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HIGHLIGHTS 

 

 Chemical functionalization of HSA generating protein conjugates was investigated 

 MALDI-TOF allowed estimating the number of species coupled to the peptide backbone 

 MALDI-TOF provided the global reaction kinetic over the intact protein 

 LC-MS/MS enabled to perform a precisely localized the modified lysine residues 

 Data crossing established link between accessibility and reactivity of the residues  
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ABSTRACT: Protein conjugates such as antibody-drugs conjugates (ADCs) represents the next generation of therapeutic proteins. 

They allow to combine the biological properties of the protein format with the characteristics of the conjugated ligands. The reaction 

implemented to couple ligands to the peptide backbone represents a crucial aspect of the production of protein conjugates, influencing 

the nature and the heterogeneity of the conjugates obtained. Here, we report the concomitant use of MALDI-TOF MS and LC-MS/MS 

analysis to investigate the chemical functionalization of human serum albumin (HSA) by the intermediate of lysine residues, previ-

ously used to generate biopharmaceutical agents for medical imaging. A kinetic was performed by collecting samples after different 

reaction times and analyzing them using the two techniques. MALDI-TOF MS analyses allowed estimating the number of conjugated 

ligands in a robust manner and assess the global functionalization kinetic on the intact protein level. Results demonstrated a maximum 

of 38 modified residues out of the 59 lysines available showing the limitation of the chemical functionalization. Consequently, LC-

MS/MS analysis provided a site-specific characterization of the residues undergoing chemical modification. Data exhibited unique 

properties due to the presence of the ligands which allowed to identify without ambiguity the residues exhibiting different modifica-

tion rate and enabled the identification of the unmodified lysine. Results were compared to the structure of HSA described from 

crystallography data. The comparison strongly suggested that accessibility is influencing the residues respective reactivity. The rele-

vant complementarity of the different techniques could be emphasized in order to perform an extensive characterization concerning 

the evolution of the primary structure of the protein during the chemical reaction, providing an improved insight on the conjugation 

process and offering the potentiality to tune the reaction. 
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INTRODUCTION 

The usage of protein as therapeutic drugs has demonstrated a major success in a variety of therapeutic fields like oncology and 

immune disorder for instance [1, 2]. As an illustration, the number of proteins approved for therapeutic use is experiencing an expo-

nential progress and the technologies involved for their production appear to be in constant evolution [3]. Thus, this success has 

allowed to change in a couple of decades the paradigm in the industry, leading to the emergence of the biopharmaceutical industry 

which currently represents a significant portion of pharmaceutical product development [4]. Biopharmaceutical products therefore 

include a wide variety of proteins like insulin, monoclonal antibodies (mAbs), interferon-γ, erythropoietin or albumin [5]. Regarding 

the implementation of therapeutic proteins, one of the most advanced application is represented by the chemical modification of 

proteins. Protein chemical modification has been successfully employed to produce antibody-drug conjugates (ADCs). ADCs repre-

sents an emerging type of therapeutic proteins based on mAbs which incorporate a highly potent cytotoxic drug covalently bonded 

to the peptide backbone through chemical linkage [6]. Currently, the US Food and Drug Administration (FDA) has approved a total 

of six ADCs which include trastuzumab emtansine (Kadcyla, Genentech/Roche), brentuximab vedotin (Adcentris, Seattle Genetics) 

and inotuzumab ozogamicin (Pfizer/Wyeth) and more than 50 ADCs are in clinical trials demonstrating the interest of the biophar-

maceutical industry for this type of proteins [7]. Similarly, chemical functionalization of proteins could also be demonstrated using 

human serum albumin (HSA). For instance, HSA was chemically modified in order to incorporate simultaneously a significant num-

ber of carbohydrates, like galactose (GSA) or lactose (LSA), in addition to chelation moieties [8, 9]. In this case, the functionalization 

of HSA provides the ability to the protein to chelate technetium 99m (99mTc) in order to produce a radiopharmaceutical agent which 

can be detected using scintigraphy for medical imaging [10]. Concomitantly, the incorporation of carbohydrates offers the possibility 

to assess the quantity of functional hepatocytes which are targeted by the intermediate of the asialoglycoprotein receptor (ASGPR) 

[11]. The use of this type of bioimaging agent has demonstrated to be particularly relevant to assess the liver function in different 

contexts such as liver cirrhosis, hepatocarcinoma, liver failure detection in addition to provide a suitable tool to help decide upon 

performing hepatectomy procedure. Regarding the clinical practice, 99mTc-GSA is currently commercially available in Japan as a 

labelling kit for liver function assessment [12]. Therefore, the conjugation of ligands to therapeutic proteins can be envisaged to 

extend drastically the application range of biopharmaceutical products by providing the opportunity to enrich and/or tune the charac-

teristics of the agent while benefiting from the specificities of the protein format like suitable serum half-life for example. 

Concerning the production of conjugated protein products, the ligands can be coupled to the peptide backbone of the protein by the 

implementation of different chemical reactions mainly depending on the type of amino acid residues involved [13, 14]. Therefore, 

drug coupling by the intermediate of cysteine’s thiol moiety has been described for the preparation of brentuximab vendotin [15]. 

Similarly, the preparation of protein conjugates can be achieved by the intermediate of the amino group located on lysine’s lateral 

chain [16]. Commonly, conjugation reaction conducts to the formation of a mixture of variants exhibiting different numbers of ligands 

effectively coupled to the proteins peptide backbone [17]. For a given variant, conjugated ligands can be spatially distributed on 

different amino acids [18]. As a consequence, protein conjugates exhibit an extra layer of heterogeneity generated from different 
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number and localization of ligands coupled during production which is adding to the inherent structural complexity of the initial 

protein [19]. The heterogeneity of protein conjugates may be originating from differences in the kinetic of the conjugation reaction 

depending on the position of the amino acid residues on the peptide backbone. Therefore, it is of utmost importance to provide 

analytical methodologies which allows to perform a comprehensive structural characterization of protein conjugates, in conjunction 

with detailed kinetic information concerning the conjugation reaction. The possibility to correlate the structural characterization re-

garding conjugated ligands and kinetic information could be extremely valuable in order to investigate in a detailed manner the overall 

kinetic of the conjugation reaction. 

