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Abstract 

In this thesis, the application of electrospray ionisation mass spectrometry (ESI-MS) to the 
analysis of intact proteins is demonstrated. In papers I and II, the use of ESI-MS for the analysis of 
noncovalent protein-ligand complexes were discussed. In addition, the interfacing of liquid 
chromatography (LC) with ESI-MS and the development of an LC-ESI-MS method were demonstrated in 
paper III for the quality control of recombinant proteins. Furthermore, this method was applied in paper 
IV for the analysis of covalent glycosyl-enzyme intermediates. 

The monitoring of noncovalent complexes by ESI-MS is well established. However, the varying 
characteristic of ESI-MS data, especially in the analysis of noncovalent complexes can make the 
quantification of such complexes troublesome. In paper I, it was demonstrated how the variation in the 
position of the ESI-emitter and the initial droplet size of the electrosprayed droplets, together with 
different partitioning of a protein and its ligand in these droplets, can be the cause of such varying 
characteristics. Furthermore, it was shown that the partitioning can be of electrostatic and/or 
hydrophobic/hydrophilic origin. Thus it was demonstrated that if the ligand is more hydrophobic and 
thereby more surface active relative to the protein, decreasing the droplet size or increasing the distance 
between the electrospray emitter and the sampling orifice will lead to more efficient sampling of the 
droplet bulk where the ligand concentration is low. This results in a favoured sampling of free protein 
relative to the protein ligand complex. The opposite was shown to occur if the ligand is more hydrophilic 
than the protein.  

In paper II, Ribonuclease A (RNAse) was used as a model for enzymes acting on polymeric 
substrates with different chain lengths. Nano-ESI-MS was applied to monitor the noncovalent 
interactions between RNAse and different target ligands. Among the single building blocks of RNA, 
including ribose, the bases adenine, guanine, cytosine and uracil, and phosphate, only phosphate was 
observed to interact at multiple RNAse sites at a higher cone voltage. Furthermore, monobasic single-
stranded deoxycytidylic acid oligomers (dCx) of different lengths (X=6, 9 and 12), and RNAse were 
analysed with nano-ESI-MS. The deoxycytidylic acid with 12 nucleotides was observed with the highest 
complex to free protein ratio, hence indicating the strongest interaction. Finally, collision induced 
dissociation of the noncovalent RNAseA-dC6 complex resulted in dissociation of covalently bound 
cytosine from the nucleotide backbone rather than break up of the noncovalent complex, illustrating the 
cooperative effect of multiple noncovalent interactions. 

In paper III an LC-ESI-MS method was presented capable of analysing proteins 10-100 kDa in 
size, from salt-containing liquid samples. The proteins included human protein fragments for the large-
scale production of antibodies and human protein targets for structural determination, expressed in E. coli. 
Also, glycosylated proteins expressed in Pichia pastoris were analysed. The method provides fast 
chromatography, is robust and makes use of cheap desalting/trap columns. In addition it was used with 
optimised reduction and alkylation protocols in order to minimize protein aggregation of denatured and 
incorrectly folded proteins containing cysteins, which otherwise form adducts by disulfide bond 
formation. Furthermore, the method was used in paper IV for the quantification of covalent protein-
ligand intermediates formed enzymatically between PttXET16-34, a xyloglucan endo-transglycosylase 
(XET) from hybrid aspen, and the synthetic substrates GalGXXXGGG and GalXXXGXXXG  designed 
in order to function as donor substrates only. Thus covalent GalG-enzyme and GalGXXXG-enzyme 
complexes were detected. Moreover, establishing of a pseudo equilibrium for the formation of the 
covalent GalGXXXG-enzyme complex enabled quantification of the saccharide and enzyme constituents 
of this equilibrium and determination of the free energy of formation (∆G0). The high mass resolution of 
the TOF-MS allowed unambiguous assessment of the covalent nature of the glycosyl-enzyme complexes. 
Morover, the formation of noncovalent complexes between excess substrate and protein, which can 
deteriorate MS-signal and increase spectrum complexity, was efficiently avoided by the chromatographic 
step, which separated the saccharide content from the protein content. 

 
Keywords: nano-electrospray ionisation; mass spectrometry; noncovalent complex; droplet fission; 
protein analysis; liquid chromatography; quality control; xyloglucan endo-transglycosylase (XET), 
glycosylation, double displacement reaction, covalent glycosyl-enzyme intermediate. 
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1. Introduction to biological mass spectrometry 

The ability to perform mass spectrometric analysis of large biological molecules like proteins has 

revolutionized all research areas on such molecules. Especially this is true in the proteomic field 

where the possibility of obtaining sequence tag information together with intact masses of 

peptides generated after proteolytic treatment has made mass spectrometry to the work horse for 

the identification of new and uncharacterised proteins. In such efforts, the coupling of mass 

spectrometry to chromatographic systems makes it possible to analyse very complex peptide 

mixtures originating from hundreds of proteins. Also in further protein characterisation, mass 

spectrometry is a powerful tool. For example, it is used with great advantage over other 

techniques in the verification of the identity of proteins expressed recombinantly in foreign hosts 

such as Escherichia coli (E. coli), independently of the intended use of such protein expression 

products. This is an important application of mass spectrometry since protein characterisation 

generally involves recombinant protein production at some point. The ability to provide unit 

mass resolution even for large proteins in the range 10-100 kDa gives information of protein 

heterogeneity like post translational modifications and even the presence of single point 

mutations and various contaminants. Moreover, mass spectrometry is an attractive alternative to 

other techniques for the analysis of interactions occuring between proteins and their ligands, both 

covalent and noncovalent. Due to the softness of ionisation techniques like electrospray 

ionisation, weak noncovalent interactions survive the transfer to the gas phase. The screening of 

target proteins against potential drug candidates for the formation of such weak interactions is of 

central importance for the farmaceutical industry in the search for new drugs. In addition, mass 

spectrometry can be used as an alternative to traditional spectrophotometric methods for kinetic 

and mechanistic characterisation of enzymes, both by monitoring substrate consumption and 

product formation, but also by monitoring enzyme-substrate interactions. In this thesis, the use 

of mass spectrometry for the analysis of intact proteins will be demonstrated.  
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2. Fundamentals of mass spectrometry 

The history of modern mass spectrometry relates back to the mid 19th century and the 

discovery of how positively charged derivatives of neutral molecules could be generated. In 1886, 

Eugen Goldstein, a German scientist, discovered that a gas, enclosed in a tube containing an 

anode, and a cathode perforated with holes, gave rise to an “anode ray” traveling in the direction 

of the anode and in opposite direction to the “cathode ray” (von Traubenberg, 1930). 

A few years later, in 1899, Wilhelm Wien discovered that the anode ray could be 

deflected with electric and magnetic fields. He also discovered that the nature of the anode ray 

depended on the type of gas in the discharge tube and that the rays could be separated according 

to their mass to charge ratio (Wien, 1901). 

The first real mass spectrometer was presented in 1918 by Arthur Jeffrey Dempster. 

Dempster applied the technique based on a magnetic sector already undertaken to separate 

negative ions and used them also for separation of positive ions.  Additionally, he improved the 

resolution for the analysis of positive ions while maintaining the sensitivity. At that time, 

elements differing in molecular weight by 1 in 16 could be sharply separated although at great 

sensitivity loss. Dempster increased this resolving power to 1 in 100, and presented the basic 

theory that describes today’s mass spectrometers (Dempster, 1918). 

2.1 The mass spectrometer 

Figure 1 shows a general schematic of a mass spectrometer. All mass spectrometers 

contain three sections, which are essential for their function; the ion source, the mass analyser 

and the detector. The mass analyser and detector are operated under vacuum while the ion source 

can be under vacuum or atmospheric pressure. In the following, the different parts of the mass 

spectrometer will be described. Particularly, the electrospray ion source, the quadrupole and time 

of flight mass analysers, and the multi plate channel detector will be emphasized in detail since 

they are combined in the type of instrument used for the analysis of intact proteins in 

publications I-IV. 
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Figure 1. Essential parts of a mass spectrometer. 

2.1.1 Ion sources 

The role of the ion source is to generate atomic or molecular gas phase ions. The ion 

source is the main key to the sample types that can be analyzed with mass spectrometry. 

Ionisation can be accomplished from the solid, liquid or gas phase by different means, for 

example matrix-assisted laser desorption ionisation (MALDI) from the solid state, electrospray 

ionisation (ESI) and fast atom bombardment (FAB) from the liquid phase, and electron impact 

(EI) and chemical impact (CI) from the gas phase. EI has been the standard ionisation source for 

ionisation of volatile compounds since the introduction of commercial mass spectrometry during 

World War II. MALDI and ESI are the standard ionisation sources currently in use for the 

ionisation of biological molecules. The reason for this is that only MALDI and ESI are capable 

of efficient ionisation of large biomolecules like proteins without unintentional fragmentation. 

Furthermore, as a continuous ion source, ESI can be easily interfaced with liquid 

chromatography as exploited in papers III and IV for the analysis of intact proteins. Below is a 

brief overview of some common ion sources. ESI will be discussed in detail. 

EI. In EI, electrons emitted from a heated filament are accelerated and impacted on volatile 

sample molecules in the gas phase. This results in the formation of mainly single charged 

molecular ions. Depending on the molecular structure and the voltage used to accelerate the 

electrons, fragmentation may occur. EI is the most sold and used ion source due to its 

applicability in mass spectrometers coupled to gas chromatography (Washburn et al., 1943; 

Gohlke et al., 1993). 

CI. In CI, a reaction gas, usually CH4, is subjected to EI. Generated positively charged CH4
+ ions 

can further collide with CH4 and give rise to CH5
+ and other secondary ions. Subsequent collision 

of the secondary ions with an analyte substance M results in the transfer of H+ and formation of 

positively charged [M+H]+ ions, called quasi-molecular or protonated ions. Such quasi-molecular 

ions do not fragment as easyily as ions generated directly from EI, resulting in simpler spectra 

(Munson et al., 1966). 

FAB. In FAB, introduced in 1982, a beam of fast atoms (Ar or Xe) or ions (Cs2+) is accelerated 

onto the surface of a non-volatile liquid containing the sample substance, resulting in the 
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formation of molecular ions observed for molecular species up to 4-5 kDa (Barber, 1981). FAB 

introduced the possibility of ionizing polar, ionic, thermally labile, energetically labile and high 

molecular weight compounds that could not be efficiently ionized with CI or EI. The importance 

of FAB has decreased since the introduction of ESI and MALDI. 

Maldi. In MALDI, the analyte substance mixed with a matrix compound in a volatile buffer is 

spotted onto a stainless steel target plate in an array format. After evaporation and introduction 

of the target into the vacuum region of a mass spectrometer, the crystals formed on the target 

plate are illuminated with a pulsed laser beam having a wavelength that is efficiently absorbed by 

the matrix substance. The energy from the laser pulse causes the matrix/analyte mixture to melt, 

evaporate and eventually ionize resulting in the formation of charged species. MALDI is a soft 

ionisation technique suitable for large biological molecules. Mainly single and double charged 

molecular ions are formed (Karas et al., 1988; Tanaka et al., 1988). 

APCI. In atmospheric pressure chemical ionisation (APCI) the mobile phase from for example 

an HPLC system is pneumatically sprayed. Generated gas phase molecules are ionized on a 

corona discharge electrode. APCI can be used as an alternative to ESI for atmospheric pressure 

ionisation of molecules that do not ionize in the electrospray process. However, it causes more 

fragmentation (Horning et al., 1974). 

ESI. In ESI, molecules present in solution are driven through the tip of an electrically 

conducting emitter to which a sustained high voltage is applied (Fenn et al., 1989). A solvent flow 

that is greater than 1 µL/min is driven through an emitter tip, which typically has an inner 

diameter of 100 µm, and this is accomplished by means of external pumping or by applying 

pressure. Solvent flow rates less than 500 nL/min can be generated by splitting a higher flow rate 

and electro spraying using emitters with tip diameters of 10-100 µm. The electrical contact with 

the liquid occurs at the connection point between the electrospray emitter (a few centimeters 

long) and the solvent delivery line.  

