post-translational modification (PTM) in cells, modulating various biological 
processes and diseases. Comprehensive top-down proteomics of phosphorylated proteoforms (phosphoproteoforms) in cells 
and tissues is essential for a better understanding of the roles of protein phosphorylation in fundamental biological processes 
and diseases. Mass spectrometry (MS)–based top-down proteomics of phosphoproteoforms remains challenging due to their 
relatively low abundance. Herein, we investigated magnetic nanoparticle–based immobilized metal affinity chromatography 
(IMAC, Ti4+, and Fe3+) for selective enrichment of phosphoproteoforms for MS-based top-down proteomics. The IMAC 
method achieved reproducible and highly efficient enrichment of phosphoproteoforms from simple and complex protein 
mixtures. It outperformed one commercial phosphoprotein enrichment kit regarding the capture efficiency and recovery of 
phosphoproteins. Reversed-phase liquid chromatography (RPLC)–tandem mass spectrometry (MS/MS) analyses of yeast cell 
lysates after IMAC (Ti4+ or Fe3+) enrichment produced roughly 100% more phosphoproteoform identifications compared 
to without IMAC enrichment. Importantly, the phosphoproteoforms identified after Ti4+-IMAC or Fe3+-IMAC enrichment 
correspond to proteins with much lower overall abundance compared to that identified without the IMAC treatment. We also 
revealed that Ti4+-IMAC and Fe3+-IMAC could enrich different pools of phosphoproteoforms from complex proteomes and 
the combination of those two methods will be useful for further improving the phosphoproteoform coverage from complex 
samples. The results clearly demonstrate the value of our magnetic nanoparticle–based Ti4+-IMAC and Fe3+-IMAC for 
advancing top-down MS characterization of phosphoproteoforms in complex biological systems.

Keywords  Top-down proteomics · Phosphoproteoform · Immobilized metal affinity chromatography · Magnetic 
nanoparticle · RPLC-MS/MS

Introduction

Protein phosphorylation is a vital and common post-trans-
lational modification (PTM), modulating various bio-
logical processes and diseases [1–5]. Mass spectrometry 

(MS)–based phosphoproteomics has been widely deployed 
for large-scale characterization of protein phosphorylation 
in cells and tissues across various biological conditions [6]. 
However, almost all the phosphoproteomics studies were 
performed using bottom-up proteomics (BUP) [6], which 
cannot provide clear knowledge of phosphoprotein’s proteo-
forms due to enzymatic digestion. Proteoforms are a group 
of protein molecules that derive from the same gene due 
to RNA alternative splicing and protein PTMs [7]. Strong 
pieces of evidence suggest that proteoforms from the same 
gene can have drastically different biological functions 
[8–11]. Therefore, the characterization of phosphoproteins 
in a proteoform-specific manner (i.e., phosphoproteoform) 
is critical for accurate understanding of phosphoproteins’ 
biological function in biological processes and diseases [12].
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Top-down proteomics (TDP), unlike BUP, characterizes 
intact proteoforms using mass spectrometry (MS) and tan-
dem mass spectrometry (MS/MS), providing rich informa-
tion on PTMs and their combinations on proteins [13]. TDP 
has been employed for large-scale identification and quanti-
fication of proteoforms across cells and tissues to better our 
understanding of fundamental biological processes and to 
determine disease-related proteoform biomarkers [12–19]. 
However, the TDP study of phosphoproteoforms has largely 
lagged behind because of the relatively low abundance of 
phosphoproteoforms in complex proteomes. It is also more 
challenging to enrich phosphoproteoforms compared to 
phosphopeptides due to their much larger size and much 
more complex structure than phosphopeptides. To advance 
the TDP of phosphoproteoforms, highly efficient and selec-
tive enrichment technologies for phosphoproteoforms are 
crucial.

A variety of techniques have been developed for the 
enrichment of phosphopeptides from complex peptide 
mixtures for BUP-based phosphoproteomics [6], including 
the most widely used immobilized metal affinity chroma-
tography (IMAC, e.g., Ti4+ and Fe3+) [20–23], antibody 
[24–26], ion exchange chromatography (IEX) [27, 28], and 
affinity tag [29, 30]. However, only a few studies investi-
gated techniques for highly selective phosphoproteoform 
isolation for TDP. The Ge group synthesized several dif-
ferent novel nanoparticles with affinity tags for the enrich-
ment of phosphoproteoforms from complex samples, fol-
lowed by liquid chromatography–tandem mass spectrometry 
(LC–MS/MS)–based TDP analysis [31–33]. The Yu group 
synthesized a Ti4+-IMAC material based on polyoxometa-
late (P5W30)/polydopamine (PDA) composite microspheres 
for selective isolation of phosphoproteins, and SDS-PAGE 
was utilized to evaluate the performance of the IMAC for 
standard phosphoproteins and low-complexity samples [34]. 
Those studies have demonstrated the potential of large-scale 
top-down characterization of phosphoproteoforms with the 
assistance of selective enrichment techniques. However, 
much more efforts need to be made to achieve comprehen-
sive TDP of phosphoproteome in a proteoform-specific man-
ner regarding phosphoproteoform enrichment, separation, 
MS/MS, and identification through bioinformatic tools.