An extended panel of analytical techniques is currently used in order to perform a complete characterization of biotherapeutic proteins 

over the different levels defining their structure [20]. Mass spectrometry (MS) has gradually taken a pivotal role in structural charac-

terization of biotherapeutic proteins including protein conjugates [19]. This is explained by the outstanding specificity as well as 

sensitivity provided by MS instrumentation and the possibility using dedicated methodologies to obtain highly detailed structural 

information [21]. For example, MS could be implemented in order to identified the ADCs species exhibiting different payloads [22]. 

MS often needs to be used in conjunction with a separation technique like liquid chromatography [23] or capillary electrophoresis 

[24, 25]. Recently, we described a methodology for the production of lactosylated HSA conjugated with diethylenetriaminepent-

aacetic acid (DTPA) [10]. This protein conjugate could be successfully use to form chelate with Europium (Eu2+) in order to be used 

with fluorescence detection. The implementation of the Eu2+ lanthanide provides an interesting platform for the early development of 

bioconjugate aimed to be used as radiopharmaceutical agents. The influence of the incorporation of lactose moieties in vitro demon-

strated the possibility to enhance hepatocyte targeting by the conjugation of lactose ligands [26]. 

In this work, we developed an analytical methodology based on complementary MS experiments in order to characterize from a 

kinetic and structural aspects in concomitance, the reaction performed for ligand coupling on lysine residues of HSA. HSA is the 

most abundant protein in blood plasma which represents a concentration about 35-50 mg/mL for human serum. HSA sequence is 

composed of 585 amino acids which lead to an average molecular mass of 66472 Da [27]. The structure of the protein is divided in 

three homologous domains (domain I to III), subdivided in subdomains A-B [28]. HSA was first approved for therapeutic use in 2005 

by the US FDA. Concerning large scale production, it can be isolated from collected serums or produced using recombinant technol-

ogies [29]. HSA is principally indicated in the treatment of hypovolemia originating from cirrhotic ascites and hypoalbuminemia 

which may resulted from important burning or acute nephrosis for instance [28]. HSA incubated with 2-iminothiolane (2-IT) was 

sampled at different time throughout the chemical functionalization reaction. The samples were analyzed using MALDI-TOF MS 

analysis in order to determine the number of ligands coupled to the peptide backbone of the protein depending the incubation time 

used to perform the reaction. In parallel, the samples were submitted to proteolytic digestion followed by LC-MS/MS analysis in 

order to characterize the lysine residues undergoing chemical modification. Finally, the data obtained using LC-MS/MS analysis were 

compared to the tertiary structure of HSA obtained from X-ray crystallography in order to further understand the parameters influ-

encing the occurrence of the chemical modification and give an improved insights regarding the formation of the protein conjugate. 
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EXPERIMENTAL SECTION 

Chemicals used were systematically of analytical grade or high purity grade. Ultra-pure water used to prepare buffers and sample 

solutions was obtained using an Milli-Q reference A+ water purification system purchased from Merck Millipore (Billerica, MA). 

LC-MS grade H2O and acetonitrile (ACN) used for UPLC-MS/MS experiments were purchased from VWR chemicals (Fontenay-

sous-Bois, France) respectively. Clinical human serum albumin (HSA) was purchased from LFB laboratories (Les Ulis, France). 2-

iminothiolane hydrochloride (2-IT), dithiotreitol (DTT), iodoacetamide (IAM) and endoproteinase Glu-C were purchased from 

Sigma-Aldrich (Breda, The Netherlands). Trypsin enzyme was purchased from promega (Madison, WI).  

Human serum albumin chemical modification (HSA-2IT). Therapeutic HSA was chemically modified using 2-iminothiolane us-

ing a protocol adapted from Chaumet-Riffaud and coworkers [10]. Briefly, a volume of 25 µL of therapeutic HSA at a concentration 

of 200 mg/mL was sampled and diluted to a final volume of 500 µL using a solution of PBS/EDTA 5 mM. The sample was then 

transferred to a tube containing 7.5 mg of 2-IT. The mixture homogenized and incubated at room temperature under mild agitation 

for a total duration of 24h. In order to perform a kinetic follow-up of the reaction, 30 µL corresponding to 300 µg of the mixture was 

collected after incubation of 5 min, 30 min, 60 min, 2h, 4h and 24h. In order to stop the reaction and clean-up the sample from the 

remaining 2-IT, the collected samples were consequently desalted using Amicon 3kDa centrifugation membrane (Merck Millipore, 

Molsheim, France) by performing 5 cycles of dilution/concentration against milliQ H2O. Samples were then stored at 5°C until further 

analysis. 

MALDI-TOF mass spectrometry (MS) analysis. Intact has and 2IT-has samples obtained at different incubation times were char-

acterized by mass spectrometry (MS). MS experiments were performed using a 4700 Proteomic Analyzer mass spectrometer from 

AB Sciex (Framingham, MA, USA). This instrument is implementing a matrix assisted laser desorption (MALDI) ionization source 

and a time-of-flight (TOF) mass analyzer. The matrix used was composed of α-Cyano-4-hydroxycinnamic acid (HCCA) and pur-

chased from Sigma-Aldrich (Breda, The Netherlands). Based on bicinchoninic acid results, the samples were diluted to a final con-

centration of 1 µg/µL in milli-Q water. A sample volume of 1 µL was mixed with 3 µL of HCCA (10 mg/mL in H2O/ACN), then 1 

µL of this mixture was deposited on a stainless steel plate. The droplet was left to dry at room temperature. MS measurements were 

performed in positive ionization and linear mode in the same conditions and using the same laser energy. Ion transfer parameters 

were optimized using the clinical grade human serum albumin. MS spectra were acquired of the m/z range 8400 – 101000 Th. Each 

MS spectrum was obtained through the summation of 10000 laser shots. MS data treatment was performed using Data explorer 

software (AB Sciex, Framingham, MA, USA). The average mass, for the detected species was determined using BSA calibration 

standard kit (AB Sciex) considering the different charge states detected from 1 to 3. 

