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A collisional damping interface for orthogonal injection of either electrospray

n
ions into a
ionization @SI) or matrix-assisted laser desorpti~ ~ o n i z a t i o(MALDI)
reflecting TOF mass spectrometer (MANITOBA TOF III) has been designeci. Ions
produceci by either ES1 or MALDI are injected into an RF-quadrupole ion guide operating
at pressure -7OmTom. As they pass through the quadrupole their motion is constrained
by the RF field. Meanwhile, they lose energy by collisions with the b d e r gas molecules.
Computer simulations and experiments perfonned in the instnunent with the new
interface indicate that collisional cooling of ions improves the quality of the primary ion
beams orthogonal1y injected into the mass spectrometer. Important characteristics of the
mass spectrometer, such as resolution and sensitivity were greatly improved. In addition,
mass discrimination was reduced, providing an observable m a s range greater than 1 MDa
with an electrospray ion source and up to -12,300 Da with a MALDI ion source. These

improvements appeared to be very useful for the study of large biological compounds,
noncovalent complexes in particular. The results of investigation of several noncovalent

complexes are presented to illustrate the capabilities of the instrument with the new
interface. The system studied consist of ficherichia coli citrate synthase dimen and

hexarnen interacting with an allosteric inhibitor, the reduced form of nicotinamide adenine
nucleotide.
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1. INTRODUrnON
Background
Over the last ten years, mass spectrometry has emerged as one of the major

analytical twls in biotechnology and biochemistry. This is mainiy a result of the invention
of two new ionization techniques for large and thermal1y labile biomoledes, electrospray
ionization (ES) and matrix-assisteci laser desorptiodionization (MALDI) [Chait & Kent
1992; Andersen et al., 19961. Both ES1 Penn et al., 1989; Smith et al., 19911 and MALDI

[Hillenkamp et al.. 19911have proven to be very effective for ionization and transfer into
the gas phase of many biological compounds. However, the ion beams produced by the

two methods have very different characteristics, and consequently different types of mass
analyzer have been utilized to examine the ions. Since MALDI normally uses a pulsed
laser to desorb the ions from the plane of the target, it is conveniently coupled to time-offlight (TOF)mass spectrometers, which require a welldeftned start time and welldefined
initial ion position. On the other hand, ES1 produces a continuous beam of ions. Like other
continuous ion sources, it is more compatible with mass spectrometers that themselves
operate in a continuous fashion, such as quadrupole mass filters and sector-field
instruments; it was also coupled to quadrupole ion traps. Both methods have comparative
advantages and disadvantages, and nowadays many laboratones have separate mass
spectrometers configured with ES1 and MALDI sources, which enable the mass
specrometrists to obtain complementary information from ES1 and MALDI mass spectra
[see, for example, Yates, 1998 1.

ES1
D i s c o v q and d e w l o p m e ~
of ~ES1

Spraying solutions in a strong electrical field is a well-known process [see, for
example, Hines, 19661. It was Dole and CO-workers,who for the first time exp1icit.y
showed that it is possible to introduce intact ions of macromoleailes into the gas phase
directly fiom solution using an electrospray source and a simple vacuum system with a

Faraday detector [Dole et al., 1968; Mack et al., 19701. However, only after coupling ES1
with quadrupole Fbarne et al., 1983; Yamashita & Fem, 1984; Aleksandrov et al ., 1984;

Covey et al., 19881, magnetic sector [Aleksandrov et al., 19841 and Fourier transform ion
cyclotron resonance mass spectrometers (FT-KR-MS) [Henry et al., 19911 was the
potential of the technique for ionization of large non-volatile molecules explored in greater
depth. Application of ES1 to a wide variety of large molecoles such as poly(ethy1ene)
glycols with mass up to 17,500 Da and proteins up to 133,000 Da presented convincing
experirnental evidence of the power of the technique [Fem et al.,1989; Covey et ai.,
19881.

An ES1 source assembiy
The essential details of a conventional atrnosphenc pressure ES1 source are shown
in Figure 1. A solution containing an analyte is delivered through a thin conducting
capillary typically -100 p ID sharpened at its tip. A strong electric field on the order of

- 104-1o5 Vkrn is created at the end of the tip by applying high voltage (-

2-5

between to the capillary and a counter electrode distanced from the tip usually by

kV)

- km.

P

- 760 Torr

ium

counter
electrode

I

+ ions

High-voltage
power supply

Figure 1. Schematic diagram ofa typical electrospray ion source.