Herein, we investigated the magnetic nanoparticle–based 
IMAC materials with Ti4+ and Fe3+ for highly specific phos-
phoproteoform enrichment from a complex cell lysate for 
TDP for the first time. The IMAC procedure is similar to the 
typical one using IMAC for phosphopeptides but with sub-
stantially different buffers. The Ti4+-IMAC and Fe3+-IMAC 
magnetic materials were prepared using a well-established 
procedure with a relatively new linker for the immobilization 
of Ti4+ and Fe3+. We systematically characterized the mag-
netic IMAC nanomaterials and evaluated its performance 
for phosphoproteoform enrichment using SDS-PAGE and 

LC–MS/MS. We compared the Ti4+-IMAC and Fe3+-IMAC 
methods regarding the identified phosphoproteoforms.

Materials and methods

Materials and reagents

All materials are purchased from Sigma-Aldrich (St. Louis, 
MO) unless otherwise stated. Amine-terminated nano-
particles were purchased from Polysciences (Warrington, 
PA). Sodium phosphate monobasic (NaH2PO4) and sodium 
cyanoborohydride (NaBH3CN) were ordered from Fisher 
Scientific (Pittsburgh, PA). Pierce™ Phosphoprotein 
Enrichment Kit, Coomassie Brilliant Blue G-250, Pro-Q™ 
Diamond Phosphoprotein Gel Stain, and SYPRO™ Ruby 
Protein Gel Stain were purchased from Thermo Scientific 
(Waltham, MA). Mini-PROTEAN Precast Mini PAGE Gel 
was from Bio-rad (Hercules, CA). Tris, HEPES, sodium 
phosphate dibasic (Na2HPO4), and sodium chloride (NaCl) 
were ordered from Invitrogen (Waltham, MA), GoldBio (St. 
Louis, MO), Jade Scientific (Westland, MI), and ChemPure 
Brand (Westland, MI), respectively.

Preparation of Ti4+‑IMAC magnetic nanoparticles

The Ti4+-IMAC nanoparticles were synthesized using com-
mercially available reagents following the schematics shown 
in Fig. 1A. (1) Amine-terminated magnetic nanoparticles 
(10 mg) were suspended in 200 μL of deionized water. Water 
was removed by a magnet for isolation. Then, 600 μL of 
10% (v/v) glutaraldehyde in 100 mM phosphate aqueous 
buffer (93.5 mM Na2HPO4, 6.5 mM NaH2PO4, pH 8.0) was 
added and mixed well with the nanoparticles via vortex for 
10 s. Then, the mixture was kept at room temperature for 
6 h under a gentle mixing condition with a tube revolver 
rotator (Thermo Scientific) at 15 rpm. After the reaction, 
the aldehyde-functionalized nanoparticles (Intermediate 1) 
were washed three times with 100 mM phosphate aqueous 
buffer (600 μL each time). (2) 600 μL of AMPA (amino-
methylphosphonic acid, 2 mg/mL) and NaBH3CN (10 mg/
mL) in 100 mM phosphate aqueous buffer was added to 
the Intermediate 1 for reaction at room temperature for 6 h 
under the same mixing condition as step 1. The Intermediate 
2 was washed three times with LC–MS water. (3) 1.8 mL 
of 100 mM TiCl4 in LC–MS water (note: precipitates were 
removed from the solution after mixing TiCl4 with the 
water) was added to the Intermediate 2 for reaction at room 
temperature for 6 h under the same mixing condition as the 
previous steps to produce the final product, Ti4+-IMAC mag-
netic nanoparticles. After washing with LC–MS water three 
times, the final product was kept in 200 μL of LC–MS water 
at 4 °C before use.
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Characterization of Ti4+‑IMAC magnetic 
nanoparticles

Transmission electron microscopy (TEM) was conducted 
on a JEOL JEM-1400 Flash instrument operated at 80 kV. 
Energy dispersive X-ray microanalysis (EDS) was carried 
out at 10 kV by an ultra-high resolution JEOL 7500F scan-
ning electron microscope equipped with Oxford EDS sys-
tems for elemental analysis. Zeta potential was measured 
using the Zetasizer Nano instrument (Malvern Panalytical) 
at 377.6 kcps count rates, 12 zeta runs, 2.00 mm measure-
ment position, and 5 attenuators. Thermogravimetric analy-
sis (TGA) was conducted using a TGA Q500 thermal analy-
sis system (Waters Corporation) under a N2 atmosphere at a 
constant heating rate of 10 °C/min from 100 to 600 °C. All 
samples were first heated to 100 °C and held at that tempera-
ture for 2 min to fully dry down the particles.