Tryptic digestion of modified serum albumin. For each sample, a volume equivalent to a quantity of 25 µg of protein was sampled. 

The sample was then diluted by adding systematically 10 µL of ammonium bicarbonate 50 mM (pH 8.0) and the samples were 

incubated at 40°C for 10 min. DTT was added to the sample to obtain a final concentration of 10 mM. Samples were then heated to 
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90°C for 10 min. The sample was then cooled down to room temperature and IAM was added to a final concentration of 10 mM. 

Afterwards, the samples were incubated in the dark at room temperature for 20 min to allow alkylation of thiols residues. A volume 

of 1 µL of trypsin (0.5 µg/µL) was added to the mixtures which was left for incubation at room temperature for 3h. Another volume 

of 1 µL was added then and digestion was performed overnight at 37°C. Following digestion, a volume of 1 µL of formic acid (FA) 

98% was added and the sample was left at RT for 2h. Finally, the samples were diluted to a final concentration of 0.25 µg/µL using 

H2O (0.1% FA). Digested samples were stored at 5°C prior to UPLC-MS/MS analysis. 

Peptide mixture characterization using liquid chromatography - tandem mass spectrometry (UPLC-MS/MS). Peptide mixtures 

obtained from either trypsin or Glu-C were separated by RP-UPLC (ACQUITY, Waters, Manchester, UK) using a C18 stationary 

phase (BEH C18 1.7 µm, 2.1 × 150 mm) purchased from Waters (St Quentin-en-Yvelines, France) directly hyphenated with a LTQ 

orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany). The mobile phases were composed of 0.1% formic acid (FA) 

in water (mobile phase A) and 0.1% FA in acetonitrile (mobile phase B). Peptide separation was carried out using a gradient from 5 

to 80% B in 38 min and maintained at 80% B for 3 min, at a flowrate of 100 µL/min. The sample volume used for UPLC-MS/MS 

experiments was systematically 10 µL. LTQ orbitrap XL MS was equipped with heated electrospray ionization source (HESI-II) 

from Thermo Scientific (Bremen, Germany). ESI source parameters were set as follow: ESI voltage -4.0 kV, sheath gas flowrate 

value was 40 and an auxiliary gas flowrate value of 12. ESI nebulizer temperature was set to 300°C. Capillary voltage and tube lens 

were set to 35V and 90V respectively. MS/MS experiments were performed in a Top5 data-dependent acquisition (DDA) composed 

of one full MS scan over the mass/charge (m/z) range 150-2000 followed by five sequential MS/MS realized on the five most intense 

ions detected at a minimum threshold of 500 counts. Full MS scans were collected in profile mode using the high resolution FTMS 

analyzer (R = 60,000) with a full scan AGC target of 1E6 and microscans = 1. The ion trap was used in centroid mode at normal scan 

rate to analyze MS/MS fragments. MSn AGC target was set to 1E4 with microscans = 3. Ions were selected for MS/MS using an 

isolation width of 2 Da, then fragmented by collision induced dissociation (CID) using a normalized CID energy of 35, an activation 

Q of 0.25 and an activation time of 30 msec. The default charge state selected was z = 2. Using these parameters, the total duty cycle 

was determined to be 0.65 sec. Parent ions were excluded from MS/MS experiments for 60 sec in case ion triggered an event twice 

in 15 sec using an exclusion mass width of ±1.5 Th. The instruments were controlled using Xcalibur 2.1.0 SP1 Build 1160 (Thermo 

Scientific, Bremen, Germany). 

MS/MS data analysis. Data obtained from UPLC-MS/MS experiments were analyzed using Xcalibur Qual Browser 2.2 SP1.48 

(Thermo Scientific, Bremen, Germany). Purely proteolytic peptides (no miscleavages or PTMs except from cysteine carbomidometh-

ylation) were determined in silico considering HSA amino acid sequence described previously in the literature [27], for trypsin and 

endoproteinase Glu-C digestion respectively. For each proteolytic enzymes, conventional cleavage rules were applied [30] and car-

bomidomethylation of cysteine (+57.0215 Th) considered as a systematic modification. In order to identify conjugated lysine residues, 

a mass increment corresponding to the addition of 2-IT followed by carbamidomethylation of the thiol group (+158.0514 Th) was 
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considered. Peptide identifications were achieved manually from the conjunction of intact peptide mass measurements in full MS and 

MS/MS peptide fragments attribution using a mass tolerance inferior to 5 ppm in MS and 0.05 Th in MS/MS. 

 

RESULTS AND DISCUSSION 

Human serum albumin (HSA) chemical modification. Clinical grade human serum albumin (HSA), approved for therapeutic use, 

was used in order to prepare the protein conjugate (cf. experimental section). The implementation of this type of protein offers a cost-

effective alternative and HSA is readily available. In addition, HSA exhibits a serum half-life of 19-20 days which appears particularly 

relevant for use as therapeutic products [31]. The relatively long serum half-life of HSA is attributed to the ability of the protein to 

interact the neonatal Fc receptor (FcRn) through a pH-dependent interaction which prevent the degradation of HSA in the endosome 

[32, 33]. HSA is also one of the main component of Abraxane® which is a Paclitaxel loaded onto albumin nanoparticles used for 

treatment of breast cancer [34]. Previously, HSA was implement in various cases in order to produce protein conjugates [35, 36]. 

The protocol used for the chemical functionalization of HSA was adapted from the work of Chaumet-Riffaud et al which allows to 

incorporate ligands on the lateral chain of lysine amino acids. In order to perform the conjugation process, lysine residues are activated 

using the primary amino group as emphasized in Figure 1A by incubation of the protein with 2-iminothiolane (2-IT), in order to 

generate sulfhydryl groups. Consequently to this step, ligands can be added through conventional thiol-maleimide Michael addition 

[10]. While “click chemistry” thiol-maleimide reaction is well described and demonstrated excellent reaction yield [37, 38], the 

primary step of the reaction is particularly crucial regarding the protein conjugate generated, and conditions the number and position 

of ligands effectively conjugated to the lysine residues. Using this approach, ligands can be coupled only by the intermediate of 

modified lysine residues and the number of charges can be conserved. Indeed, except from Cys34 all cysteine residues present poten-

tially providing thiol moieties are involved in disulfide bridges [39]. In order to perform a detailed structural characterization of the 

protein, therapeutic HSA was incubated with 2-IT and the reaction mixture was sampled at different times throughout the reaction 

process with a total incubation time of 24h. For each sample, buffer exchange treatment using milli-Q H2O was performed in order 

to rapidly eliminate the 2-IT compound remaining. Following sample cleanup, the modified albumin HSA-2IT was characterized in 

parallel using MALDI-TOF MS and LC-MS/MS analysis. 