A flow rate of a few nL/min, termed nano-ESI (Wilm et al., 1994), can be obtained by 

electro spraying directly from emitters filled with a few microliter of liquid sample, and without 

external pumping. Such emitters are coated with a conducting film of, for example Pt, with tip 

internal diameters of 1-30 µm. Nano-ESI emitters can be either manufactured by melting and 

pulling a capillary in a heated zone or by means of microfabrication, the latter giving a more 

reproducible tip geometry. The flow through these emitters can be self-driven by capillary force 

and is sustained by the consumption of liquid in the electrospray process. The electrospray 

emitter is located in front of a counter electrode (figure 2), which is also the entrance to the mass 

spectrometer, (the electrode has an orifice typically 2-3 millimeters wide). 
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Figure 2. Schematic diagram of the electrospray ionisation 

process where the ESI-emitter is mounted perpendicular to the 

sampling orifice. 

The distance between the emitter and the orifice is typically 1-3 cm, depending on the 

flow rate. Due to the applied voltage, the generated electric field penetrates the solvent and the 

liquid forms a dipole. The field (Ec ) in the surrounding air at the tip of the spray emitter (for the 

case where the counter electrode is large and planar) has been defined by Pfeifer et al (Pfeifer et 

al., 1967) as: 

 

)/4ln(
2

cc

c
c rdr

VE =        (1) 

 

where Vc is the applied voltage, rc is the outer radius of the capillary and d is the 

distance between the capillary and the counter electrode. In the case of positive ion mode, where 

the counter electrode is grounded and the emitter has a positive potential (typically of 2-3kV for 

high flow electrospray and 600-1000 V for low flow electrospray), positive ions will be forced 

away from the surface of the emitter tip, and a liquid cone is formed, the so called Tayler cone 

(Taylor, 1964) while negative ions are driven towards the emitter surface. Due to the high electric 
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field strength at the tip of the spray emitter, the concentration of positive ions becomes very high 

and, at a certain threshold, the surface tension of the liquid cone becomes less than the repulsive 

forces between the positive ions, and the liquid cone explodes and forms a liquid jet of highly 

charged droplets. This process is referred to as droplet-jet fission. The generated droplets in the 

droplet-jet fission are driven electrostatically towards the counter electrode (figure 2). During this 

transfer, evaporation of solvent from the droplets will result in an increasing charge 

concentration. The point at which the repulsive forces exceed the surface tension, due to the 

constant charge q but a decreasing radius R, is defined as the Rayleigh stability limit (Rayleigh, 

1882): 

 

2/13
0 )(8 Rq γεπ=       (2) 

 

where ε0 is the permittivity of vacuum, and γ the surface tension of the solvent. At this point, a 

coulombic explosion occurs. This process is repeated and finally leads to positively charged ions 

present in the gas-phase. The electrospray ionisation process described above, and referred to as 

the cone jet mode, is schematically depicted in figure 2 for two ion source setups, nano-ESI and 

ESI respectively, where the electrospray emitter is mounted in a perpendicular direction with 

respect to the direction of the orifice. This setup is used in both high flow and reduced flow 

electrospray. A heated drying gas emerging from the sampling cone surrounding the sampling 

orifice, and/or a sheet gas applied around the ESI-emitter, can be used to enhance solvent 

evaporation. Many instrument manufacturers use this perpendicular position of the needle 

relative to the orifice to reduce the sampling of non-vaporised solvent droplets. 

The exact mechanism for the formation of gas phase ions from very small, highly 

charged droplets is not known but two models have been proposed. The first mechanism, the 

charged residue method (CRM) was presented by Dole and co-workers (Dole et al., 1968) and is 

based on the formation of extremely small droplets containing only one ion. Final solvent 

evaporation from this droplet leads to the formation of gas phase ions. Another mechanism, 

proposed by Iribarne and Thomson (Iribarne et al., 1976) suggests that a direct emission of ions 

or ion evaporation is possible after the radius of the droplet has decreased to a certain size (R < 

10 nm). Both models predict the release of columbic stress through Rayleigh fission of satellite 

droplets with radii > 10 nm. Below this size, the two models differ and Rayleigh fission may not 

longer be the process by which smaller droplets or ions are generated. For large ions such as 

protein ions, the CRM is believed to be the appropriate mechanism (Peschke et al., 2004). Gas 
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phase ions generated in the electrospray process are focused after entering through the orifice 

before being transfered to the mass analyser. 

In addition to the mentioned ionisation techniques, the inductively coupled plasma 

(ICP) source is used primary for metal ion analysis (Montaser et al., 1987). Other sources include 

field desorption (FD) (Games, 1975), glow discharge (Marcus, 1993) and thermo spray (Blakley et 

al., 1980). 

2.1.2 Mass analysers 

Once ions have been generated in the ion source, the role of the mass analyser is to 

separate them according to their mass to charge ratio. Such separation is obtained by an electrical 

or magnetic field, hence neutral molecules cannot be separated. Examples of mass analysers are 

sector instruments, quadrupoles (Q), quadrupole ion traps (Q-IT) and time of flight (TOF) mass 

analysers. Quadrupole and magnetic sector analysers are scanning instruments. Time of flight 

analysers have the advantage of analyzing ions of all masses at the same time, and hence provide 

a superior sensitivity. On the other hand, with quadrupole-ion trap (Q-IT) analysers, repeated 

fragmentation or dissociation (MSn) can be performed. Below the most common mass analysers 

are briefly overviewed. 

Sector analysers Magnetic sector instruments are based on the fact that charged species 

accelerated by an electric potential V into a magnetic field B are deflected, the deflection being 

dependant on the m/z value. By varying the magnetic field or voltage V for a given sector 

geometry, m/z values can be scanned through so that each value is allowed to pass through the 

magnetic sector at different time points (Aston, 1919). 

Quadrupole analysers Quadrupoles consist of four parallel metal rods, typically 0.5 mm in 

diameter, mounted at equal distance from a central imaginary axis. Diagonal opposite pair of rods 

are electrically connected, one pair to a positive potential +(U+Vcosωt) and the other pair to a 

negative potential –(U+Vcosωt). U is a fixed (DC) potential while Vcos(ωt) is an alternating 

radio frequency (RF) potential with amplitude V, frequency ω and cycle time t. From these 

equations, an ion follows an oscillating trajectory centered along the imaginary quadrupole axis. 

Only for certain ratios of U and V, an ion passes through the rod assembly without hitting the 

rods. Thus, the ratio of U and V must be scanned through a certain range of ratios in order for a 

broad range of m/z values to pass through the quadrupole (Dawson et al., 1969). 

Quadrupole ion trap analysers Quadrupole ion traps (3D Q-IT), like quadrupoles, use a DC 

and RF voltage to separate ions. However, in quadrupole ion traps, the ions are trapped and 
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sequentially ejected from a space surrounded by two opposite hyperbolic metal electrodes facing 

each other, and a ring electrode in between these two electrodes (Paul et al., 1953; Ouyang et al., 

2007). Quadrupole ion traps are the type of mass analyser that can be most easily miniaturized, 

mainly due to their tolerance to high pressures (Ouyang et al., 2007). 

TOF analysers In time of flight mass analysers, ions are extracted from the ion source and 

accelerated into a flight tube where they drift along a certain distance before they reach the 

detector (Stephens, 1946). For sources that produce a continuous beam of ions, such as the ESI 

source, the ions have to be extracted in a pulsed and orthogonal manner in order to obtain a 

defined simultaneous time of entrance of all ions into the TOF-tube. After the acceleration, ions 

with the same charge should ideally obtain the same kinetic energy. The velocity of the ions will 

depend on their mass to charge ratio (m/z), and different mass to charge ratios will hence result 

in different flight times. These are measured as the difference between the time of arrival at the 

detector and the time of entrance into the TOF-tube. A potential drawback of the TOF analyser 

is that ions with the same m/z may enter the TOF tube with slightly different velocities resulting 

in bad resolving power, particularly at higher masses. To compensate for this, the ion path inside 

the TOF tube can be designed with a V shaped geometry (known as a reflectron) that permits 

turning of the ion beam by 180°. This turning provides refocusing of ions that have the same 

charge but obtained slightly different kinetic energies during the acceleration. Furthermore, it 

provides a longer flight zone and therefore higher resolution and mass accuracy (Mamyrin et al., 

1973). A drawback of the reflectron is a slight loss in overall sensitivity since ions are lost in the 

reflectron and the second part of the TOF tube. This loss becomes more critical for high m/z 

values.  

Ion mobility A different type of mass analyser separates gas phase molecular ions based on their 

mobility through a neutral gas, usually helium. The ion mobility separation is a function of the 

collisional cross section and the charge of a molecule. In brief, charged molecular ions are moved 

through a homogeneous electric field in a drift chamber held at a certain pressure. The larger the 

collisional cross section, the greater the interaction with the neutral drift molecules. For large 

molecules such as proteins, separation can hence be obtained based on conformational 

differences of isobaric masses (Kaddis et al., 2007).  

2.1.3 Detectors 

Ions separated according to their mass to charge ratios, are recorded by means of a 

detector device. The role of the detector is to register the number of ions produced for each m/z, 

by detecting their impacting with the detector surface, but also to amplify the signal caused by the 



 11

impact. This can be done by focusing the ion beam onto a single point detector such as the 

Faraday cup, or by recording the dispersed ion beam simultaneously across a plane, for example 

by the use of a diode array type of detector. Different mass analysers have different detector 

requirements. Quadrupoles separate ions sequentially over time and consequently the detector 

only needs to detect one m/z at a time for a whole spectrum to be scanned. On the other hand, 

magnetic sector instruments either focus all m/z to the same point, providing for the use of a 

single point detector, or disperse the ion beam in space, which requires an array arrangement of 

the detector. TOF instruments can use single point detectors since ions with different m/z exit 

the TOF tube at different time points. However, TOF instruments more frequently use a micro 

channel plate, i.e. a detector containing not an array but an assembly of single point detectors (see 

below).  

Faraday cup Positive or negative ions arriving at an earthed metal plate either accept (positive 

ions) or donate (negative ions) electrons when becoming neutralized. However, apart from being 

neutralized, fast moving ions impacting with the detector surface result in an additional burst of 

secondary electrons, typically 1 to 3. The role of the detector is to amplify the resulting current. 

By having a “cup” shaped detector rather than a horizontal plane, such secondary electrons can 

be amplified also by the surfaces of the cup (Brown, 1956). The Faraday cup is a single point type 

of detector. 

Electron multiplier Electron multipliers consist of several dynodes arranged along an increased 

potential, so that the secondary electrons resulting from the impact of an ion at the first dynode 

surface, are further amplified on a secondary dynode surface and so on. 10-12 dynodes are 

typically used in commercial electron multipliers resulting in an amplification factor of about 10 

millions. An electron multiplier is a single point detector. However, electron multipliers are often 

arranged in assemblies. Most detectors for mass spectrometers are of the electron multiplier type 

and most commercial instruments are equipped with a type of electron multiplier called micro 

channel plate detector (MCPs) (Wiza, 1979). Instead of individual dynodes as in an electron 

multiplier, the MCP detector has several continuous micro channels entering into the surface of a 

slab made from an insulating material. The back end of each micro channel is opened and 

amplified electrons are detected on a single collector plate common to all the micro channels. 

Each micro channel is about 10 µm wide and separated from its neighbour by about 15 µm. This 

arrangement allows all micro channels to detect a single m/z value simultaneously, and each m/z 

value must be separated in time (for example by a TOF). The channels are at a slight angel to the 

surface to ensure the continuous amplification of the secondary burst of electrons resulting from 

impacting ions.  
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In the following section, a Q-TOF type of mass spectrometer with an ESI source 

operated in positive ion mode will be described and referred to in detail. This type of instrument 

was used in the work presented in papers I-II on noncovalent protein-ligand complexes. 

Additionally, the coupling of liquid chromatography (LC) to ESI-Q-TOF-MS will be emphasized. 