Phosphoprotein enrichment using Ti4+‑IMAC 
magnetic nanoparticles and the commercial kit: 
standard proteins

The procedure for phosphoprotein enrichment with the 
Ti4+-IMAC is shown in Fig. 1B. A mixture of bovine serum 
albumin (BSA, unphosphorylated protein) and β-casein 
(phosphorylated protein) was dissolved in the loading buffer 
(50 mM HEPES–NaOH, 200 mM NaCl, pH 7.0). Then, the 
sample (4.5 mL) was mixed with Ti4+-IMAC nanoparticles 
(10 mg) and kept at room temperature for 2 h. Next, the 
nanoparticles were washed twice with the loading buffer 
(4.5 mL) to remove non-specific binding proteins. At last, 

the phosphoproteins bound to the nanoparticles were eluted 
twice with about 2 mL of elution buffer (200 mM Na2HPO4, 
200 mM NaCl, pH 7.0). The two eluates were combined. 
Protein concentration in the loading mixture (LM), flow-
through (FT), and elution (E) samples was measured by the 
bicinchoninic acid (BCA) assay. These samples were mixed 
with a 4X SDS-PAGE sample buffer (1.0 M Tris pH 6.8, 
2 mL; SDS, 0.8 g; Bromophenol Blue, 0.04 g; Glycerol, 
4 mL; LC/MS grade water, 4 mL; 1 M DTT, 1 mL), and 
boiled at 94 °C for 10 min. Then, a Mini-PROTEAN Precast 
Mini PAGE Gel (Bio-rad) was used for gel electrophoresis. 
The parameters for SDS-PAGE were set at 150 V for 50 min. 
After Coomassie Blue staining, the recovery rate was cal-
culated using the ImageJ software (%Recovery = amount 
of β-casein after enrichment/amount of β-casein before 
enrichment × 100%).

For the phosphoprotein enrichment using the commercial 
kit, the Pierce™ phosphoprotein enrichment kit was used 
following the manufacturer’s protocol. First, the storage 
solution was removed, and 5 mL of the loading buffer was 
applied to equilibrate the commercial column via centrifu-
gation at 1000 × g for 1 min at 4 °C. Second, 4 mg of the 
standard protein mixture (BSA, 10 μM; β-casein, 10 μM) in 
the loading buffer (LM) was incubated with the column on 
a tube revolver rotator for 30 min at 4 °C. Third, the flow-
through (FT) was collected by centrifugation at 1000 × g 
for 1 min at 4 °C. Fourth, the column was washed three 
times with 4.5 mL loading buffer in total via centrifugation 
at 1000 × g for 1 min at 4 °C to remove the non-specific 
protein binding (W1, W2, and W3). Finally, the phosphopro-
teins were eluted four times using a total volume of 4.5 mL 

Fig. 1   A Schematic of the 
synthesis process of Ti4+-IMAC 
magnetic nanoparticles. The 
Ti4+ chelated on the linker has 
strong binding to the phosphate 
groups. The cartoon at the bot-
tom right shows the schematic 
diagram of the final product of 
Ti4+-IMAC magnetic nano-
particles. B Schematic of the 
phosphoproteoform enrichment 
process from protein mixtures 
using magnetic nanoparticle–
based Ti4+-IMAC
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elution buffer (E) via centrifugation at 1,000 × g for 1 min 
at 4 °C. The eluted sample was desalted and concentrated to 
1 mL for SDS-PAGE analysis as described above.

Preparation of yeast cell lysate, phosphoproteoform 
enrichment, and SDS‑PAGE analysis

The baker’s yeast (YSC1 purchased from Sigma-Aldrich) was 
cultured in YPD broth (Sigma-Aldrich) according to the gen-
eral yeast growth protocol. After the harvest, the yeast was 
washed 3 times by the loading buffer and well dispersed in the 
loading buffer supplemented with 1 × cOmplete protease inhib-
itor and 1 × PhosSTOP phosphatase inhibitor. The yeast was 
lysed for 2 min using a homogenizer 150 (Fisher Scientific) 
and then sonicated on ice for 10 min by a Branson Sonifier 
250 (VWR Scientific). Next, the yeast lysate was centrifuged 
at 14,000 g for 10 min under 4 °C. The supernatant was kept, 
and the protein concentration was measured by the BCA assay. 
The extracted proteins were stored at − 80 °C before use.

The phosphoproteoform enrichment procedure was the 
same as the standard protein mixture experiment (BSA and 
β-casein) with some modifications. Yeast proteins measuring 
3 mg in 1 mL loading buffer were mixed with 10 mg of IMAC 
magnetic nanoparticles. A loading buffer measuring 1 mL was 
used for washing the beads twice to remove non-specific bind-
ing. An elution buffer measuring 200 µL was used to elute 
phosphoproteoform from beads twice. After enrichment, the 
loading mixture (LM), flow-through (FT), and elution (E) 
were desalted with a 10-kDa molecular weight cutoff mem-
brane (Millipore Sigma, Inc) before analysis.

Yeast proteins of LM, FT, and E measuring 15 μg were 
separated by SDS-PAGE. Precast Mini PAGE Gel (4–20%, 
Bio-rad) was used for gel electrophoresis (150 V, 50 min). 
The gel was stained with Pro-Q™ Diamond Phosphopro-
tein Gel Stain followed by SYPRO™ Ruby Protein Gel Stain 
according to the manufacturers’ protocols. To visualize phos-
phoproteins and all the proteins, the gel was imaged using a 
ChemiDoc MP system (Bio-rad) with built-in settings for 
Pro-Q Diamond and SYPRO Ruby fluorescent dye separately.