 

Kinetic characterization of HSA chemical modification using MALDI-TOF MS. The different samples collected from the reac-

tion media after various incubation times were characterized using MALDI-TOF MS. Using this analytical technique provides the 

analysis of the intact conjugated HSA in order to identify the overall number of 2-IT compounds effectively coupled to the peptide 

backbone of the protein. First, the analysis was performed on a sample of the clinical grade HSA product used as a starting material 

in order to provide a control analysis. The MS spectrum exhibited a signal corresponding to the protein having an average m/z ratio 

of 66412 (Figure 2A). Considering the performances of the instrument, the value obtained is in agreement with the average molecular 

mass of HSA. Note, that the MS peak width obtained is relatively narrow which shows the variants of HSA potentially composing 
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the sample have similar masses. For the HSA-2IT sample collected after an incubation time of 2 min (exposition), the obtained MS 

spectrum demonstrated a signal which exhibited an average m/z ratio of 68079. Therefore, a mass increase of 1667 Da could be 

observed compared to the unmodified HSA which corresponds to an average addition of 16 moieties (Figure 2B). The MS spectrum 

did not show any signal corresponding to the unmodified HSA which demonstrates that the sample content is modified in a homog-

enous manner. However, the peak width corresponding to HSA-2IT is slightly broader as compared to the unmodified HSA. There-

fore, this result shows that the occurrence of the chemical functionalization generates a narrow and nearly Gaussian distribution of 

HSA-2IT exhibiting different numbers of conjugated species. Similarly, MALDI-TOF MS analysis was performed for HSA-2IT 

sample incubated for 30 min (data not shown). The MS spectra allowed to measure an average m/z value of 68931 which represented 

a mass difference of 2519 Da corresponding to the coupling of 25 chemical compounds to the initial HSA. After an incubation time 

of 1h, MS spectra obtained from the analysis of HSA-2IT sample enabled to measure an average m/z value of 69154 (Figure 2C) that 

was found to correspond to the coupling of 27 species to the lysine residues of HSA. For the analysis of the sample incubated for 2h, 

the m/z value measured was 69676 therefore corresponding to the effective coupling of 32 species (Figure 2D). The MS analysis of 

the sample incubated with 2-IT for 4h enabled the identification of HSA-2IT with an average m/z value of 70229 for the single 

charged ion. Compared to the initial HSA sample, the reaction induced a mass increase of 3817 Da which could be attributed to the 

coupling of 38 compounds to the peptide backbone of the protein (Figure 3). It is important to note that for this sample, the peak 

width demonstrated to be significantly increased compared to previous samples. The MS spectra therefore shows that the distribution 

regarding the number of 2-IT compounds coupled to the protein tends to be broader when incubation time is longer while the average 

value continues to increase. Finally, the sample was characterized using MALDI-TOF MS consequently to a 24h incubation of HSA 

with 2-IT. MS data allowed to obtain an average m/z ratio equal to 70246 which corresponded to the addition of 38 compounds 

similarly to the 4h incubation sample. However, the MS spectra exhibited poor signal intensity compared to the previous HSA-2IT 

samples which was attributed to the occurrence of side reaction due to the important reaction time. In addition, the peak width 

demonstrated to be significantly larger than the previous samples characterized. 

MALDI-TOF MS data from the different experiments were compiled in Figure 3 in order to estimate the number of 2-IT coupled to 

HSA depending on the reaction time. The results achieved using the MS intact protein analysis demonstrated to be particularly con-

sistent which strongly suggests that the sample clean-up applied is relevant in order to quickly stop the 2-IT coupling reaction. As 

expected, the reactivity between the amino group of HSA lysine residues and 2-IT compounds is particularly intense at first because 

only a short exposition of the protein led to the modification of approximately 16 residues. This result is explained because in the 

early stage of the reaction, lysine residues easily accessible are reacting simultaneously with 2-IT therefore demonstrating a brutal 

increase of the number of coupled species. The compiled results show that when the reaction time was increased, the number of 2-IT 

compounds effectively coupled to the peptide backbone increased from 16 to 38 compounds. However, the rate of 2-IT coupling is 

gradually decreasing between the initial exposition (2 min) and a reaction time of 4h (Figure 3). This evolution regarding the coupling 

rate of 2-IT is explained by the respective kinetics of the different lysine residues which implies that a portion of the accessible lysine 
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residues are modified rapidly while a significant number of the residues require a longer time in order to be completely modified. 

When the reaction is further prolonged to 24h, results of MS analysis did not exhibit any additional increase regarding the number of 

conjugated compounds as emphasized in Figure 3. This observation is particularly interesting and demonstrates that a significant 

number of lysine residues (21 in total) cannot be modified from the chemical reaction with 2-IT compounds. The follow-up of the 

chemical functionalization proved in this case the functionalization kinetic and more importantly the limitation of the chemical reac-

tion process. Thereby, the results achieved from MALDI-TOF MS analysis suggests that these lysine residues may not be accessible 

to the chemical compound allowing them to be preserved from undergoing the chemical modification. It therefore shows indubitably 

that 2-IT coupling represents the pivotal step in the formation of the protein conjugate, conditioning the nature of the product obtained, 

using this type of conjugation process. To illustrate the impact of such limitation, for instance in the case of HSA conjugates imple-

mented as a medical imaging agent, the number of chelating moieties effectively coupled will be limited by the lysine residues 

activated. However, the number of chelating moieties will influence the intensity and the sensitivity of the signal provided by the 

HSA conjugate in scintigraphy, because it will directly impact the number of lanthanides (99mTc) the protein conjugate can form 

chelates with. 