This interfacing is relevant to the work presented in papers III-IV, which are focused on the 

analysis of intact proteins of recombinant origin (Paper III) and also on the analysis of covalent 

protein complexes (Paper IV). 

3. ESI-Q-TOF-MS 

3.1 Instrument configuration 

Different mass analysers can be combined in series as hybrid instruments to increase resolving 

power. This is commonly done with the quadrupole and time of flight mass analysers (Q-TOFs). 

The rationale for this is the opportunity it provides for mass selection and further mass analysis 

in consecutive steps, eventually with an intermediate collision cell which can provide structural 

information. Figure 3 shows the schematic configuration of an ESI-Q-TOF instrument similar to 

the Micromass Q-TOF instruments used in papers I-IV. 
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Figure 3. Schematic configuration of the Micromass Q-TOF-2 

instrument. 

Positive or negative ions generated in the electrospray process must be efficiently 

separated from neutral solvent molecules which otherwise impair the mass analysis. This is 

accomplished by a Z-spray configuration in which the ion beam follows a Z shaped geometry 

before entering the mass analyser region. After passing through the Z-spray, ions are focused by 

means of a radio frequency (RF)-only hexapole. The hexapole cannot separate different m/z, it 

only keeps the ion beam as focused as possible into the orifice leading to the next coming 

quadrupole section. The diameter of the orifices separating each section is kept small in order to 

facilitate differential pumping of each section and to maintain low pressure in the TOF section. 

As mentioned above, the quadrupole can be operated in two modes. In the wide band pass 

mode, the four rods have an applied RF only. No mass selection is possible and all ions are 

transmitted. In the narrow band pass mode, one pair of rods has a RF potential while the other 

pair has a constant DC voltage. By changing the applied voltages continuously, a whole mass 

spectrum can be scanned through and the quadrupole is hence used as a mass filter. With the Q-

TOF-2 instrument, the profile of the quadrupole scanning can be set in detail in order to 

optimise the scanning of desired mass to charge ratios. After the quadrupole, the ion beam is lead 
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into two additional focusing hexapoles. The focusing is required since the ion beam is spread due 

to repulsive forces between ions of the same charge and collision with air and solvent molecules. 

The hexapole right after the quadrupole also functions as a collision cell for collision induced 

dissociation (CID) of an ion selected by the quadrupole. CID of an ion is performed by operating 

this hexapole under slightly higher pressure, by introducing for example argon as a collision gas, 

and increasing the speed of the ion beam entering the collision cell. The fragmentation pattern 

can then be used for structural determination when more detailed information than the Mr is 

needed. A partial pressure can always be applied to the collision cell when CID is not performed 

in order to obtain collisional cooling of the ions, resulting in higher resolution, however at a 

slightly lower ion transmission for low molecular weight substances. However, for proteins and 

protein complexes larger than ca 100 kDa, collisional cooling can increase ion transmission 

(Chernushevich et al., 2004). 

After focusing in the third hexapole, the ion beam is led through a focusing lens, and 

parallel to a pusher electrode, which can operate at a very high frequency. Each time a voltage is 

applied to the pusher, it extracts a short section of the ion beam, which is then further accelerated 

into the TOF tube. The TOF tube contains a reflectron with a V shaped geometry as described 

above to increase the flight time and thereby the resolution, and to focus ions that have the same 

charge but yet obtained a slightly different kinetic energy.  

The function and efficiency of the mass spectrometer is also dependent on the 

electronics used to control the different parts, and the speed with which the voltages can be 

changed. For example, the quadrupole can scan through a certain mass range, say 1-2000 m/z, in 

around a second, and the frequency at which the pusher can extract a new burst of ions through 

to the TOF is about 20000 times per second, each extraction taking about 3 µs. Thus, thousands 

of spectra can be combined over a single quadrupole scan, which increases the signal to noise 

compared to a single spectrum. The scan speed of a mass spectrometer is important in 

applications where the mass spectrometer is coupled to modern ultra performance liquid 

chromatographic (UPLC) systems. Such systems can operate at high pressure and complete a 

chromatographic separation of for example a peptide mixture in a few minutes, and the peak 

width can be as narrow as a few seconds. Most modern mass spectrometers, even if only a few 

years old, can potentially encounter difficulties in scanning fast enough in order to provide 

enough data points along such narrow peaks. 
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3.2 Data interpretation and processing 

3.2.1 Multiple charging 

A spectrum of a protein in an acidic solution generated using the ESI-MS configuration 

described above and operated in positive ion mode typically looks like that shown in figure 4A. 

The MassLynx software package for instrument control and data acquisition was used for the MS 

analysis. The spectrum contains signals from multiply charged protein ions formed by 

protonation of the basic amino acids (Arginine, Lysine, Histidine) along the protein sequence. 

The ion signals are denoted [M+nH]n+, where M is the molar mass of the protein and n is the 

number of protons added. For the data shown, the signals are distributed between 650-2000 m/z 

and the ionisation induces the uptake of between 20-70 protons. This multiple charging of the 

protein is characteristic for the ESI process. An attractive consequence is that mass analysers 

such as quadrupoles with a limited mass to charge range have their working range extended by a 

factor equal to the number of charges (Loo et al., 1990). Furthermore, the small m/z values 

resulting from the multiple charging of large proteins can be efficiently reflected in TOFs without 

substantial signal loss. Reflectron TOFs can therefore be used, which provides high resolution 

and mass accuracy also for proteins and not only low molecular weight substances. This is in 

contrast to MALDI, where the ionisation typically results in the formation of single and double 

charged protein ions. The resulting high mass to charge ratios cannot be efficiently reflected 

without substantial signal loss.  

 The extent of multiple charging depends on many factors such as the polarity of the 

MS analysis (deprotonated negative protein ions will form in negative ion mode), protein 

sequence and conformation, prevalence of basic residues (acidic residues in negative ion mode), 

the solvent used, pH, etc. For example, reduction of disulfide bonds has been shown to increase 

the uptake of protons due to an increased unfolding, which in turn exposes more of the amino 

acid sequence to protonation (Loo et al., 1990).  
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Figure 4. A: Raw spectrum showing the signals obtained upon 

electrospraying a solution (0.1% formic acid (FA), 50% MeOHaq) 

containing a protein with a calculated Mr of 43633. The signals 

correspond to different charge states due to the uptake of 

different numbers of protons during the ionisation process. B: 

Spectrum obtained after MaxEnt1 processing of the raw 

spectrum (m/z) in A. 
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Multiple charging results in efficient ion transmission of large molecular ions such as 

those arising from proteins. Therefore, protein samples are normally acidified in order to 

maximize protonation prior to ESI-MS analysis in the positive ion mode. However, charge 

stripping in order to reduce the number of detected charge states can be desirable for smaller 

molecules in order to increase sensitivity and facilitate spectrum interpretation. Charge stripping 

can be obtained by increasing the speed with which ions are sampled through the sampling 

“cone” (sampling orifice). At the higher cone voltage (80 V), the signal corresponding to the 

double charged [M+2Na]2+ xyloglucan derivative (XXXG) shown in figure 5 has disappeared due 

to the loss of one sodium from the molecular ion compared to the lower cone voltage (30 V). As 

a result, the signal corresponding to the single charged [M+Na]+ XXXG ion appears at a much 

higher signal (∼ 2300 compared to ∼ 10 as indicated from the numbers in the upper right corner of 

each individual mass spectrum). 

 

Figure 5. Mass spectra obtained from ESI-MS analysis at two 

different cone voltages of a xyloglucan derivative (XXXG) with a 

calculated Mr of 1062.35. 

3.2.2 Spectrum deconvolution 

Due to the multiple charging of proteins the molecular weight is not directly readable 

from the spectrum. A processing step that calculates the protein molecular weight from the 
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multiple charged ion series is therefore needed. An algorithm often used for this purpose is the 

maximun entrophy (MaxEnt) algorithm (Ferrige et al., 1992). The maximum entrophy algorithm 

obtained within the MassLynx software package is denoted MaxEnt1. In Brief, this algorithm 

starts by finding the simplest molecular spectrum (the spectrum with maximum entropy) that 

could result in the observed m/z data. An iterative process based on chemical and physical 

information, tries to find the most likely multiply charged m/z spectrum, called a mock spectrum, 

which could correspond to the first approximation of the molecular weight spectrum.   

The algorithm then compares the mock spectrum with the observed m/z spectrum and 

a new approximation of the molecular weight spectrum is done. This iterative process continues 

until the mock spectrum and the observed m/z spectrum converge. The MaxEnt algorithm 

generates harmonic artifacts easily detectable as half, quarters, etc., of the protein Mr. An 

additional advantage of the MaxEnt algorithm is that it can generate nice molecular spectra for 

very noisy raw spectra, for which the individual charge states do not appear to be resolved. Figure 

4B shows a deconvoluted (MaxEnt 1) version of the raw spectrum shown in Figure 4A. 

3.3 Interfacing LC with ESI 

The continuous nature of the electrospray process makes it very convenient to couple 

to liquid chromatography. The reasons for introducing a chromatographic step before ESI-MS 

analysis, are to resolve complex mixtures, concentrate analytes and eliminate excess of salt. It is 

also often combined with automation of the sample handling to increase the sample throughput. 

Since the Q-TOF mass analyser routinely reaches a resolution of ca 14000 (calculated as the 

observed m/z value divided by the full width at half maximum, FWHM), the introduction of a 

chromatographic step prior to the ESI-MS analysis has a purpose which in many cases is dictated 

by the nature of the electrospray ionisation process, rather than insufficient resolving power of 

the mass analyser. Molecules present in droplets formed during electrospray ionisation are 

distributed between the center and the surface of the droplet depending on their charge and 

hydrophobicity. Therefore, hydrophobic and/or positively charged molecules will be at the 

surface while hydrolphilic and/or negatively charged molecules will be at the center (Schmidt et 

al., 2003). Consequently, the former will suppress the ionisation of the latter.  Co-elution might 

therefore deteriorate sensitivity of certain analytes. Furthermore, the presence of less volatile 

compounds such as salt and buffer additives affect the efficiency of droplet formation and 

evaporation and generally has a negative impact on the electrospray ionisation, thus requiring 

removal by the introduction of a chromatographic step (Annesley, 2003). However, further 

resolving power in addition to what is provided by the Q-TOF mass analyser, is a need for very 
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complex samples. The requirement for desalting prior to performing electrospray ionisation was 

the rationale for interfacing a liquid chromatographic step with the ESI-Q-TOF-MS analysis of 

intact recombinant proteins, as described in paper III. In the next section, liquid chromatography 

coupled to ESI for the purpose of intact protein analysis will be explained.  

Reversed phase separations of proteins are based on the hydrophobic interaction of 

proteins dissolved in a liquid phase with the surface of a hydrophobic stationary phase. While 

small molecules like peptides migrate into the porous chromatographic media and partition 

efficiently between the mobile phase and the stationary phase, large proteins are too big to diffuse 

into the stationary phase. Instead they adsorb onto the hydrophobic surface of the stationary 

phase and remain adsorbed until the concentration of organic modifier reaches the critical point 

where they desorb back into the mobile phase. The interaction with the stationary phase after 

desorption occurs only to a limited extent (Geng et al., 1984). As organic modifiers, acetonitrile 

(ACN) or methanol (MeOH) can be used. They are volatile and therefore easily evaporate during 

the electrospray process. The role of the solvent is first to solvate the analyte molecules and 

present them to the stationary phase. Usually this is done using a low content of organic modifier 

(0-5%) in water together with an ion-pairing reagent such as trifluoroacetic acid (TFA). The role 

of the ion pairing reagent is to ion pair with the analyte molecules and thereby make them more 

hydrophobic and increase their interaction with the stationary phase. The ion pairing regent is 

also used to set the pH of the solvent. TFA is preferred because it is volatile and provides 

excellent ion pairing and chromatographic performance of proteins and peptides (Garcia, 2005). 