Phosphoproteoform enrichment from yeast cell 
lysate and reversed‑phase LC (RPLC)‑MS/MS

The phosphoproteoform enrichment procedure was the same 
as mentioned before except that 5 mg of yeast proteins was 
used as the starting material. About 200 μg of proteins was 
recovered in the eluate (E) after the enrichment. The protein 
sample was dissolved in 400 μL of 0.1% (v/v) formic acid 
(0.5 mg/mL).

For RPLC-MS/MS, an EASY-RPLC™ 1200 system and 
a Q-Exactive HF mass spectrometer (Thermo Fisher Scien-
tific) (Thermo Fisher Scientific) were used. The yeast sam-
ple was dissolved in 0.1% (v/v) FA. One microliter of the 

sample corresponding to 0.5 μg proteins was separated on a 
home-packed C4 separation column (100-µm i.d. × 30 cm, 
3 µm particles, 300 Å, Sepax Technologies, Inc.) at a flow 
rate of 500 nL/min. Mobile phase A was 5% (v/v) ACN in 
water containing 0.1% (v/v) FA), and mobile phase B was 
80% (v/v) ACN and 0.1% (v/v) FA. For separation, a 105-
min gradient was used: 0–85 min, 5–70% B; 85–90 min, 
70–100% B; 90–105 min, 100% B.

The electrospray voltage was set to 1.8 kV. A Top5 DDA 
method was used. The mass resolution was set to 120,000 
(at m/z 200) for full MS scans and 60,000 (at m/z 200) for 
MS/MS scans. For full MS scans and MS/MS scans, the 
target value was 3E6 and 1E6; the maximum injection time 
was 100 ms and 200 ms, respectively. The scan range was 
600 to 2000 m/z for full MS scans. For MS/MS scans, the 
isolation window was 4 m/z. Fragmentation in the HCD cell 
was performed with a normalized collision energy of 20%. 
The fixed first mass was set to 100 m/z for MS/MS. Dynamic 
exclusion was applied and it was set to 30 s. Ions with charge 
states from + 1 to + 5 were not considered for fragmentation.

Data analysis

All the RAW files were analyzed with the TopPIC (top-
down mass spectrometry–based proteoform identification 
and characterization) software (version 1.5.2) [35].

The RAW files were first converted to mzML files with 
the MsConvert software [36], and spectral deconvolution 
was performed with the TopFD (top-down mass spectrom-
etry feature detection) software, generating msalign files, 
which were used as the input for database searching using 
TopPIC. The spectra were searched against a yeast database 
(downloaded from Swiss-Uniprot, September 2021). False 
discovery rates (FDRs) were estimated using the target-
decoy approach [37, 38]. A 1% proteoform spectrum match 
(PrSM)-level FDR and a 5% proteoform-level FDR were 
employed to filter the identifications. The mass error toler-
ance was 15 ppm. The mass error tolerance was 1.2 Da for 
identifying PrSM clusters. The maximum mass shift was 
500 Da. The maximum number of mass shifts was set to 2.

For phosphoproteoform determination, we used multiple 
strategies. First, we manually checked the reported mass 
shifts from TopPIC, considering single phosphorylation 
(around 80-Da mass shift), multiple phosphorylation (i.e., 
around 160-Da and 240-Da mass shifts), and combinations 
of phosphorylation and other common PTMs (e.g., methyla-
tion and acetylation). Second, we confirmed those PTMs 
according to the information on UniProt database (https://​
www.​unipr​ot.​org) and YAAM database (http://​yaam.​ifc.​
unam.​mx). Third, we manually checked the MS/MS spec-
tra of some identified phosphoproteoforms for the neutral 
loss of phosphorylation (80-Da or 98-Da) caused by HCD 
fragmentation.

https://www.uniprot.org
https://www.uniprot.org
http://yaam.ifc.unam.mx
http://yaam.ifc.unam.mx
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Results and discussion

Characterization of Ti4+‑IMAC magnetic 
nanoparticles

The synthesis of Ti4+-IMAC nanoparticles is shown in 
Fig. 1A. First, the amine-terminated nanoparticles (ATNPs) 
were mixed with glutaraldehyde to bring an aldehyde group 
to the NPs. Then, this intermediate 1 reacted with sodium 
cyanoborohydride and AMPA to generate stable phosphate 
groups to the NPs. Finally, the Ti4+ was immobilized on the 
surface of intermediate 2 based on the chelating interaction 
between the phosphate group and Ti4+.

The TEM results (Fig. 2A) revealed the size of the 
Ti4+-IMAC magnetic nanoparticles is smaller than 20 nm, 
and the functionalization did not increase the particle size 
compared to the initial ATNPs, most likely because the 
reactions only added short carbon chains to the particle 
surface. Figure 2B shows the elemental composition anal-
ysis data of ATNPs and Ti4+-IMAC nanoparticles from 
EDS. Ti4+-IMAC nanoparticles had substantially higher 
amounts of Ti4+ and P compared to ATNPs (Ti4+, 8.5% 
vs. 0%; P, 4.7% vs. 0%), indicating the successful func-
tionalization of the magnetic nanoparticles with phos-
phate groups and Ti4+ ions. Additionally, we further char-
acterized the zeta potentials of ATNPs and Ti4+-IMAC 

nanoparticles by laser Doppler velocimetry (LDV) 
(Fig. 2C). The zeta potential of the ATNPs and Ti4+-IMAC 
nanoparticles were 19.8 mV and − 29.6 mV. This negative 
shift is due to the replacement of the amine group to the 
phosphate group on the nanoparticle surface. Finally, the 
TGA analysis results of ATNPs and Ti4+-IMAC nanopar-
ticles demonstrated a much more significant weight loss 
of Ti4+-IMAC compared to the original ATNPs (Fig. 2D). 
The phenomenon is due to several more chemical modifi-
cations of the Ti4+-IMAC nanoparticles compared to the 
original ATNPs. Figure 2E shows that the Ti4+-IMAC 
magnetic particles can be well dispersed in water and eas-
ily separated from water by a magnet, which guarantees 
efficient interactions between nanoparticles and phospho-
proteins as well as easy operations.