In order to go further in the characterization of the coupling process, MALDI-TOF MS analysis was used. The analysis allowed 

characterizing the number of 2-IT species effectively coupled to the peptide backbone of the conjugated protein and following the 

evolution of the modification process. This analytical method is particularly straightforward, moreover it allowed to estimate the 

number of 2-IT species coupled in a consistent manner using a limited quantity of sample. The results obtained demonstrated an 

important number of coupled species during the first minutes of the reaction which was followed by a gradual, however steeper, 

increase of the number of 2-IT added to the protein. MS data indicated that 85% of the available lysine residues were modified after 

2h. The results of MALDI-TOF MS experiments allowed to determine an optimal reaction time of 1h in order to provide a significant 

number of modified lysine residues while preventing the occurrence of side reaction due to the presence of an important number of 

free thiols groups. In addition, the MS data suggested the possibility to guide to some extent the localization of the conjugated species. 

This could be potentially achieved by adjusting the reaction time in order to prevent the chemical modification of certain residues. 

 

Analysis of HSA-2IT tryptic digest using reverse phase LC-MS/MS. In parallel to the intact protein analysis performed using 

MALDI-TOF MS, the samples of HSA-2IT collected after various reaction times were characterized in order to attempt to precisely 

locate the coupled compounds over the peptide backbone of the protein. To achieve the characterization, the samples were character-

ized using a methodology derived from proteomic analysis. Thus, HSA-2IT samples were undergoing trypsin proteolytic digestion. 

Consequently, the peptide mixture generated from the sample preparation was then separated and characterized by UPLC-MS/MS. 

In a preliminary experiment, a sample of clinical grade HSA was characterized in order to assess the performance of the LC-MS/MS 

method and provide a control experiment. Results achieved from the analysis of the unmodified HSA allowed to characterize nearly 
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the entire amino acid sequence (Table S-1). The extended sequence coverage could be achieved by performing the manual identifi-

cation of the digested peptides. For each peptide, the identification was obtained from the high resolution measurement of the m/z 

ratio of the complete peptide provided in MS scans concomitantly to the identification of the fragment ions generated from the CID 

fragmentation during MS/MS events. Note, a few peptides demonstrated poor retention on the stationary phase leading to their elution 

practically in the dead volume. Because the complexity of the initial sample is fairly limited, the ion selection/exclusion procedure 

of the MS/MS method could be adjusted in order to still provide MS/MS data even in the case of poorly retained peptides partially 

coeluting. Thereby, these characteristics explain the outstanding sequence coverage achieved. The analysis of the HSA control sample 

demonstrated that the method is compatible with the comprehensive characterization of the primary structure of the protein. 

The sample of HSA-2IT collected after a brief exposition (2 min) to 2-IT compound was prepared in a similar fashion and analyzed 

using LC-MS/MS. Conventionally, the protein is submitted to reduction followed by alkylation using iodoacetamide (IAM) prior to 

the proteolytic digestion in order to maximize the efficiency of the digestion. As a consequence, in addition to the cysteine residues 

IAM is supposed to react with the free thiols generated from the coupling of 2IT to the protein like represented in Figure 1B. The 

total ion chromatogram (TIC) obtained from the LC-MS/MS experiment exhibited a similar intensity compared to the initial protein 

demonstrating a decent separation of the peptides composing the mixture. In order to identify the peptides incorporating 2-IT com-

pounds, theoretical values corresponding to the modified peptides were extracted from MS data. Considering purely tryptic peptides 

without missed cleavage did not enable to identify the addition of 2-IT compounds. Indeed, as emphasized in Figure 4 the peptide 

T08 could only be identified free from 2-IT. However, by considering the peptide T08_09 which corresponds to the occurrence of a 

missed cleavage on Lys74, it was possible to identify the m/z ratio corresponding to the unmodified peptides in addition to the homol-

ogous peptide exhibiting the coupling of 2-IT. In this case, because Lys74 is the only residue on the peptide which may experience 

the reaction with 2-IT, it was possible to conclude that Lys74 was successfully coupled to the chemical compound. Also, as expected 

a mass difference of +158.0514 Da was observed between the unmodified peptide and the conjugated counterpart (Table S-2). This 

mass difference appeared to correspond to the addition of 2-IT (+101.0299 Da) to the lysine residue concerned followed by the 

carbamidomethylation (+57.0215 Da) of the thiol moiety during the reduction/alkylation. The unmodified peptide T08_09 exhibited 

a retention time of 14.55 min whereas the equivalent peptide bearing a coupled 2-IT (T08*09) was eluted at a retention time of 14.85 

min which is presented in Figure 4. The difference in retention times appears in agreement with the presence of the additional alkyl-

ated 2-IT to the peptide leading to a slightly longer retention time. 

 Based on this observation, the consideration of missed cleavage peptides enabled the identification of different lysine residues ex-

hibiting the coupling of 2-IT compound (Table S-2). Systematically, the amino acids coupled with 2-IT compound could be identified 

only from missed cleavage peptides where the functionalized residue was not experiencing the enzymatic cleavage. Therefore, this 

effect could be attributed to the presence of 2-IT which inhibited the activity of trypsin on the modified lysine residues. In addition, 

the different peptides exhibiting the addition of the chemical compound consistently demonstrated an increased retention time of 

approximately 0.3 min compared to the unmodified homologous (Table S-2). As a consequence, the difference of retention time was 
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taken into account for the identification of coupled 2-IT compounds in order to provide an improved confidence in the result and 

prevent the occurrence of false positive.  

As part of the LC-MS/MS analysis, the separated peptides were selected for fragmentation followed by MS/MS characterization. 