However, the fluorine atoms in TFA make it hydrophobic and surface active and cause it to 

suppress the ionisation of other molecules in the electrospray process. For proteins and peptides, 

the relative level of suppression caused by TFA is approximately nine fold compared to that 

caused by formic acid (FA) (Chakraborty Asish et al., 2005). Formic acid is volatile and a good 

ion pairing reagent however providing less chromatographic retention and broader peaks than 

TFA (Guo et al., 1986).  In order to desorb the analyte molecules bound to the stationary phase 

the concentration of the organic modifier is increased continuously. The higher the demand is on 

the separation, the shallower the gradient must be in order to resolve similar molecules. However, 

if the purpose of the separation prior to the ESI-MS analysis is desalting only, as with 

recombinant proteins that have been extensively purified using other techniques prior to the LC-

ESI-MS analysis, a steeper gradient can be used. Acetonitrile is the most used organic modifier in 

applications where liquid chromatography is coupled to ESI-MS, since it is volatile and of low 

viscosity and proven to work well in protein separations. For special cases, including 

hydrophobic proteins, more hydrophobic solvents like isopropanol can be introduced, however 
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isopropanol is more viscous and thus increases the backpressure (Wilson et al., 1982; Ford et al., 

1989).  

In the chromatographic column, large polypeptides expose and bind with only part of 

their structure to the stationary phase, while the rest of the molecule is exposed to the mobile 

phase. The extent of this hydrophobic interaction is determined by the properties of the contact 

region, which in turn is dependent on the total protein sequence and conformation. Very subtle 

differences in the contact region will result in differences in the amount of organic modifier 

required for desorption. Furthermore, a very precise concentration of organic modifier is needed 

to desorb a protein, and this number is also very sensitive to the properties of the protein. Hence, 

proteins with very small differences can be separated. Due to the mechanism of interaction of 

proteins with the stationary phase, gradient elution is usually required in order for the separation 

to take place. Reversed phase columns are packed with particles given a hydrophobic surface, for 

example by treating silica particles with silane reagents of different hydrophobicity. The length of 

the hydrocarbon chain, with the abbreviations C18, C8 and C4 corresponding to a carbon chain 

with 18, 8 and 4 carbons respectively, determines the hydrophobicity. As a general guideline, 

separations of polypeptides with a Mr <5000 is best performed with a C18 material while 

polypeptides with a Mr> 10000 is best performed with a C4 material. A drawback of silica based 

column packings is the instability at extreme conditions like high pH. An alternative is to use 

synthetic polymers like polystyrene-divinylbenzene that are more stable. The particles in classical 

reversed phase columns are porous with a diameter of 300 Å in order for large polypeptides to be 

able to penetrate into the particles. Too small pore diameter will prevent diffusion into the 

particles and result in poor capacity and bad chromatography.  The smaller the particle sizes the 

narrower the eluting peaks. HPLC solvent delivery systems can withstand system backpressures 

up to ca 3000 psi. In practice, this means that for analyctical separations using low flow rate (1-10 

µL/min) capillary LC, column particle diameters can be down to 5 µm. By flow splitting or use 

of appropriate HPLC systems, flow rates of ∼ 200 nl/min can be obtained that allows for particle 

diameters down to 3 µm. With the use of UPLC, i.e., solvent delivery systems that can withstand 

backpressures up to 10000 psi, particle diameters down to 1.7 µm are used. Particles with a 

diameter of 10 µm or 15 µm are used for larger scale separations. For acceptable efficiency 

(sensitivity) of the electrospray ionisation process, flow rates in the range 1-10 µl/min are used. If 

high sensitivity is required, flow rates between 20-200 nl/min should be used.  

Since large proteins partition between the mobile and stationary phases only to a limited 

extent compared to smaller peptides, their interaction with the stationary phase takes place 
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mainly at the top of the column (Geng et al., 1984). The gain in separation and resolution 

obtained by increasing the column length is thus lower for the separation of proteins, than for 

the separation of peptides. In cases where an analytical protein separation is not the main task, 

very short columns can be used. For example, the recombinant proteins analyzed in paper III are 

generally very pure with regard to the protein content. In this case, a trap column is used with a 

length of 0.5 cm for the purpose of desalting and preconcentration only. The capacity of a 

column is dependant on its volume. When desalting of a sample containing only one major 

recombinant protein of known concentration is the main purpose, overloading is relatively easy 

to avoid. However, for capillary scale analytical separations of complex samples like tryptic 

digests for which the total content is more difficult to assess, overloading of the column can be a 

problem.   

4. Protein analysis by LC-ESI-Q-TOF-MS 

The sequencing of the genome of an organism provides a basis for the detailed 

characterization of its proteome. First, this is because the genome constitutes the platform for the 

sequence specific probing of target sequences at the DNA and/or protein level. Second, it also 

allows the use of simple prokaryotic organisms such as E. coli for recombinant production of the 

target protein in large quantities for further characterization.  

A common requirement to all protein characterization is that the target, whether it is 

recombinant or native, must be unambiguously assessed as pure, which means that the protein 

sample must be essentially free from other biological molecules and of the right sequence before 

the actual characterization work can take place. Since many proteins, though having important 

functions, are very low abundant and active in very complex environments, this is difficult to 

achieve using strategies based on extraction and purification of the protein from the natural 

source only. The natural source may also be difficult to obtain in enough quantities. Instead, in 

order to study the functions and mechanisms of proteins from eukaryotic species, their genes are 

inserted into much simpler prokaryotic organisms such as E. coli, and expressed in large quantities 

(Baneyx, 1999) using the protein production machinery of the foreign host. Such exogenous gene 

expression is referred to as recombinant protein production when the gene is inserted into the 

foreign host and recombines with its genome (Cohen et al., 1973). This procedure has several 

advantages compared to extraction from the natural source, in addition to those mentioned 

above. First, the gene can be manipulated in any way. That is, not only the wild type gene product 

can be expressed in the foreign host, but also engineered variants thereof. For example, single 

amino acids can be substituted as is often done in mechanistic studies, or whole protein 
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sequences can be added or inserted to generate so-called fusion proteins, which is frequently 

done for instance to increase the immune response in antibody production (S. Ståhl, 2000) or 

facilitate the purification of the protein after expression (Gaberc-Porekar et al., 2005). Second, 

the resulting expression product can constitute 10-30% of the total cell protein content if the 

host is E. coli, which is far more compared to the amount of the protein in its natural 

environment. Hence, recombinant protein production provides almost unlimited possibilities of 

manipulation of the target protein sequence, though with need for characterization and 

verification of the identity and purity of the expression product. 

Traditionally, checking the size and purity of a protein target have been done using 

SDS-PAGE analysis (Ornstein, 1964) together with activity assays and antibody based 

identification (Uhlen et al., 2005). However, all these techniques are labour intensive and suffer 

from other drawbacks. SDS-PAGE has limited resolving power and only provides a rough 

estimate of the protein mass. Hence, variants differing only by one or a few amino acids cannot 

be resolved and neither can post-translational modifications. Modification of amino acids after 

protein translation provides a greater range of functionality of a protein. Such modifications can 

for example involve attachment of lipids, carbohydrates, phosphates and/or acetate to individual 

amino acids, formation of disulfide bonds or changing the chemical nature of an aminoacid by 

other means. Antibody based identification requires the access of an antibody to the target 

protein and may be associated with false hits due to sequence homology of the target with other 

proteins. Furthermore, in cases that involve the large-scale production of proteins, there is a 

more definite need of a qualitative assessment that, to a low cost, higher throughput and accuracy 

than the above techniques, provides a sequence specific determination of the target that can be 

compared with that of the expected sequence. Mass spectrometry is an excellent tool for such 

purpose as it is fast and provide accurate mass determination.  

As discussed above, MALDI and ESI are the ionisation techniques of choice for 

ionisation of large molecules such as proteins. Due to the array format of the samples in 

MALDI-MS, it provides rapid analysis. However, the ionisation efficiency decreases with 

increasing mass, and the formation of mainly single [M+H]+ and double [M+2H]2+ charged 

protein molecular ions in MALDI results in less efficient ion transmission. For example TOF 

analysers used for protein MALDI-MS generally cannot be run in reflectron mode due to ion 

loss. This in turn results in reduced mass accuracy. Moreover, calibrants covering large mass to 

charge ranges are required. ESI on the other hand, generates multiple charged molecular ions of 

relatively low m/z value independently of the protein size. Reflectron TOFs can therefore be 

used, which results in high mass accuracy and resolution. Furthermore ESI is relatively easy to 
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interface with liquid chromatography. Such interfacing is motivated by the requirement for 

desalting due to the solubilizing agents used in the production and purification steps of 

recombinant proteins.  

Although the use of recombinant protein production is a routine step to most biologists 

working with protein characterization, there is a lack of simple and fast LC-ESI-MS methods for 

rapid analysis of recombinant proteins above 10 kDa in an automated multi-well format. Both 

single stream and multi stream high throughput LC-ESI-MS methods for analysis of small 

molecules (Xia et al., 2000) and proteins of limited size up to 9 kDa (Feng et al., 2001) have been 

presented. Also, LC-ESI-MS methods for the analysis of larger intact proteins have been 

described. However they make use of long cycle times and protein specific reagents (Whitelegge 

et al.). In paper III, an LC-ESI-MS method is presented capable of analysing recombinant 

proteins 10-100 kDa in size from salt-containing liquid samples. The proteins included human 

protein fragments for the large-scale production of antibodies and human protein targets for 

structural determination expressed in E. coli. Also, glycosylated proteins expressed in Pichia pastoris 

were analyzed. In addition, the method was used in paper IV for the analysis of covalent protein-

ligand intermediates formed enzymatically. 

5. Protein-ligand complexes 

5.1 Noncovalent protein-ligand complexes 

Noncovalent interactions play an important role in most biological systems. These weak 

interactions involve all the biopolymers present in living organisms, such as proteins, DNA and 

RNA, polysaccharides and membrane lipids. Hence they are crucial for a vast number of events 

important for the function of all organisms. For example, the noncovalent interaction between 

carbohydrate-active enzymes and carbohydrates are of central importance for the build-up and 

break-down of the constituents of plant cell walls, including celluloses, hemicelluloses and 

pectins. Furthermore, such weak interactions are used by enzymes active on DNA and RNA to 

accomplish recombination, repair and replication of these molecules in cells. The interactions 

between antibodies and antigens, and the formation of cell shape due to specific interactions 

between scaffold proteins are other examples that involve noncovalent interactions. Moreover, 

proteins in living organisms often function as parts of large complexes hold together by 

noncovalent interactions rather than as individual monomers (Sali et al., 2003). For the 

pharmaceutical industry, noncovalent interactions are of fundamental importance in the 

evaluation of potential drug candidates. Usually, different types of screening methods are 



 24

undertaken against target biomolecules with libraries containing small molecules, in order to find 

the combinations that involve specific interactions (Engels et al., 2001). 

Noncovalent interactions can be of different nature and strength. This includes 

hydrophobic interactions and electrostatic interactions. The latter can occur for 

particles/molecules that are either charged, carry a dipole moment or are polarizable. Hydrogen 

bonds and van der Waals bonds are special types of dipole-induced interactions. Several 

techniques exist to characterize these interactions which almost all take place in solution. X-ray 

crystallography (Fyfe et al., 1999) and NMR spectroscopy (Emseis et al., 2004) can provide the 

complete structure of weakly linked complexes. Other techniques employed are UV absorption 

and fluorescence (Kim et al., 2003), circular dichroism (Zhou et al., 2004), differential scanning 

calorimetry and isothermal scanning calorimetry. These methods usually give less extensive, but 

complementary information. For example, calorimetric techniques can provide data on the 

kinetic effects of noncovalent interactions (Gharanfoli et al., 2004). 

ESI-MS is an attractive alternative to these techniques for the study of noncovalent 

protein-ligand interactions. The main advantage of ESI-MS is that molecular mass and 

stoichiometry is obtained. Furthermore, no ligand modification is needed as with fluorescence 

detection, or binding of the ligand to a surface. In addition, noncovalent protein-ligand screening 

by nano-ESI-MS is very fast compared to other techniques (Benkestock et al., 2003). As such, 

ESI-MS is emerging as a tool for noncovalent complex analysis (Greis, 2007).  