Phosphoprotein enrichment by the Ti4+‑IMAC 
nanoparticles and SDS‑PAGE analysis: standard 
proteins

We used a standard protein mixture containing β-casein (β, 
a phosphoprotein) and bovine serum albumin (BSA, a non-
phosphoprotein) to evaluate the performance of Ti4+-IMAC 
nanoparticles for selectively isolating phosphoproteins. The 
experimental procedure is shown in Fig. 1B, including (1) mix-
ing and incubating the protein mixture (loading mixture, LM) 

Fig. 2   Characterization results of magnetic nanoparticle–based 
Ti4+-IMAC material, including TEM (A), elemental composi-
tion analysis (B), zeta potential analysis (C), weight loss analysis 
(D), and water dispersion and magnetic separation tests (E). Each 

red arrow in A is pointing at a single magnetic nanoparticle and 
those nanoparticles were used to estimate the means and standard 
deviations of the size of original ATNPs and Ti4+-IMAC nano-
particles
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with the Ti4+-IMAC, (2) selectively isolating the phosphopro-
teins by the Ti4+-IMAC and removing the non-phosphopro-
teins in the solution (flow-through, FT), (3) washing away the 
non-phosphoproteins efficiently by a couple of washing steps 
(Wash 1 and 2, W1 and W2), and (4) eluting phosphoproteins 
from the Ti4+-IMAC (elution, E). We chose the salt concentra-
tions in the loading buffer, washing buffer, and elution buffer 
according to one previous report. [31] We optimized the pH 
of the loading buffer, washing buffer, and elution buffer using 
the standard protein mixture (BSA and β-casein molar ratio as 
10:1, 100 μM:10 μM); see Electronic Supplementary Material 
I Figure S1. We used SDS-PAGE to evaluate the enrichment 
efficiency of phosphoproteins, and the gel was stained with 
Coomassie Blue dye to observe the phosphoproteins and non-
phosphoproteins. After considering both non-phosphoprotein 
removal and phosphoprotein recovery, we decided to choose 
the pH 7.0 buffers for all the following experiments. The load-
ing and washing buffer contained 50 mM HEPES–NaOH and 
200 mM NaCl (pH 7.0). The elution buffer contained 200 mM 
NaCl and 200 mM Na2HPO4 (pH 7.0).

Figure 3 shows the SDS-PAGE data of the standard pro-
tein mixture (1:1 molar ratio of BSA: β-casein, 10 μM:10 μM) 
after treatment by the Ti4+-IMAC (A) and the commercial 
kit (B) as well as the standard protein mixture (10:1 molar 
ratio of BSA: β-casein, 100 μM:10 μM) after treatment by 
the Ti4+-IMAC (C). It is clear that Ti4+-IMAC can selectively 
capture the phosphoprotein (β-casein) and efficiently remove 
the non-phosphoprotein (BSA) even when BSA has a ten-fold 
higher concentration than β-casein (Fig. 3A and C). Compared 
to the commercial kit (Fig. 3B), the Ti4+-IMAC had a better 
performance regarding the capture efficiency for phosphopro-
teins. As marked by the red ovals, clear β-casein bands were 
observed in the flow-through (FT) and Wash (W1) samples 
from the commercial kit; no obvious signals were obtained in 

FT and W1 samples from the Ti4+-IMAC. The β-casein recov-
ery from the Ti4+-IMAC is much higher than that from the 
commercial kit (46% vs. 37%). We further tested the reproduc-
ibility of the Ti4+-IMAC for phosphoprotein enrichment using 
the standard protein mixture (BSA:β-casein, 100 μM:10 μM). 
A reproducible β-casein recovery (48 ± 8%) was produced 
from quadruplicate preparations. We want to highlight that 
another important advantage of our Ti4+-IMAC magnetic par-
ticles compared to the commercial kit is its easy operations 
via a magnet without the need for centrifugation. Additionally, 
the Ti4+-IMAC method could be used for a variety of initial 
amounts of protein materials via a simple adjustment of the 
mass of magnetic particles depending on the availability of 
the biological samples. We noted that there is still a visible 
BSA band in the eluates of the Ti4+-IMAC (Fig. 3A and C) 
and there is no clear BSA signal in the elution sample of the 
commercial kit (Fig. 3B). Some further improvement of the 
surface chemistry of Ti4+-IMAC magnetic particles could be 
done to reduce the non-specific binding of non-phosphopro-
teins and will be investigated in our future study.