Figure 5 represents MS/MS spectra obtained for two different peptides which showed in each case the presence of coupled 2-IT 

compounds. Thus, the attribution of the fragment ions allowed principally the identification of y- and b-ions. Regarding the conju-

gated lysine residues, the fragments observed in MS/MS confirmed a mass difference corresponding to the residue bearing an alkyl-

ated 2-IT moiety (Figure 1B). Rather than being problematic, the characteristic mass difference of carbamidomethylated 2-IT 

(+158.0415 Da) was found to be useful especially in order to prevent confusion between the presence of coupled 2-IT (+101.0299 

Da) and the mass corresponding to a threonine residue (+101.0476 Da). Note that due to the sample treatment applied, only alkylated 

2-IT could be strictly identified which underlined the high reactivity of the free thiols groups coupled to lysine residues. As it is 

illustrated on the annotation obtained in Figure 5, MS/MS spectra enabled to attribute without any ambiguity the presence of coupled 

2-IT to the different lysine residues of HSA. In addition, MS/MS spectra allowed to attribute precisely the amino acid residue expe-

riencing 2-IT coupling like illustrated in Figure 5 even in the case when the peptide included two lysine residues, further proving the 

inhibition of the activity of trypsin. 

The data achieved from LC-MS/MS analysis of HSA-2IT generated from the exposition of the protein (2 min) to the chemical com-

pound were used in order to determine the localization of the coupled 2-IT compounds. As emphasized in Figure 6, LC-MS/MS data 

allowed to identify a total of 19 lysine residues experiencing 2-IT conjugation. Similarly to the analysis of the initial clinical grade 

HSA, the characterization enabled to achieve nearly complete sequence coverage except from single amino acid residues. The minor 

difference regarding to the number of conjugated lysine residues compared to MALDI-TOF MS experiments was attributed because 

intact protein MS analysis provides a global value whereas LC-MS/MS enables to characterize independently every conjugated lysine 

which still remains a probabilistic event. The inhibition of trypsin activity for lysine residues coupled to 2-IT has revealed to be 

particularly interesting for the site-specific characterization. Indeed, the consistent occurrence of missed cleavage on conjugated 

lysine residues enabled in various cases to distinguish the modification even in the case of close by residues. Also, the peptide diversity 

generated from the proteolytic digestion allowed to cover in a robust manner each potential conjugated residue. Therefore, the relevant 

properties of the LC-MS/MS characterization developed enabled to identify the occurrence of the reaction independently even for 

consecutive lysine residues like Lys136-2IT / Lys137-2IT or Lys524 / Lys525-2IT (Figure 6A). The structural characterization achieved 

using LC-MS/MS analysis shows that significant portion of the peptide backbone is not experiencing 2-IT coupling. For instance, no 

coupling of 2-IT could be observed over the amino acid portions between Lys181 and Lys225 or between Lys281 and Lys351 even though 

they contain 5 and 4 lysine residues respectively. This observation was strongly suggesting that portion of the peptide backbone may 

not be accessible to 2-IT compounds solubilized in the buffer.  

A similar experiment was performed for HSA-2IT sample incubated for 30 min. In this case as well, LC-MS/MS data enabled to 

characterize in details the 2-IT coupled to the lysine residues. The identified residues exhibiting 2-IT coupling were consistent with 
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the one observed for the previous analysis, with the identification of the chemical specie on the same position. In addition, several 

lysine residues demonstrated the coupling of 2-IT (Lys64, Lys93, Lys240, Lys262, Lys432 and Lys541). Therefore, results showed conju-

gation of the chemical compound for 25 lysine residues out of the 59 composing the amino acid sequence. The number of residues 

functionalized determined from LC-MS/MS analysis was in correlation with the value estimated from MALDI-TOF MS analysis 

(Figure 3).  

Regarding the analysis of HSA-2IT obtained consequently to an incubation of 1h, the results represented on Figure 6B emphasizes 

the characterization of 26 lysine residues demonstrating functionalization with 2-IT specie. Compared to the analysis of HSA-2IT 

sample incubated for 30 min, the LC-MS/MS characterization of the sample demonstrated that an incubation of 1h enabled to distin-

guish the additional functionalization of Lys276 (Figure 6B). The analytical methodology developed allowed in this particular case to 

demonstrated the faster kinetic of Lys274 coupling which can be identified in the early samples while the conjugation of Lys276 is 

characterized solely after an incubation of 1h even though these amino acids are particularly close in the sequence. The results ob-

tained therefore accentuate the precision of the structural characterization achieved regarding the localization of the conjugated resi-

dues. Concerning LC-MS/MS analysis of the sample collected after an incubation of 2h, the results provided the identification of 2-

IT coupling on exactly the same lysine residues as the previous experiments. In addition, MS/MS data enabled to identify 2-IT 

conjugation to the residues Lys444 and with significantly lower intensities the residues Lys162, Lys190, Lys195, Lys402 and Lys439. Simi-

larly to the previous samples, the site-specific characterization of 2-IT conjugation demonstrated to be in agreement with the value 

estimated using MALDI-TOF MS analysis. 

The analytical methodology developed enabled to characterize and locate in a precise manner the lysine residues conjugated with 2-

IT chemical compound. The consideration of MS spectra in concomitance with MS/MS data allowed to attribute without any ambi-

guity the different amino acids modified along the sequence of the protein. Therefore, LC-MS/MS data revealed that the presence of 

conjugated 2-IT was inhibiting the activity of trypsin and that the conjugated thiol groups were experiencing complete carbami-

domethylation by IAM during the sample treatment. Rather than hampering the ability to perform a comprehensive characterization, 

these characteristics demonstrated to be useful to the analysis. Especially, they enabled to unambiguously distinguish 2-IT coupling 

occurring on lysine residues closely positioned on the peptide backbone. The characterization achieved using LC-MS/MS demon-

strated to be in correlation with MALDI-TOF MS analysis. The crossing of the data generated from the different techniques allowed 

from one aspect to locate precisely the lysine residues exhibiting significantly lower conjugation rate which resulted in progressive 

conjugation over time on the intact protein level. From another aspect, crossing the data obtained from the different experiments have 

allowed to identify the lysine residues which were completely excluded from 2-IT coupling. As a consequence, the analytical strategy 

developed allowed to give precious information regarding the chemical reaction by providing the amino acid affected and an addi-

tional insight regarding their respective kinetics. To the best of our knowledge, such level of characterization regarding the chemical 

functionalization is quite unique and was not previously described. The chemical functionalization of HSA is performed in pseudo-

physiological conditions (cf. experimental section) in order to maintain as much as possible the globular structure of the protein. 
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Thereby, the absence of reactivity from a significant number of lysine residues could be potentially due to their position in the tertiary 

structure of the protein making them inaccessible to 2-IT solubilized in the buffer. 