5.1.1 Noncovalent protein-ligand complexes and ESI-MS 

An inherent property of the quantitative and qualitative characteristics of ESI-MS data 

is that they may vary significantly over time as a consequence of unintentional variation of the 

spray condition. Especially this is the situation when nano-ESI is applied to the study of 

noncovalent complexes. Nevertheless, nano-ESI is often used for such types of analyses due to 

the superior sensitivity and minimal sample consumption it provides over high flow, 

pneumatically assisted ESI. 

As long as the purpose of the ESI-MS analysis is qualitative and the electrospray 

ionisation is functional and providing desirable sensitivity, such variations are less problematic. 

However, if the purpose of the analysis is quantitative, for example the determination of relative 

intensities of a noncovalent protein-ligand complex, the variations can be very troublesome. 

Therefore, knowledge about parameters of the electrospray process that influence such variations 

is desirable. It would be most attractive if the effect of these parameters on the observed relative 
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intensities of molecules that are in equilibrium, such as noncovalent complexes, could be brought 

together in a simple model. 

Parameters of the electrospray process that do affect relative intensities of compounds 

that are not in equilibrium are well identified and have been studied in detail. To summarize these 

findings, Gomez and Tang (Gomez et al., 1994) showed that the primary source of ions formed 

by desorption in ESI is the satellite or off-spring droplets, since they evaporate much faster and 

more easily follow the electric field towards the sampling orifice, than the residual parent 

droplets. Furthermore, Tang and Smith (Tang et al., 2001) showed that surface-active molecules 

accumulate in the satellite droplets and that the satellite droplets are localized to the periphery of 

the electrospray, whereas the larger residue droplets are centred along the emitter axis. In 

addition, Schmit and Karas (Schmidt et al., 2003) studied the sampling of a surface active 

(hydrophobic) compound relative to a less surface active (hydrophilic) compound at different 

flow rates. The authors found that the smaller the size of the droplets formed initially in the 

electrospray process, the more the sampling of the hydrophilic compound present in the droplet 

bulk was favoured. On the other hand, formation of large initial droplets favoured the detection 

of the surface-active compound. This can be explained in terms of how analytes partition in 

evaporating droplets prior to droplet fission and final ion release (Schmidt et al., 2003). Large 

initial droplets will require a higher number of droplet fission events before molecules in the 

droplet bulk are ionized. Surface-active compounds therefore ionize prior to less surface-active 

compounds. The characteristics of the electrospray process extracted from these findings are 

schematically depicted in figure 2, section 2.1.1 in this thesis. All these investigations have been 

made with compounds that are not in equilibrium. However, similar observations, such as the 

varying characteristics of noncovalent ESI-MS data, have generally not been met with an effort to 

explain the variations to the same extent. For example, Gabelica et al. studied the noncovalent 

protein-DNA complexation by nano-ESI-MS and showed that the relative intensity between the 

complex and the free protein varied significantly upon cutting of the nano-ESI emitter (Gabelica 

et al., 2002). 

In paper I, an effort was made to explain the effect of such varying ESI characteristics 

for noncovalent ESI-MS data. The study was performed with a protein, in equilibrium either with 

a non surface-active ligand or a surface-active ligand. The findings were summarized in a simple 

model. 
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5.1.2 Noncovalent substrate binding to ribonuclease A 

For enzymes acting on substrates of different chain lengths consisting of repeating 

units, it is of interest to quantify the number of substrate repeating units that are involved in 

binding to the corresponding enzyme sites. Such enzymes include all proteins active on 

biopolymers. An enzyme often used as a model of enzymes with multiple substrate binding sites 

is bovine pancreatic ribonuclease A (RNAse) (Nogues et al., 1995). RNAse is known to bind the 

nucleotide backbone of RNA and DNA, mainly through interactions with the phosphate groups, 

but also with the sugar and base residues. The specific binding involving the main catalytic site 

and adjacent non-catalytic subsites located in the binding pocket of RNAse is well characterised. 

However, evidence for binding to as many as 8-12 nucleotide residues has been shown (Pares et 

al., 1991). For example, RNAse is known to cleave long chain RNA-substrates faster than short 

chain substrates (Moussaoui et al., 1996). A suggested explanation is that it binds with higher 

affinity to the long chain substrates due to the presence of several phosphate binding subsites 

(Pares et al., 1991). In paper II, the relative contribution of binding of the individual building 

blocks of RNA (phosphate, ribose and the bases cytosine, adenine, guanine and uracil) were 

studied by nano-ESI-MS. The ability to probe the effect of substrate length on the noncovalent 

binding to RNAse using nano-ESI-MS was investigated. 

 5.2 Covalent protein-ligand complexes 

Apart from being used as a tool for the identification of intact protein variants 

(Sundqvist et al., 2007), the use of LC coupled to ESI-MS can be further extended to protein 

characterization at the protein mass level since all types of covalent modifications are revealed by 

the corresponding mass shift. An obvious application is the monitoring of protein heterogeneity 

resulting from various types of post-translational modifications such as phosphorylation and 

glycosylation.  

Another type of covalent protein modification is related to the role of a protein as a 

catalyst. During reactions catalyzed by enzymes that utilize the double displacement mechanism 

(ping-pong bi-bi mechanism) for transfer of functional groups from a donor substrate to an 

acceptor substrate, a covalent enzyme-substrate complex is generated enzymatically as an 

intermediate (Cleland, 1963). 

Identification of such enzyme-substrate intermediates by MS constitutes a good 

confirmation of the double displacement mechanism and can bring further insight into the 

binding characteristics in addition to classical enzyme kinetics. Historically, ESI-MS coupled to 
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LC, has been utilized as an alternative to spectrophotometric methods for the study of enzyme 

kinetics by monitoring the formation of product and/or the consumption of substrate. For 

example, (Hsieh et al., 1995) used LC coupled to ESI-MS to monitor the hydrolysis of 

dinucleotides by RNAse and substrate specific hydrolysis of lactose by β-galactosidase at 

different substrate concentrations in order to determine initial rate velocities. For both enzymes, 

the respective substrates were detected and the data used for calculation of KM and Vmax (Hsieh et 

al., 1995). In addition, the use of mass spectrometry for determination of active site residues at 

the peptide level is an established procedure. In such approaches, the use of mechanism-based 

labelling and subsequent proteolysis provide identification of labelled and unlabelled peptides. 

Collision induced dissociation further reveals the location of the labelling at the amino acid level 

(Tull et al., 1996). An advantage of such MS based assays over spectrophotometric methods is 

that chromogenic substrates or products are not required. In addition, Pi et al used direct 

injection and ESI-MS to determine the kinetics of a carbohydrate sulfotransferase that uses the 

double displacement mechanism for the transfer of a sulfuryl group from a 3’-phosphoadenosine 

5’-phosphosulfate to chitobiose. A sulfated enzyme intermediate was additionally detected which 

supported the double displacement mechanism, also by the use of direct infusion (Pi et al., 2004).  

Unlike noncovalent complexes, covalent enzyme-substrate intermediates formed during 

catalysis can be subjected to reversed phase chromatography without destruction of the complex 

due to denaturation prior to ESI-MS analysis. This has several advantages over non-

chromatographic direct infusion. First, the risk for detection of all types of non-productive non- 

covalent enzyme substrate variants is reduced. This is valuable when such non-productive 

binding results in the same mass shift as the productive covalent binding. Moreover, substrate 

concentrations are usually in high excess compared to the enzyme. Hence the risk for ion 

suppression of an enzyme-substrate intermediate by excess of unreacted substrate can be 

minimized by the introduction of a chromatographic step that separates low molecular weight 

substrate from intact protein. Second, such reactions can be studied under optimal conditions 

involving buffers that may not be compatible with ESI-MS (see above). At any time, the reaction 

can be quenched (for example by changing the pH) and loaded onto a LC-ESI-MS system.  

In paper IV, the LC-ESI-MS method presented in paper III was used for identification 

and quantification of the glycosyl-enzyme intermediates formed between the glycoside hydrolase 

family 16-34 xyloglucan endo-transglycosylase from the hybrid aspen Populus tremula x tremuloides 

(PttXET16-34), known to operate via a double displacement reaction (Saura-valls et al., 2006), 

and the synthetic substrates GalGXXXGGG and GalXXXGXXXG (respectively 1 and 2 in 

paper IV). These substrates were designed in order to function as donor substrates only due to 
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the axial configuration of the 4’ hydroxyl groups on the galactosyl unit. Upon accumulation of 

the glycosyl-enzyme intermediates GalG- and GalGXXXG-XET16-34 respectively, the 

hydrolytic stability of the intermediates was shown by subjecting the reaction mixture to 

ultrafiltration in order to remove the excess of substrate. Subsequently, the transglycosylating 

ability of the PttxET16-34 was demonstrated by adding XXXG to the reaction mixtures 

containing the accumulated intermediates, and regeneration of free enzymes. Furthermore, at 

pseudo equilibrium, the LC-ESI-MS method was used for quantification of the ratio of glycosyl-

enzyme intermediate to free enzyme, and the ratio of free oligosacharide product to reactant was 

determined by high-performance anion-exchange chromatography with pulsed amperometric 

detection (HPAEC-PAD). Consequently, the equilibrium constant could be calculated and used 

for the  estimation of the free energy change of formation (∆G°) of the covalent GalGXXXG-

enzyme.  

6. Aims of the present investigation 

Paper I 

In this paper we investigated the influence of parameters such as droplet size and surface 

activities of protein and ligand on the detected relative intensities of free protein and the 

corresponding noncovalent protein-ligand complex.  

Paper II 

In paper II, the aim was to probe the effect of substrate length on the noncovalent interaction 

between Ribonuclease A and oligonucleotides of different length, using nano-ESI mass 

spectrometry. 

Paper III 

In this work we developed and evaluated an LC-ESI-MS method for the analysis of intact 

proteins produced recombinantly for various purposes, such as antibody production, structural 

determination and enzymatic characterisation. 

Paper IV 

The aim was to use the LC-ESI-MS method presented in paper III to identify covalent glycosyl-

enzyme intermediates formed between a xyloglucan endo-transglycosylase and synthetic 

substrates. 
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7. Results and discussion 

7.1 Noncovalent protein-ligand complexes studied by ESI-MS (Paper I) 

As described in section 2.1.1 (ESI) and 5.1.2, the ESI process has been characterized in 

detail. A frequent issue, especially during nano-ESI operation, is related to the difficulty of 

controlling the aperture of the nano-ESI emitter. In paper one, our hypothesis was that the 

varying nano-ESI data obtained for noncovalent protein-ligand systems could be explained by 

addressing the surface activities of the protein and the ligand together with the initial size of the 

formed droplets. For the experiments, two protein-ligand systems where chosen, one containing 

a ligand that is more surface-active than the protein, and one containing a ligand that is less 

surface-active than the protein. The system with the more surface-active ligand consisted of fatty 

acid binding protein from human heart (H-FABP) and oleic acid. The system with the less 

surface active ligand consisted of ribonuclease A (RNAse) and cytidine 2’-monophosphate 

(CMP). 

H-FABP-oleic acid 

Cytoplasmic fatty acid binding proteins belongs to a highly conserved family of proteins 

that are involved in the transport of the lipid content within a cell by binding to fatty acids, which 

have a low solubility in the cytosol. Many metabolic diseases such as obesity and cancer are linked 

to FABPs. The amino acid sequences of FABPs are tissue specific but the proteins share a 

common structure involving 10 anti-parallel β-strands. The exact role of individual FABPs is in 

most cases unknown. A common feature to all FABPs is that they bind one or two substrates to 

a site, which seems to be inaccessible from the bulk. Therefore, the substrate binding is believed 

to involve a conformational change of an unknown nature (Friedman et al., 2006). FABP from 

human heart is believed to be involved in the transport of fatty acids from the plasma membrane 

to sites specialiced in β-oxidation of fatty acids (mitochondria and peroxisomes) and lipid 

synthesis (endoplasmic reticulum). The H-FABP used for this work was obtained as described 

elsewhere (Benkestock et al., 2003) and oleic acid was used as the ligand. 