Phosphoproteoform enrichment by Ti4+‑IMAC 
nanoparticles and SDS‑PAGE analysis: a yeast cell 
lysate

We further validated the performance of the Ti4+-IMAC 
magnetic nanoparticles for phosphoproteoform enrichment 
from a complex sample, a yeast cell lysate. Three milli-
grams of yeast proteins and 10 mg of Ti4+-IMAC magnetic 
nanoparticles were used. The experiment was performed in 
triplicate. We loaded an equal amount of proteins for load-
ing mixture (LM), flow-through (FT), and elution (E) into 
each lane of SDS-PAGE gel for analysis. We first stained 
the gel using Pro-Q Diamond to detect phosphoproteoforms 

Fig. 3   SDS-PAGE data of a standard protein mixture (BSA and 
β-casein) after selective isolation of phosphoprotein β-casein 
with magnetic nanoparticle–based Ti4+-IMAC (A and C) and the 
commercial phosphoprotein enrichment kit (B). For A and B, 
the concentration of BSA and β-casein in the sample was both 
10  µM. For C, the concentration of BSA was 10 times higher 

than β-casein (100  µM vs. 10  µM). M, protein molecular weight 
marker; LM, loading mixture (the standard protein mixture before 
IMAC enrichment); FT, flow-through; W1, W2, and W3, the first, 
second, and third wash; E, eluate from the Ti4+-IMAC magnetic 
nanoparticles after enrichment; β, β-casein standard; BSA, BSA 
standard
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specifically. Then, we de-stained the gel and re-stained it 
with SYPRO Ruby to detect total proteins in the samples.

As shown in Fig. 4A, much more visible phosphopro-
teoform bands were observed in the eluates (E1, E2, and 
E3) compared to the loading mixture (LM) in the triplicate 
preparations. The Ti4+-IMAC method has nice reproduc-
ibility according to the phosphoproteoform profiles in the 
three eluates (E1, E2, and E3). Figure 4B further shows the 
nice reproducibility of the technique at the total proteoform 
level (E1, E2, and E3). By comparing the total proteoform 
and phosphoproteoform profiles in the eluates, we observed 
that the major proteoform bands (≤ 75 kDa) are relatively 
consistent, indicating the reasonably high specificity of the 
technique for phosphoproteoform enrichment from complex 
samples. We noted that many visible phosphoproteoform 
bands exist for the flow-through sample (FT) and some bands 
even have a higher intensity than that in the eluates (E). To 
get a better understanding of this phenomenon, we determined 
the loading capacity of the Ti4+-IMAC nanoparticles using 
the β-casein as the sample; see Electronic Supplementary 
Material I Figure S2A. The loading capacity is about 140 μg 

phosphoproteins/mg nanoparticles for Ti4+-IMAC and the 
enrichment process could be done within 1 h. The 10 mg of 
Ti4+-IMAC magnetic nanoparticles used in the experiment 
could capture more than 1 mg of phosphoproteoforms. Inter-
estingly, only about 200 μg of proteins were recovered in the 
eluate (E) after the enrichment. The results suggest that the 
Ti4+-IMAC cannot capture all the phosphoproteoforms in the 
cell lysate, probably due to the three-dimensional structure of 
intact phosphoproteoforms and the selectivity of Ti4+.

Considering that IMAC with different metal ions (e.g., 
Ti4+ and Fe3+) could enrich different pools of phosphopep-
tides from complex proteome samples [39, 40], we com-
pared Ti4+-IMAC and Fe3+-IMAC for phosphoproteoform 
enrichment for the first time here. The Fe3+-IMAC magnetic 
nanoparticles were prepared using the same procedure as the 
Ti4+-IMAC material, and the salt FeCl3 was used as the source 
of the Fe3+. We employed the same protocol for the phos-
phoproteoform enrichment from the yeast cell lysate using the 
Ti4+-IMAC and Fe3+-IMAC magnetic nanoparticles. The load-
ing capacity is about 160 μg phosphoproteins/mg nanoparticles 
for Fe3+-IMAC nanoparticles; see Electronic Supplementary 

Fig. 4   SDS-PAGE data of a 
yeast cell lysate. Visualiza-
tion of phosphoproteoforms by 
the Pro-Q Diamond staining 
(A) and total proteoforms by 
SYPRO Ruby staining (B) after 
phosphoproteoform enrichment 
by magnetic nanoparticle–based 
Ti4+-IMAC in triplicate experi-
ments. M, protein molecular 
weight marker; LM, loading 
mixture (the yeast cell lysate 
before IMAC enrichment); FT1, 
FT2, and FT3, flow-through 
from the first, second, and third 
experiment; E1, E2, and E3, 
eluate from the Ti4+-IMAC 
magnetic nanoparticles after 
enrichment in the first, second, 
and third experiment. Direct 
comparisons of Ti4+-IMAC 
and Fe3+-IMAC regarding the 
profile of phosphoproteoforms 
(C) and total proteoforms (D) 
isolated from the yeast cell 
lysate
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Material I Figure S2B. The Ti4+-IMAC and Fe3+-IMAC pro-
duced substantially different profiles of phosphoproteoforms, 
as evidenced by the SDS-PAGE data in Fig. 4C. The total 
proteoform data in Fig. 4D also indicates the distinguishable 
differences between Ti4+-IMAC and Fe3+-IMAC eluates. The 
data indicate that Ti4+-IMAC and Fe3+-IMAC are complemen-
tary for phosphoproteoform enrichment from complex pro-
teomes and a combination of the two methods will be useful 
for improving the phosphoproteoform coverage.