 

Comparison between LC-MS/MS characterization and crystallographic data. The characterization performed using the LC-

MS/MS method demonstrated the possibility to locate in a precise manner the lysine residues effectively coupled with 2-IT com-

pounds. Thereby, the limitations of the reaction emphasized in MALDI-TOF MS analysis by the occurrence of a plateau concerning 

the number of 2-IT compounds coupled (Figure 3) could be linked to the lysine which did not experienced modification based on 

LC-MS/MS data. Consequently, the characterization obtained from LC-MS/MS analysis was compared to the crystallographic data 

of HSA in order to further investigate the causal connection between the localization of the lysine residue and the occurrence of the 

chemical functionalization. The crystal structure of HSA obtained using X-ray diffraction has been described previously in the liter-

ature and extensively studied since [40]. The structure of HSA available in the “RCSB protein data bank” was used for the comparison 

[41]. 

The lysine residues present on the peptide backbone were highlighted differently on the tridimensional representation of HSA struc-

ture depending on their chemical coupling with 2-IT which is represented in Figure 7. As expected, the modelling of the structure 

demonstrated the presence of several lysine residues exposed to their external environment which is illustrated in Figure 7A for Lys233 

and Lys240. Therefore, the residues exposed like Lys233 and Lys240 demonstrated to experience rapid coupling with 2-IT which could 

be deduced from to their identification in LC-MS/MS data originating from the exposition sample (Figure 6A). That type of position-

ing of the amino acid could be also observed for instance in the case of Lys12, Lys378, Lys573 and Lys574 which were identified in the 

same manner as being coupled to 2-IT early in the reaction process (Figure S-1). As a consequence, the comparison of the site-specific 

characterization provided from LC-MS/MS data is favorable with a potential influence of the accessibility of the residues and the 

reactivity with 2-IT. In addition to consider lysine residues demonstrating 2-IT conjugation, the structure of the protein was investi-

gated for the residues which did not exhibited chemical modification. Figure 7B shows domain IIIa-helix 2 and domain IIIb-helix 2 

of the HSA tertiary structure. In that case, it was possible to observe that the two helixes are positioned in parallel planes. This 

conformation of the protein has for consequence that the direct environment of Lys413 and Lys534 is surrounded by other part of the 

peptide backbone of the protein. In addition, based on the structural representation obtained from crystallography, both amino acids 

are close in space and partially facing each other. Therefore, the absence of 2-IT coupling for the two residues could be attributed to 

their inaccessibility caused from steric hindrance. In that sense, Figure 7B shows that Lys414 which is positioned in a different direction 

due to the shape of the helix (Domain IIIa, helix 2) escapes from the steric effect and was found out to undergo chemical modification 

(Figure 6).  

In a similar manner, different lysine residues which could not be coupled with 2-IT compound demonstrated to be buried deeper into 

the tertiary structure of the protein like Lys212, Lys286 or Lys174 (Figure S-2). However, several lysine residues which considering their 

position should be accessible to 2-IT compounds were identified as unmodified from LC-MS/MS analysis. This observation therefore 
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suggests that even if the 2-IT conjugation to the lateral part of lysine residues is mainly driven by their accessibility to the solvent, 

additional parameters may affect the chemical reaction as well. The results obtained from the correlation of LC-MS/MS analysis and 

the structure of the protein resolved in a crystallography demonstrated to represent a powerful approach. Indeed, the conjunction of 

the characterization provided by LC-MS/MS analysis and crystallography demonstrated in this case a relevant complementarity. The 

analytical methodology described therefore allowed to identify without any ambiguity the lysine residues experiencing coupling with 

2-IT and study their respective spatial position, in order to understand in a detailed manner, the structural parameters influencing the 

chemical reaction. 

 

CONCLUSION 

In the present work, we could develop an analytical methodology for the in-depth assessment of the chemical reaction concerning 

lysine residues used to produce certain types of protein conjugates. The analytical strategy implemented, was based on the conjunction 

of MALDI-TOF MS analysis, LC-MS/MS analysis and crystallography structure. It could be applied to the characterization of HSA 

modified through lysine residues, previously described for the production of conjugates used in medical imaging and diagnostics. 

MALDI-TOF MS analysis demonstrated the possibility to estimate in a straightforward manner the number of chemical compounds 

effectively coupled to the protein. In addition, the kinetic of the reaction was investigated on the intact protein level using this tech-

nique which allowed to identify that the coupling reaction rate on the protein level was rapidly decreasing. In addition, results showed 

that a significant number of lysine residues did not experienced modification therefore clearly revealing a limitation of the conjugation 

process. Concomitantly, the samples were submitted to proteolytic digestion followed by LC-MS/MS analysis. The characterization 

allowed to locate in the precise manner the compounds coupled to the peptide backbone of the protein without any ambiguity. LC-

MS/MS data demonstrated to be in correlation with the analysis performed on the intact level. MS/MS results enabled to distinguish 

exactly the lysine residues exhibiting hasten 2-IT conjugation compared to the residues which required longer reaction time in order 

to be modified. Also, MS/MS data could be used to identified the amino acid residues which could remained conserved. The con-

junction of the analytical techniques allowed to correlate the kinetic of the reaction over the intact protein to the evolution of its 

primary structure, revealing an improved insights regarding the reaction process. Finally, LC-MS/MS results were compared to the 

structure of the protein using crystallographic data. The comparison enabled to identify that lysine residues easily accessible to the 

solvent demonstrated to be modified early during the incubation. On the opposite side, a significant number of residues buried deeper 

inside the tertiary structure of HSA demonstrated to be totally preserved from reaction with 2-IT compound. Thus, results showed 

the relevant complementarity of the analytical techniques employed. It is the first time that such level of characterization could be 

achieved regarding the chemical reaction used in order to generate protein conjugates. The characterization strategy developed 

demonstrated to be particularly informative with the possibility to precisely locate the position of the ligands despite the inherent 

complexity of the protein, in addition to provide an excellent sensitivity. The methodology developed could be implemented to opti-

mize the conditions of protein conjugates production for instance for a wide variety of protein format like ADCs. Also, because a 
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significant number of lysine residues demonstrated slower reaction rate, it is possible to potentially envisage to tune the reaction 

process by adjusting the reaction time in order to prevent the modification of some amino acids, like in the case of HSA fatty acids 

binding sites (Lys351, Lys475) to preserve the activity of the protein while still producing the protein conjugate. 
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FIGURES 