RNAse-CMP 

RNAse from bovine pancreas is a well characterized enzyme (McPherson et al., 1986). 

Two functional roles of RNAse have been identified. First, RNAse performs enzymatic cleavage 

of the phosphodiester linkages in RNA. Second, it has a high affinity for single stranded DNA 

and thereby it destabilizes double stranded DNA. RNAse cleaves the phosphodiester bond in 

RNA on the 3’ side of pyrimidine residues (cytidine and uridine) in a two-step reaction. The first 
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step is a transphosphorylation reaction between the 5’ phosphate of one nucleotide and the 2’ 

hydroxyl group of an adjacent nucleotide, which results in the formation of a cyclic intermediate. 

In the second step, this intermediate is hydrolysed (Raines, 2004). The absence of the OH group 

at the 2’ position of DNA precludes the transphosphorylation step for this substrate. Cytidine 2’-

monophosphate (CMP) is a known RNAse inhibitor and this system is suitable for noncovalent 

studies by ESI-MS. 

7.1.1 Effect of polarity switching on complex detection 

Figure 4 in paper I shows the nano-ESI data for the system H-FABP-oleic acid 

acquired in positive and negative ion modes respectively. The data clearly show that the detection 

of the protein complex relative to free protein is favoured in negative ion mode, compared to 

positive ion mode. 

Oleic acid is a mono-unsaturated fatty acid containing 18 carbons and a carboxyl group. 

In addition to its hydrophobic chain, the carboxyl group has a negative charge near neutral pH. 

Switching polarity affects the location of oleic acid in the droplet electrostatically. This implies 

that in the positive ion mode, the negative charge will direct oleic acid towards the centre of the 

droplets formed during the ESI-process. Conversely, in the negative ion mode, both the charge 

and hydrophobicity of the molecular ion will favour its distribution at the droplet surface, which 

also favours complex-formation. 

7.1.2 Effect of capillary cone distance on complex detection 

A polarity switch as described above probes differences in surface activity due to charge 

only. Figure 6B in paper I shows how the relative intensities of the H-FABP-oleic acid complex 

decreased when moving the ESI-emitter away from the sampling orifice axis under constant 

voltage. This movement increases the sampling of ions originating from satellite droplets formed 

later during the electrospray process. Such late generation satellite droplets will contain a 

relatively higher amount of hydrophilic molecules in the droplet bulk. In the positive ion mode, 

late generation droplets also contain a relatively higher amount of negatively charged species 

compared to positively charged species. Therefore, moving the ESI-emitter probes the combined 

effect of both hydrophobicity and charge on surface activity. The hydrophobic nature of oleic 

acid dominates resulting in high surface activity and the residue droplet bulk is depleted in oleic 

acid. Consequently the equilibrium between oleic acid and H-FABP is displaced towards the free 

protein. 
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To further confirm this interpretation, a similar experiment was performed with the 

RNAse-CMP system. CMP is a small water-soluble ligand with a negatively charged phosphate 

group. Consequently, both its hydrophilicity and charge favour the location of CMP in the 

droplet bulk relative to the surface. As observed in figure 6A in Paper I, moving the ESI-emitter 

away from the sampling orifice axis favours sampling of the RNAse-CMP complex, since CMP is 

enriched in late generation residue droplets.  

7.1.3 Effect of initial droplet size on complex detection 

An alternative approach to monitor sampling of different regions of droplets formed 

during nano-ESI is to use emitters with different apertures mounted in the same position relative 

to the sampling orifice. Figure 8 in paper I shows the relative detection of the noncovalent 

RNAse-CTP complex compared to free RNAse. The ligand CTP has three phosphates bound to 

the 5’ carbon of ribofuranose. Like CMP, it is negatively charged and relatively hydrophilic 

compared to the protein. The detected complex-to-free-protein ratio clearly decreased with 

increased emitter aperture.  A larger aperture results in a higher flow rate and larger initial 

droplets. As a consequence, sampling of the droplet bulk, where the ligand concentration is high 

and the equilibrium displaced towards the RNAse-CTP complex, will be less efficient. To 

confirm the relative partitioning of the RNAse protein and the CTP ligand between the surface 

and the droplet bulk, the change in surface-to-volume ratio for droplets formed initially in the 

electrospray process was calculated according to De La Mora and Locertales (Fernandez de la 

Mora et al., 1994). In brief, the initial droplet diameter according to De la Mora and Locertales is 

given by: 

3/1

K
V

R f ε≈     (3) 

where Vf is the flowrate, ε the permittivity of the solvent and K the conductivity of the solution. 

For a spherical droplet, the surface-to-volume ratio is proportional to 1/R. or 1/Vf
3. The 

variation of the surface-to-volume ratio for flow rates between 2 and 100 nl min-1 is plotted in 

figure 8, and is similar to the variation of the relative detection of the RNAse-CTP complex for 

tip diameters between 4-30 µm. This result is similar to that obtained for a system containing a 

hydrophilic and a hydrophobic molecule not in equilibrium (Schmidt et al., 2003). The suggested 

explanation for this is that the RNAse-CTP equilibrium in the droplet bulk, which is rich in the 

hydrophilic, negatively charged CTP ligand, is more displaced towards the formation of the 

complex. 
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Another example of a protein-ligand system containing a negatively charged ligand is 

the BlaIGM2 protein that binds double stranded DNA (Gabelica et al., 2002). Gabelica et al 

aquired nano-ESI data for this system before and after cutting the nano-ESI emitter. The cutting 

resulted in a decreased sampling of the complex compared to the free protein. Again, an 

interpretation is that the cutting results in the formation of larger initial droplets and less 

sampling of ions originating from the droplet bulk, which is rich in negatively charged DNA. 

A summary of these observations is presented in figure 7 in paper I for a protein-ligand 

system consisting of a ligand more hydrophilic than the protein. The figure shows two droplet 

fission events from a parent droplet, one early in the evaporation process (bottom of the figure), 

and one late in the evaporation process (top of the figure). The initial offspring droplets 

generated from the surface of relatively large droplets formed at the emitter tip are rich in 

surface-active molecules (protein). On the other hand, offspring droplets generated from the 

surface of residue droplets late in the evaporation process are rich in hydrophilic non-surface 

active components (ligand). Therefore, sampling of free protein is favoured by high flow rates 

(large initial droplets) and a relatively shorter capillary cone distance, whereas sampling of 

protein-ligand complex is favoured by lower flow rates and a relatively longer capillary cone 

distance. For a ligand that is more hydrophobic than the protein, the conditions are reversed. 

A consequence of these findings is that the establishment of reproducible electrospray 

conditions for quantification of noncovalent protein-ligand interactions is extremely important. If 

the intitial droplet size varies too much during an experiment or between experiments, this will 

result in sampling of ions from different regions of the droplet, either the bulk or the surface. If a 

protein and its ligand partition differently between the surface and the droplet bulk in 

electrosprayed droplets, the variations will result in a corresponding variation of the detected 

complex-to-free protein ratio. Nanospraying requires special care, while reproducible tip-

geometries can be more difficult to maintain when spraying from emitters with small diameters. 

7.2 Noncovalent substrate binding to Ribonuclease A (Paper II) 

The binding pocket of RNAse contains three phosphate-binding sites P0, P1 and P2, 

together with one site (B1R1) with prevalence for binding pyrimidine nucleosides and one site 

(B2R2) with prevalence for binding purine nucleosides (Pares et al., 1991). However, as mentioned 

in section 5.1.2, evidence for additional interaction between RNAse and the nucleotide backbone 

of RNA exists. Such multiple interactions with the nucleotide backbone outside the RNAse 

binding pocket could theoretically involve all the nucleotide building blocks, even though the 

interactions are mainly thought to be electrostatic, involving the phosphate groups only. 
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In order to investigate the relative contribution of the individual building blocks of 

RNA in the binding to RNAse, these were incubated with RNAse and analysed with nano-ESI-

MS with the cone voltage set to 80 V. Among the bases, only cytosine was detected in complex 

with RNAse (figure 1B in paper II). The interaction involved two cytosine bases, which 

corresponds to the number of base binding sites in the binding pocket (B1 and B2). No additional 

interaction was observed for any of the bases at a cone voltage of 30 V. However, since the B2 

site has prevalence for purines (Nogues et al., 1995), it was expected that both adenine and 

guanine would bind to this site. Only ribose and phosphate showed multiple binding to RNAse 

involving up to 6-7 riboses and ca 11-12 phosphates. However, binding of multiple riboses 

required lowering of the cone voltage from 80 to 30 V. Interestingly, binding of the nucleoside 

guanosine (ribose-guanine) was observed with multiple binding at a cone voltage of 80 V. The 

extent of multiple binding was even greater for the nucleotide CMP. A summary of the data 

presented in figure 1 and 2, in paper II, is that the extent of multiple binding is in the order:  

sugar < nucleoside<nucleotide, phosphate 

RNAse in complex with cytosine, guanosine, different numbers of CMP and phosphate 

respectively were subjected to collision-induced dissociation. The corresponding dissociation 

curves are shown in figure 3, paper II. The strong electrostatic interaction in the case of 

phosphate and CMP requires higher voltages for dissociation of 50% of the complex compared 

to the nucleoside guanosine and the base cytosine.  

Even though these data do not provide any information regarding the specificity of the 

observed interactions, they are interesting on a relative basis since they indicate the effect of 

cooperative noncovalent interactions, as demonstrated for the guanosine binding compared to 

individual guanine (not detected) and ribose binding. Clearly, the electrostatic interaction between 

phosphates and positive residues in RNAse is the main cause of multiple binding.   

In order to investigate the effect of different substrate length on the binding to RNAse, 

single stranded deoxycytidylic acids (dCx) of three different lengths (X=6, 9 and 12) were used as 

an analogues to RNA. The single-stranded dCx were mixed with RNAse at equal molar 

concentrations and analysed with nano-ESI under identical conditions. The longest 

deoxycytidylic acid (12 residues) showed the highest complex to free RNAse ratio of the three 

RNA analogues as observed in figure 4, paper II. This data is in agreement with the observation 

that RNAse cleaves long chain RNA faster (Pares et al., 1991) than short chain RNA and shows 

that ESI-MS can be used for probing such interactions. 



 34

The noncovalent interaction strength between RNAse and ssDNA was further 

quantified by subjecting the RNAse-dC6 complex to collision-induced dissociation (CID). 

Interestingly, covalently bound cytosine dissociated from the complex, while the noncovalent 

interactions were maintained, as shown in figure 5, paper II. The same dissociation pattern has 

been observed for double stranded DNA, which loses covalently bound bases from the 

nucleotide backbone rather than dissociating into ssDNA (Schnier et al., 1998). This further 

supports the strong ionic character of the RNAse A-substrate interaction, which indicates that it 

occurs mainly between negatively charged phosphates and positively charged enzyme residues. 

Again, this type of dissociation behavior is a clear example of the magnitude of cooperative 

forces resulting from multiple noncovalent interactions. 

7.3 Intact protein analysis using LC-ESI-MS (Paper III) 

7.3.1 HPR PrESTs 

The development of the LC-ESI-MS method for intact protein analysis presented in paper III 

was initiated by the Swedish Human Protein Resource (HPR) center (www.proteinatlas.org). The 

main objective of this center is to produce specific antibodies against human protein targets. The 

antibodies are then used for expression profiling of the respective protein in the human body. To 

accomplish this, Protein Epitope Signature Tags (PrESTs) derived from predicted open reading 

frames (ORFs) are cloned, expressed and used for immunization. However, before 

immunization, the identity and purity of the PrESTs must be assessed. The requirements on an 

LC-ESI-MS based quality control of the PrESTs are identified below and can be summarized as a 

need for reproducible and accurate mass determination, desalting capacity and ability to identify 

cross contamination. 