RPLC‑MS/MS‑based top‑down proteomics of yeast 
phosphoproteoforms enriched by Ti4+‑IMAC 
and Fe3+‑IMAC

We further enriched phosphoproteoforms from the yeast cell 
lysate using both Ti4+-IMAC and Fe3+-IMAC and analyzed the 
loading mixture (LM) and eluates (E) by RPLC-MS/MS. After 
database search by the TopPIC, 15, 28, and 32 phosphoproteo-
forms were identified from the LM, E of Ti4+-IMAC, and E of 
Fe3+-IMAC, respectively, with a 5% proteoform-level FDR. 
The identified phosphoproteoforms and total proteoforms are 
listed in the Electronic Supplementary Material II.

The IMAC technique yielded about 100% more phospho-
proteoform identifications compared to a direct RPLC-MS/
MS analysis of the LM without enrichment (about 30 vs. 15). 
Interestingly, Ti4+-IMAC and Fe3+-IMAC produced obviously 
different phosphoproteoform profiles, evidenced by the low 
proteoform-level overlap between the two methods (Fig. 5A). 
In total, 48 phosphoproteoforms were identified by the two 
IMAC methods and only 12 of them were identified by both 
methods. The data agree well with the data in Fig. 4C. We 
noted that only 3 out of 15 phosphoproteoforms identified in 
the LM sample were also identified in the E of Ti4+-IMAC or 
Fe3+-IMAC, indicating that some phosphoproteoforms can-
not be captured by the IMAC materials during the enrichment 
step, which agrees well with the SDS-PAGE data in Fig. 4.

We speculated that proteins corresponding to the phospho-
proteoforms identified in the LM had a relatively high abun-
dance in the yeast cells, and the phosphoproteoforms can be 
identified directly by RPLC-MS/MS without the need for 
IMAC enrichment. However, for the phosphoproteoforms iden-
tified in the E after Ti4+-IMAC or Fe3+-IMAC, the correspond-
ing proteins have relatively low abundance in the yeast cells and 
IMAC enrichment is critical for the characterization of those 
phosphoproteoforms. To prove this hypothesis, we first checked 
the protein-level overlaps among LM, E of Ti4+-IMAC, and E 
of Fe3+-IMAC for the identified phosphoproteoforms, followed 
by the investigation of protein relative abundance according to 
the Protein Abundance Database (PAXdb, version 4.2, https://​
pax-​db.​org/​speci​es/​4932). As shown in Fig. 5B, the protein-
level overlaps between LM and E of Ti4+-IMAC or LM and E 
of Fe3+-IMAC are low. The protein abundance data in Fig. 5C 
clearly indicate that phosphoproteins identified in the Es after 
IMAC enrichment have much lower abundance compared to 
that identified in the LM. The data clearly demonstrate the ben-
efits of Ti4+-IMAC and Fe3+-IMAC enrichment for top-down 
proteomics of phosphoproteoforms with low abundance.

We noted that the number of phosphoproteoforms identified 
from IMAC eluates here is small compared to the total number 
of proteoform identifications (~ 30 vs. ~ 600). Those about 600 
proteoforms correspond to roughly 200 proteins and the approxi-
mate 30 phosphoproteoforms derive from about 10 proteins. We 
further manually checked the identified total proteins from the 
Ti4+-IMAC and Fe3+-IMAC eluates in terms of phosphorylation 
through the online protein phosphorylation database Phospho-
GRID (https://​phosp​hogrid.​org/). We found that at least more 
than 50% of those proteins have been reported as phosphorylated 
proteins. The reason why we only identified roughly 30 phos-
phoproteoforms of 10 proteins from each of the IMAC eluates 
by RPLC-MS/MS might be due to the phosphate group loss 
during sample processing and storage before RPLC-MS/MS. 
During the proteoform elution, buffer exchange, and sample 

Fig. 5   Phosphoproteoform identification results from the yeast cell 
lysate by RPLC-MS/MS. A Proteoform-level overlap among phos-
phoproteoforms identified from the yeast sample before IMAC 
enrichment (loading mixture, LM), after Ti4+-IMAC enrichment 
(Ti4+), and after Fe3+-IMAC enrichment (Fe3+). B Protein-level over-

lap among LM, Ti4+, and Fe3+ for the identified phosphoproteoforms. 
C Boxplots of abundance (ppm) of proteins corresponding to the 
identified phosphoproteoforms from LM, Ti4+, and Fe.3+. The protein 
abundance information was obtained from the Protein Abundance 
Database (PAXdb, version 4.2, https://​pax-​db.​org/​speci​es/​4932)

https://pax-db.org/species/4932
https://pax-db.org/species/4932
https://phosphogrid.org/
https://pax-db.org/species/4932
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storage steps, the phosphate groups could be lost due to potential 
phosphatase activity because phosphatase inhibitors most likely 
have been removed. However, it is hard to make a solid conclu-
sion about this point here. We will study the sample processing 
procedure in more detail and more samples to achieve a better 
understanding of this phenomenon in our future work.