Figure 1. Schematic representation of the reaction performed A) between HSA lysine residues and 2-IT chemical compound in order 

to generate available sulfhydryl groups used for the preparation of HSA protein conjugates (HSA-2IT) and B) concerning the reduc-

tion/alkylation of HSA-2IT using iodoacetamide (IAM) prior to proteolytic digestion. 

 

 

 

 

Figure 2. MALDI-TOF MS spectra corresponding to A) clinical grade HSA, B) HSA-2IT sample shortly exposed (2 min) to 2-IT, 

C) HSA-2IT sample incubated for 1h and D) HSA-2IT sample incubated for 2h. Average deconvoluted mass of each sample was 

determined considering the differ-ent charge states detected. 
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Figure 3. Graphical representation of the number of 2-IT species coupled to HSA peptide backbone depending on the reaction time 

determined from intact protein analysis using MALDI-TOF MS (n = 3). The values were estimated by comparing the mass shift 

between intact HSA and HSA-2IT samples considering 2-IT theoretical mass increment (+101.03 Da). 

 

 

 

 

 

 

 

Figure 4. Extracted ion chromatogram (XIC) corresponding to m/z ratio of peptide T08 (509.2722, 2+), peptide T08_09 (483.7656, 

3+) without conjugated species and peptide T08*09 (523.2783, 3+) exhibiting the coupling of 2-IT to the lysine residue (K* annota-

tion), obtained from the analysis of the peptide mixture originating from HSA-2IT sample incubated for 2h. Peptides conjugated with 

2-IT are represented using blue bars and unmodified peptides by green bars. 
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Figure 5. MS/MS spectra corresponding to A) peptide T15*16 (K*YLYEIAR) and B) peptide T47*48 (LAK*TYETTLEK) illus-

trating the fragment identification which allowed to attribute the coupling of 2-IT to lysine lateral chain. Experimental conditions: cf. 

experimental section. Lysine residues coupled with 2-IT compound are designated as K*. 
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Figure 6. Sequence coverage obtained for A) HSA-2IT sample obtained through short exposition to 2-IT (left panel) and B) HSA-

2IT sample obtained using an incubation time of 1h (right panel). UPLC-MS/MS spectra were recorded on LTQ orbitrap XL instru-

ment (Thermo Scientific, Bremen, Germany). Lysine residues coupled with 2-IT are marked in blue. Peptides conjugated with 2-IT 

are represented using blue bars and unmodified peptides by green bars. 

 

 

Figure 7. Schematic representation of the structure of HSA illustrating A) the accessibility of the residues Lys233, Lys240 and Lys262 

experiencing 2-IT coupling and B) the residues Lys413 and Lys534 which did not react with the chemical compound. Modified residues 

are represented in green and conserved residues are represented in red. 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the reaction performed A) between HSA lysine residues and 2-IT chemical compound in order 

to generate available sulfhydryl groups used for the preparation of HSA protein conjugates (HSA-2IT) and B) concerning the reduc-

tion/alkylation of HSA-2IT using iodoacetamide (IAM) prior to proteolytic digestion. 

Figure 2. MALDI-TOF MS spectra corresponding to A) clinical grade HSA, B) HSA-2IT sample shortly exposed (2 min) to 2-IT, 

C) HSA-2IT sample incubated for 1h and D) HSA-2IT sample incubated for 2h. Average deconvoluted mass of each sample was 

determined considering the differ-ent charge states detected. 

Figure 3. Graphical representation of the number of 2-IT species coupled to HSA peptide backbone depending on the reaction time 

determined from intact protein analysis using MALDI-TOF MS (n = 3). The values were estimated by comparing the mass shift 

between intact HSA and HSA-2IT samples considering 2-IT theoretical mass increment (+101.03 Da). 

Figure 4. Extracted ion chromatogram (XIC) corresponding to m/z ratio of peptide T08 (509.2722, 2+), peptide T08_09 (483.7656, 

3+) without conjugated species and peptide T08*09 (523.2783, 3+) exhibiting the coupling of 2-IT to the lysine residue (K* annota-

tion), obtained from the analysis of the peptide mixture originating from HSA-2IT sample incubated for 2h. Peptides conjugated with 

2-IT are represented using blue bars and unmodified peptides by green bars. 

Figure 5. MS/MS spectra corresponding to A) peptide T15*16 (K*YLYEIAR) and B) peptide T47*48 (LAK*TYETTLEK) illus-

trating the fragment identification which allowed to attribute the coupling of 2-IT to lysine lateral chain. Experimental conditions: cf. 

experimental section. Lysine residues coupled with 2-IT compound are designated as K*. 

Figure 6. Sequence coverage obtained for A) HSA-2IT sample obtained through short exposition to 2-IT (left panel) and B) HSA-

2IT sample obtained using an incubation time of 1h (right panel). UPLC-MS/MS spectra were recorded on LTQ orbitrap XL instru-

ment (Thermo Scientific, Bremen, Germany). Lysine residues coupled with 2-IT are marked in blue. Peptides conjugated with 2-IT 

are represented using blue bars and unmodified peptides by green bars 

Figure 7. Schematic representation of the structure of HSA illustrating A) the accessibility of the residues Lys233, Lys240 and Lys262 

experiencing 2-IT coupling and B) the residues Lys413 and Lys534 which did not react with the chemical compound. Modified residues 

are represented in green and conserved residues are represented in red. 

 

 

 

 

 

 

 

 

 