The PrESTS are expressed in E. coli as fusion proteins with an N-terminal hexahistidine 

tag, in order to facilitate purification (Gaberc-Porekar et al., 2005), followed by an albumin 

binding protein tag to increase immunogenicity (S. Ståhl, 2000). The resulting PrESTs have 

molecular weights in the range 20-45 kDa, however their masses are frequently very similar. The 

production proceeds in a high throughput manner involving concurrent handling of several 

samples in a multi well format. Consequently, the ability to identify unintentional cross 

contaminations is a basic condition. Therefore, the mass accuracy and resolution provided by 

ESI-TOF-MS analysis is desirable. In addition, desalting is required prior to ESI due to the 

solubilising and reducing agents used in the PrEST production and purification step. This 

includes addition of 7 M guanidinium hydrochloride and 20 mM β-mercaptoethanol. Finally, a 
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solubilizing buffer (6 M urea, 50 mM NaH2PO4, 100 mM NaCl, 30 mM HOAc, 70 mM NaOAc, 

pH 5.0) is used for elution in an immobilized metal affinity chromatography (IMAC) purification 

step, which is not compatible with ESI.  

Figure 1 in paper III shows a schematic picture of the LC-system configured to meet 

these requirements. In brief, it consists of a C4 trap column, 5 mm in length and an internal 

diameter of 300 µm, with its inlet coupled to a six-port injection valve and the outlet to the ESI 

source. For each protein sample, 5 µL is injected in the 10 µL injection loop. The sample is 

loaded and low molecular weight contaminants are allowed to elute during 0.5 minutes (4 µL, 

100% A) before switching to 90% B (0.5-1.5 minutes) and elution of the protein from the trap 

column. Between 4.5 and 5 minutes the system is taken back to 100% A. The system is 

equilibrated in 100% A for one minute before the next sample is injected after 6 minutes.  

Initial trials with a nano-LC ESI source and a ternary solvent system involving an 

additional valve for stream selection resulted in too large sample carry over. The use of a binary 

LC system provided simplicity and efficient washing of the complete sample flow path. However, 

the demand to monitor cross contamination in the PrEST handling made it necessary to 

eliminate carry over effects also observed with the binary system. Introducing a myoglobin 

standard injection between each PrEST injection solved this problem and resulted in 

undetectable carry over between consecutive PrEST injections, as shown in figure 2, paper III. In 

addition, the injection of a myoglobin standard facilitates the monitoring of the instrumentation 

compared to just performing a blank injection. It also provides for the possibility of recalibrating 

individual PrEST spectra. This option has been utilized on rare occasions when particularly large 

mass drifts occurred. The alternative of using myoglobin as an internal standard resulted in ion 

suppression effects. It can also result in undesired (Blom, 1998) overlap of the protein signals, 

which are all observed in the range 600-1300 m/z.   

Before LC-ESI-MS analysis, all PrESTs were subjected to a reduction and alkylation 

step with dithiothreitol and iodoacetamide respectively, in order to prevent formation of non-

specific disulfide bonds. During method development, protein aggregation and protein multimer 

formation resulted in ESI-MS data of low quality that were not possible to interpret. Multimer 

adduct formation between the β-mercaptoethanol used in the PrEST production, and cystein 

containing PrESTs resulted in further non-reproducible and complex ESI-MS data as shown in 

figure 3, paper III. All these problems were eliminated with the reduction and alkylation steps, 

which also resulted in greater storage stability.  
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7.3.2 SGC proteins 

Another group of proteins analysed with the method described in paper III are a group 

of human native proteins with a Mr of up to 105 produced for structural determination by the 

Structural Genomics Consortium (SGC) in Stockholm (http://sgc.ki.se/). The analysis of the 

SGC proteins has demonstrated the ability of the LC-ESI-MS method to frequently handle 

proteins with large Mr as shown in figure 4, paper III. In addition SGC uses tris(2-

carboxyethyl)phosphine (TCEP) as an alternative reducing agent to β-mercaptoethanol, which 

yields reproducible ESI-MS data. TCEP is a thiol free reducing agent and does not form adducts 

with the protein. 

During periods of maximum load of HPR and SGC proteins, approximately 145 

PrESTs and 20 SGC proteins were analyzed per week. For this wide range of proteins, the 

method has been shown to be very robust. An additional advantage of the method is the use of 

cheap consumables. For example, the C4 trap/desalting columns can be turned upon clogging 

and are available for about 3800 SEK for 5 cartridges. The success rate is 80% or higher for both 

proteins sets. 100% of the myoglobins pass the criteria for spectral approval. To further reduce 

analysis time, column regeneration can be excluded from the total analysis time by introduction 

of additional columns. Alternatively, in applications where cross contamination or carry over 

effects are not a concern, the frequency of the myoglobin/regeneration injections can be 

reduced. Nevertheless, it is important to point out that the myoglobin injections were used in the 

present method also for monitoring the overall method performance, the value of which cannot 

be underestimated.  

7.3.3 Carbohydrate active enzymes 

To further emphasize the applicability of the method to different proteins, the LC-ESI-

MS method has also been applied to carbohydrate-active enzymes, including glycosylated 

enzymes expressed in Pichia pastoris, and analyzed under non-reductive conditions. Figure 5A in 

paper III shows the observed ESI-MS data from the analysis of a α-galactosidase from the 

thermophilic bacterium Thermotoga maritime expressed in E. coli. The peak at Mr 63655.3 

corresponds to the protein with an intramolecular disulfide bridge.    

Figure 5 B in paper III, shows the peaks corresponding to the glycosylated forms 

(GlcNAc-Man8-10) of a xyloglucan endotransglycosylase containing two disulfide bridges. The 

glycosylation is required in order for this protein to be correctly folded and therefore the protein 

is expressed in Pichia pastoris. 
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To summarise, a fast and robust LC-ESI-MS method was presented in paper III, which 

is suitable for the analysis of a broad spectrum of proteins in the mass range of 10-100kDa, 

expressed recombinantly in bacterial hosts, also including glycosylated proteins. The method is 

simple and uses cheap C4 trap columns that can be easily exchanged. The performance of the 

method is monitored by the injection of intermediate myoglobin standards in order to 

unambiguously separate eventual cross contamination from carry over effects. 

7.3.4 Nonenzymatic covalent modifications 

Almost all the proteins analysed for HPR and SGC are detected with a covalent 

modification related to the presence of the His tag. As observed by Geoghegan et al., proteins 

fused with a His-tag and expressed in E. coli frequently undergo a posttranslational modification 

resulting in a shift of the Mr by +178 and +258 (Geoghegan et al., 1999). Cleaving of the His tag 

from its fusion partner by using thrombin, which recognizes the motif LVPRGS and cleaves 

between R and G, and subsequent ESI-MS (and MS/MS) analysis of the cleavage product, 

allowed Geoghegan et al. to asign these modifications to the His tag, specifically to one out of 

four amino acids in the N-terminal GSSH motif in the GSSHHHHHHSSGLVPR His tag 

sequence. The thrombin treated protein was detected as a single peak at its expected mass, while 

the His tag was detected as masses corresponding to His tag, His tag +178 and His tag +258. 

Furthermore, these authors identified the modifications as nonenzymatic α-N-acylation by 6-

phosphogluconic acid at the α-amino acid for the +258 modification. Dephosphorylation of this 

modification by a host-cell phosphatase generates the +178 form. The suggested explanation is 

that 6-phosphoglucono-1,5-lactone, a compound formed in the natural pathway for the synthesis 

of nucleic acids, is responsible for the modification by selective acylation of the N-terminus of 

the His-tag. To support this theory, Geoghegan et al showed that commercial D-glucono-1,5-

lactone that was allowed to react with a synthetic GSSHHHHHHSSGLVPR peptide lead to the 

formation of a +178 modified form of this peptide. This +178-Da modified His tag did not react 

further upon exposure to reductive methylation, while an unmodified His tag increased its Mr by 

28 under the same conditions. Since this His-tag contains only one terminal amino group the 

authors concluded that the modification by the gluconoyl substituent must be located to this 

amino group. Geoghegan et al. also demonstrated the selectivity of the acylation by treating a 

His-tagged protein, His-C-Zap, containing 10 mM lysine per mol of protein and lacking the cell 

derived modification, with glucono-1,5-lactone in large excess. Only single modified protein 

(+178) was detected. 
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Interestingly, for several SGC proteins that have been analysed with the LC-ESI-MS 

method presented in paper III, the +178 (minor signal) and +258 (major signal) modifications 

have been observed to be associated with proteins that have had their His-tag removed by the 

use of the catalytic domain of the Nuclear Inclusion a (NIa) protein, commonly known as the 

TEV protease. The TEV protease recognizes a linear epitope of the general form E-Xaa-Xaa-Y-

Xaa-Q-(G or S). The sequence ENLYFQS is used C-terminal to the His tag, shown in bold and 

italics respectively in the sequence shown in figure 6 for Phosphatidylinositol-4-phosphate 5-

kinase (PIP5K2C). The cleavage occurs between glutamine and serine. PIP5K2C with the His tag 

removed (calculated Mr: 43632.57, observed Mr:43631.48) by the TEV protease is still observed 

with the +258 form as shown in figure 6. Its theoretical sequence after TEV cleavage is the part 

starting with the underlined serine in figure 6.  

 

Figure 6. Deconvoluted mass spectrum obtained upon LC-ESI-MS 

analysis of TEV-cleaved PIP5K2C. The sequence obtained upon 

TEV cleavage is the one coming after the TEV cleavage site 

highlighted in bold and starting with a serine. 

 Preliminary results obtained after treating His-P5K2C containing both the unmodified and 

modified forms with trypsin and subsequent MS analysis, did not result in detection of N-



 39

terminal tryptic peptides carrying the modification. Since there is no report of the discussed 

modification on proteins expressed in E. coli and not carrying a His-tag like motif, the 

microenvironment provided by the His-tag is likely to be responsible for the modification. 

Histidine is often found in the active sites of enzymes and can readily switch between a charged 

and an uncharged state around physiological pH due to its pK value of about 6.5. Therefore, the 

histidines in the His-tag motif could potentially activate not only the terminal amino group but 

also that of lysine side chains. The data in figure 6 shows that the modification does not need to 

be located on the His-tag itself. 

7.4 Analysis of glycosyl-enzyme intermediates by LC-ESI-MS (Paper IV) 

Xyloglucan endotransglycosylases (XETs) are a group of enzymes that cleave and 

religate the glycosidic bond in the glucose backbone of xyloglucan. The reaction proceeds 

through the formation of a covalent glycosyl-enzyme intermediate. In paper IV the LC-ESI-MS 

method presented in paper III was used for the analysis of such covalent intermediates formed 

between the glycosylated isoforms of PttXET16-34 and synthetic xyloglucan derivatives acting as 

glycosyl donors only, resulting in accumulation of the covalent intermediates. The use of the LC-

ESI-MS method was straight forward since it was demonstrated to work well also for 

glycosylated proteins. Below is a brief overview of the enzymatic mechanism utilized by 

PttXET16-34, and xyloglucan chemistry. 

PttXET16-34-Xyloglucan 

Xyloglucan is a hemicellulose that binds noncovalently to the cellulose microfibrils in 

the cell wall and cross-links them to each other. During several plant processes such as growth, 

fruit ripening etc, the cell wall is partially decomposed and therefore requires subsequent 

reconstruction, a process in which the XETs are active. The structure of xyloglucan is species-

specific. Xyloglucan consists of repeating xylo-oligosaccharide (XGO) units, each unit consisting 

of four β(1→4) linked glucoses. The first three glucoses in each unit can be further branched 

with α-D-(1→6)-xylofuranosides and are abbreviated with an X. Additionally, the second and 

third glucoses substituted with α-D-(1→6)-xylofuranosides can be even further substituted by β-

D-(1→2) galactopyranosyl, and are then abbreviated with an L, or α-L-(1→2) arabinofuranosyl, 

in which case they are abbreviated with an A (Fry et al., 1993). Furthermore, substitution of the 

galactose with fucose can occur (Camirand et al., 1986).  