Figure 6 shows two examples of identified phosphoproteo-
forms from the yeast cell lysate by Ti4+-IMAC or Fe3+-IMAC 
enrichment and RPLC-MS/MS. One phosphoproteoform 
of gene HYP2 (eukaryotic translation initiation factor 5A-1) 
shows a strong signal after Ti4+-IMAC enrichment, but with-
out a visible signal before enrichment (Fig. 6A). In another 
example shown in Fig. 6B, one phosphoproteoform of gene 
STF2 (ATPase-stabilizing factor 15 kDa protein) has drastically 
better signal after Fe3+-IMAC enrichment compared to before 
enrichment. The data further demonstrate the highly efficient 
phosphoproteoform enrichment from complex samples by the 
Ti4+-IMAC and Fe3+-IMAC. Interestingly, we detected clear 
signals of the corresponding un-phosphoproteoforms of the 
genes HYP2 and STF2 not only before enrichment but also after 
IMAC enrichment, which might be due to either the dynamic 
nature of protein phosphorylation (loss of phosphate groups 

during the steps after enrichment) or the non-specific binding 
of un-phosphoproteoforms on the IMAC magnetic nanoparti-
cles. Figure 6C and D show the sequences and fragmentation 
patterns of two identified phosphoproteoforms. The two phos-
phoproteoforms were identified with high confidence and were 
characterized reasonably well. We noted that the proteoform 
shown in Fig. 6C has both acetylation and phosphorylation 
close to its N-terminus. Although the database search software 
assigned the acetylation to the S2 residue and the phosphoryla-
tion to the S8 residue, there are still uncertainties in the PTM 
localization because of the lack of fragment ions from the first 
10 amino acid residues. The data indicate a general challenge 
in top-down proteomics for accurate PTM localization.

Figure S3 in Electronic Supplementary Material I shows 
the sequences and fragmentation patterns of four exam-
ple phosphoproteoforms with the combinations of multiple 
PTMs. Three phosphoproteoforms of eukaryotic translation 
initiation factor 5A-1 (IF5A1) were identified with two phos-
phorylation sites (A), combinations of phosphorylation, hypu-
sination, and acetylation (B), and combinations of phospho-
rylation, hypusination, and truncation (C). We identified over 
10 different phosphopoteoforms of IF5A1 by Ti4+-IMAC and 

Fig. 6   A Mass spectra of one HYP2 phosphoproteoform before and after Ti4+-IMAC enrichment. B Mass spectra of one STF2 phosphoproteo-
form before and after Fe3+-IMAC enrichment. C, D Sequences and fragmentation patterns of two example phosphoproteoforms
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Fe3+-IMAC enrichment, suggesting the huge potential het-
erogeneity of phosphoproteoforms from the same gene. It is 
impossible to reveal the proteoform-level heterogeneity using 
the traditional BUP strategy. IF5A is a translation factor, and 
it has crucial functions in modulating cancer and brain aging 
[41, 42]. However, the detailed functions of IF5A phospho-
rylation and hypusination in those processes are not clear. The 
capability of delineating various IF5A phosphoproteoforms 
with or without hypusination using TDP will establish the 
foundation for further elucidating their functions in cancer and 
brain aging. The data here highlight the significance of TDP 
for protein characterization in a proteoform-specific manner.

Conclusions

In this pilot study, we investigated magnetic nanoparticle–based 
IMAC (Ti4+ and Fe3+) for the enrichment of phosphoproteo-
forms from simple and complex protein mixtures for MS-based 
top-down proteomics. The IMAC methods achieved highly 
efficient and reproducible enrichment of intact phosphoproteo-
forms from a standard protein mixture and a yeast cell lysate. 
Substantially more phosphoproteoforms were identified from 
the yeast cell lysate after IMAC enrichment with Ti4+ or Fe3+ 
compared to that without enrichment. Interestingly, we docu-
mented that Ti4+-IMAC and Fe3+-IMAC tended to isolate dif-
ferent pools of phosphoproteoforms from a complex proteome.

We note that some improvements need to be made to 
achieve global top-down proteomics of phosphoproteoforms 
from complex proteomes. First, the surface chemistry of Ti4+ 
and Fe3+-IMAC magnetic particles could be improved to 
reduce the non-specific binding of non-phosphoproteins and 
further boost the phosphoproteoform recovery. Second, the 
mass of all the identified phosphoproteoforms by RPLC-MS/
MS is smaller than 20 kDa in this work due to the low sensi-
tivity of top-down proteomics for the characterization of large 
proteoforms. Improvement of MS-based top-down proteomics 
technique for the identification of large phosphoproteoforms 
will be an important topic in our future studies. Third, the full 
characterization of phosphoproteoforms is hampered by the 
unsatisfying backbone cleavage coverage of proteoforms from 
the typical LC–MS/MS technique with collision-based gas-
phase fragmentation. We expect that coupling our IMAC tech-
niques to LC–MS/MS equipped with collision, electron, and 
photon-based gas-phase fragmentation methods will advance 
the top-down proteomics of phosphoproteoforms drastically.

Supplementary Information  The online version contains supplemen-
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