XETs belong to glycosyl hydrolase family 16 (GH16). The majority of enzymes in this 

family are hydrolytic and use a double displacement mechanism for cleavage of the glycosidic 
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bond with a net conservation of the configuration of the anomeric carbon and formation of a 

glycosyl-enzyme intermediate (Davies et al., 1995). In this mechanism, a nucleophilic enzyme 

carboxylate attacks the anomeric carbon of a XGO donor substrate simultaneously with 

activation by protonation of the glycosidic oxygen by an enzyme carboxylic acid, resulting in 

breaking of the glycosidic bond and formation of the covalent glycosyl-enzyme intermediate. In a 

second step, a water molecule activated by the deprotonated enzyme carboxylic acid now acting 

as a general base, attacks the anomeric carbon resulting in cleavage of the glycosyl-enzyme 

intermediate. In contrast to the hydrolytic GH16 enzymes, XETs generally do not utilize water in 

the second step. Instead, a horizontal 4’ hydroxyl group on the non-reducing end of a xyloglucan 

glycosyl acceptor substrate is required. The reaction now results in a transglycosylation; i.e., the 

cleavage of one glycosidic bond and subsequent reformation of another. As is typical for double 

displacement reactions, the reaction involves the formation of a covalent glycosyl-enzyme 

intermediate. The structure of xyloglucan and the double dicplacement mechanism utilized by 

XETs can be viewed in “Xyloglucan-active enzymes: properties, structures and applications”. 

(Baumann, 2007) found at  http://www.diva-portal.org/kth/reports/abstract.xsql?dbid=4314. 

7.4.1 Mechanism based labelling of PttXET16-34 

Figures 2 and 3 in paper IV show the spectra observed upon LC-ESI-MS analysis of 

the reaction mixtures containing PttXET16-34 incubated with GalGXXXGGG and 

GalGXXXGXXXG respectively, at selected time points. After each incubation period, 

immediate mixing of the reaction mixture with the acidic LC-MS solution (0.1% FA, 5% ACN) 

excluded further enzymatic hydrolysis and/or transglycosylation prior to LC-MS analysis.  

From figure 2 in paper IV, labeling with GalGXXXGGG resulted in the accumulation 

of GalG-PttXET16-34 indicating that the glycosidic bond after the third X unit from the 

reducing end is cleaved. The covalent nature of the complex was confirmed by the observed 

mass shift of 324 Da for each of the three XET glycoforms carrying the GlcNAc-Man8-10 glycans. 

Upon removal of excess GalGXXXGGG from the reaction mixture by ultrafiltration, the GalG-

PttXET16-34 intermediate was still observed after 20 h (data similar to those in figure 2E), 

supporting its resistance to hydrolysis. Subsequent addition of the acceptor substrate XXXG 

resulted in the regeneration of the free enzyme (figure 2F).  

Similarly to GalGXXXGGG, the GalGXXXGXXXG substrate cannot act as an 

acceptor substrate. Its reaction with PttXET16-34 resulted in the rapid accumulation of covalent 

GalGXXXG-PttXET16-34 intermediate resulting in an observed mass shift of 1369.5 for all 

PttXET16-34 glycoforms (calculated mass increase of 1369.2 Da). In addition, formation of a 
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larger complex corresponding to GalGXXXGXXXG-PttXET16-34 was observed, however after 

8 hour incubation (figure 3). This could be explained by the presence of GalG(XXXG)3 in 

addition to the presence of XXXG, GalGXXXG and excess GalGXXXGXXXG, detected under 

the same reaction conditions by HPAED-PAD. The observed reactions are summarized in the 

reaction scheme showed in figure 4A in paper IV.  

Whereas hydrolysis of the GalG-PttXET16-34 intermediate was undetected, hydrolysis 

of the GalGXXXG-PttXET16-34 intermediate was low but measurable, as shown in figure 5 

paper IV after removal of the excess of substrate by ultrafiltration. The LC-ESI-MS monitoring 

of the hydrolytic stability of the accumulated covalent glycosyl-enzyme intermediates 

demonstrates the almost exclusive transglycosylating activity over the hydrolytic activity for 

PttXET16-34 (Kallas et al., 2005). Also, for the GalGXXXG-PttXET16-34 intermediate, the 

equilibrium was rapidly re-established by addition of XXXG. This provided one indication that 

the main equilibrium for this reaction mixture is that shown below in figure 7.  

 

Figure 7. Dominant equilibrium established upon incubation of 

XET with GalGXXXGXXXG as observed by product analysis by LC-

MS and HPAEC-PAD. 

In order to verify that the main equilibrium is that suggested, PttXET16-34 was 

incubated with different concentrations of GalGXXXGXXXG (0-1880 µM) for 2 minutes. The 

data is shown in figure 7 paper IV. For these short reaction times, only free enzyme and 

GalGXXXG-PttXET16-34 is observed in the MS-data supporting the equilibrium reaction 

shown in figure 7 above.  

Hence the equilibrium konstant Keq for this equilibrium can be determined by 

quantification of the equilibrium constituents. In paper IV, the glycosyl-enzyme intermediate 

(GalGXXXG-PttXET16-34) to free enzyme (PttXET16-34) ratio was quantified by LC-ESI-MS, 

and the ratio of free XXXG and GalGXXXGXXXG concentrations were quantified by 

HPAEC-PAD. The equilibrium constant was calculated using Equation 2, paper IV. The free 

energy of formation (∆G0) of the glycosyl-enzyme intermediate was then calculated by the 

relationship ∆G0=-RTlnKeq. Following this procedure, ∆G0 values were calculated for three 



 42

different concentrations of GalGXXXGXXXG that are in the linear initial rate region of the 

saturation curve shown in figure 8 in paper IV (see below). The obtained values are shown in 

Table 2 paper IV and the average ∆G0 for the formation of the glycosyl enzyme is 8.5 kJ/mol. 

As an alternative, Keq were calculated by fitting the titration data shown in figure 8 

(essentially the data in figure 7 including an additional titration experiment) in paper IV to 

equation 1 in paper IV. The initial rate conditions, the concentration of GalGXXXGXXXG 

resulting in 50% labelling (KSapp) and the maximal fraction of XET-labeling (fraction 

GalGXXXG-XET) were determined. Keq were obtained from equation 3 in paper IV, using the 

data shown in Figure 8. Calculation of ∆G0 as above gave a value of 6.3 kJ/mol. 

The value of ∆G0 indicates the energy cost (positive value) or gain (negative value) in 

the formation of the glycosyl-enzyme intermediate. Other research groups have reported negative 

values for the free energy of formation of glycosylenzyme intermediates (Chambert et al., 1976; 

Krishnan et al., 1995). The energy cost for the formation of the glycosyl-XET intermediate 

indicates that the reaction is not thermodynamically favoured. However, such reaction can still 

occur if the entropy increases. In fact, the role of XETs when acting on xyloglucan in the cell 

wall is to increase the disorder and polydispersity of the xyloglucan cross-linking the cellulose 

microfibrils, through the cleaving and reformation of glycosidic bonds (Rose et al., 2002).  

 An attractive consequence of the monitoring of free enzyme and glycosyl-enzyme 

intermediate with the LC-ESI-MS method presented in paper III, is that any noncovalent 

addition of GalG, GalGXXXG or any other potential substrate accumulated during the reaction, 

to PttXET16-34, would result in an additional 18 Da mass shift. The latter can be easily detected 

due to the high resolution and mass accuracy of the Q-TOF instrument. For this reason, it is not 

a problem that the difference in mass between the unlabeled GlcNAc-Man8 and GlcNAc-Man10  

glycoforms of PttXET16-34 happens to be 324 Da, which is also the mass increase resulting 

from covalent labeling by GalG- (lactose). In addition, such noncovalent interaction is not likely 

to survive the run through the chromatographic column, though it could possibly reform during 

electrospray ionisation. Minimizing the risk for multiple noncovalent interactions is still 

important since it can deteriorate signal quality and result in complex and overlapping signals. 

However, due to the gradient elution applied in the LC-method, low molecular weight substrates 

are eluted prior to the enzyme. In addition, co-elution of the excess of substrates and protein 

were further prevented by the use of a slightly longer gradient than described in paper III (the 

time between injections were 11 minutes instead of 6) in order to facilitate separation.  
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Another issue of the quantification using the LC-ESI-MS method is that free enzyme 

and glycosyl-enzyme intermediates are assumed to have equal chromatography and ionisation 

efficiencies. In fact, glycosylation of proteins generally results in reduced ionisation efficiencies. 

However, since PttXET16-34 carries the N-linked GlcNAc-Man8-10 glycans, the additional 

covalent labelling by GalG- or GalGXXXG- can be assumed not to significantly change the 

overall degree of glycosylation. 
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8. Concluding remarks and perspectives 

Mass spectrometry is a powerful tool for the analysis of intact proteins. It can be used 

for the quality control of recombinant proteins expressed for various purposes, but also for 

monitoring the interactions between a protein and its ligands. For example, both noncovalent 

and covalent protein-ligand interactions can be studied by ESI-MS, which is important in enzyme 

characterisation.  

A challenging task related to the mass analysis of intact proteins is the maximum 

molecular weight that can be analysed. For large denatured monomeric proteins that are 

efficiently charged the problem is less significant. However, the analysis of large noncovalent 

multiprotein complexes is not straightforward. Many important biological processes such as the 

construction of cellulose microfibrils by cellulose synthases in the plant cell wall occurs through 

the action of multiprotein complexes of several thousand of kDa. In general, noncovalent 

multiprotein complexes must be analysed under non-denaturating conditions that provides less 

efficient charging resulting in m/z values outside the limited range of most quadrupole mass 

analysers (Benesch et al., 2007). Therefore, such complexes are currently most often analysed 

with TOF mass analysers with orthogonal injection lacking preceding quadrupole analysers. In 

theory, there is no upper limit of the mass-to-charge ratios that can be analysed by such TOF 

analysers. Instead the limit is that of ion detection since the low momentum required by large 

noncovalent complexes in order to stay intact results in poor signal amplification by the detector. 

However, difficulties related to inefficient ion transmission of noncovalent complexes also in the 

TOF region of mass spectrometers are known. The reason is that ions generated in the 

electrospray process reach a speed of several hundred meters per second. For small ions this is 

not a problem. However, heavy but weakly associated complexes obtain large axial and radial 

kinetic energy components that for example cause them to miss the detector at the end of the 

TOF analyser (Chernushevich et al., 2004). Therefore, large noncovalent complexes require the 

use of correctly adjusted pressures in the different pumping stages of the mass spectrometer in 

order to provide collisional cooling which reduces such energy components. For the future, 

efficient analysis of noncovalent complexes may require special ion transmission designs of mass 

spectrometers that also provide increased control of the gas pressures in the different pumping 

regions. In addition, ion mobility instruments in which a mass analysis based on charges is 

obtained in combination with an interaction of the molecular analyte ions with a partial gas 

pressure will become important for mass spectrometry-based analysis of noncovalent complexes. 
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10. List of abbreviations 

MS   mass spectrometry 

MALDI   matrix-assisted laser desorption ionisation 

ESI    electrospray ionisation 

FAB    fast atom bombardment 

EI   electron inpact 

CI   chemical impact 

Q   quadrupole 

TOF   time of flight 

MCP   micro channel plate 

CID   collision induced dissociation 

LC   liquid chromatography 

UPLC   ultra performance liquid chromatography 

MaxEnt  maximun entrophy 

ACN   acetonitrile 

MeOH   methanol 

TFA   Trifluoro acetic acid 

FA   formic acid 

DNA   deoxy ribonucleic acid 

RNA   ribonucleic acid 

RNAse   ribonuclease A 

SDS PAGE  sodium dodecyl sulfphate poly acryl amide gel electrophoresis 

HPAEC-PAD high-performance anion-exchange chromatography with pulsed 

amperometric detection 

H-FABP   fatty acid binding protein from human heart  

CMP   cytidine 2’-monophosphate 

CTP cytidine tri monophosphate 

dCx   single stranded deoxycytidylic acids (X=6, 9 and 12) 

ssDNA   single stranded DNA 

HPR   Swedish Human Protein Resource center 

SGC   Structural Genomics Consortium 

PrEST   Protein Epitope Signature Tag 

TCEP   tris(2-carboxyethyl)phosphine 
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