The polarity of the applied voltage determines the sign of the ions formed, i.e. positive or
negative mode of ion source operation. The high electric field causes formation of a sharp
menisais of the liquid at the tip, which emits smail droplets of the solution. These

droplets undergo evaporation while moving towards a counter electrode, which may have
a small orifice. Ifit does, it can be used to admit ions fomed during evaporation process,
together with unevaporated droplets and surrounding gas, into the first vacuum chamber
of an atrnospheremigh vacuum interface, coupling the ion source with a mass
spectrometer.

Several modifications have been proposed to improve the performance of a
conventional ES1 source, which include pneumatically-assisted [Covey et al., 19881
ul trasonically-assisted [Banks et al., 19941, heat-assisted [Ikonomou & Keba.de, 19941,
and liquid-sheath ES1 sources [Smith et ai., 19881. An addition modification may be of
interest

- i.e. the heated capillary of Chowdhury et

al. [1990]. However, the most

interesting improvements have been achieved by scaling down the electrospray capillary.
For example, in Dole's original electrospray set-up, the imer diameter of the capillary at
the tip was -1 80 p m and the operating flow rate of the sprayed liquid was

- 300 Wmin

p o l e et al., 19681. When the inner diameter of capillary was reduced to a few tens of
micro meters (micro-spray technique), this allowed less than one J.LLof the liquid to be
consumed per minute without reduction of the total ion signal in electrospray spectra
[Gale & Smith, 1993; Kriger et al., 19951. However, it was only after introduction of the
nano-spray technique [Wilm & Mann 19941, capable of spraying 0.5-1pL of the liquid
with a flow rate less than 25 &/min, that existing ES1 sources began to be replaced by the

more powemil nano-spray ion source. Nano-spray sources have found a large area of
applications in mass spectrometry of proteins from polyacrylamide gels p i l m et al.,
19961.

Mechanisnt of ES1
A number of theories have been proposed to explain the mechanism of ion

formation from the droplets [see, for example, Kebarie & Tang, 19931. The most famous
arnong them are Dole's mode1 p o l e et al., 19681, later significantly supplemented b y
Rollgen [Schmelzeisen-Redeker et al., 19891 and now sometimes referred as single ion
droplet theory (SIDT), and the Iribarne and Thomson theory [Thomson & Iribarne,
19791. The first theory suggests a mechanism in which the process of gradua1 solvent
evaporation from a droplet aitemates with a senes of Coulomb explosions when the
surface tension on the shmnken droplet becornes comparable with the repulsive forces
due to the ions inside it. Eventually, in a senes of such processes the solvent c m be
removed leaving an ion in the gas phase. The second theory assumes ion evaporation
(emission) fiom very small and highly charged droplets. The question about the validity
of these theories still remains controversial and more evidence for one or another theory is
brought up time d e r time in the literature [Siu et al., 1993, Smith & Light-Wahl 19931.
Although sufficient data to venQ any of these theories of ion formation are not yet

available, ES1 has became one of the most versatile ion sources widely used for mass
spectrometry of biomolecules [see, for example, Cole, 1997 1.

Tke maita properdes of ions obtuinedfiom an ESI source
ES1 is a gentle method of ionization that produces intact, multiply-charged gasphase ions from solution. ES1 of a particular compound usually results in a series of
multiply-charged ion peaks which differ by a unit charge in the m/z-spectmm. In the
positive mode of ion source operation, these peaks are usually formed by proton
attachment to the basic sites of a molecule, whereas in the negative mode they arise by
proton detachment from acidic sites. The attachent of cations or anions to the sites is a
cornpetitive mechanism of ionization but sometimes it senously interferes with
acquisition of rneaningful spectra. For example, a large excess of salts in an analyzed
solution may considerably spoil the quality of the spectra [Smith et al., 19911. To avoid
this, a sample is usudly purified before analysis and the proper conditions are maintained
in the solution by using appropriate solvents. However, the concentration of the analyte
should be at least a factor of 10 higher than the concentration of non-volatile saits (an
empincal requirement for yielding well resolved peaks in ml.-spectni). This practically
lirnits the concentration of the analytes used for analysis to the range 10-'- 1O*' M.

ES1 spectra are often obtained from strongly acidic (pH 2-3) or basic (pH 9-1 1)
solutions in the presence of organic solvent denahirants w n a & Chait, 19941. For
proteins, such conditions usually cause their denaturation, i.e. the compact native
conformation of the protein is destroyed. More sites become available for ionization in

the unfoldecl protein. A good correlation between the number of basic arnino acid residues
and the maximum charge state has been observed L o o et al ., 1989, 1990; Guevremont et
al., 19911 which indicates, to some extent, the degree of protonation in solution. If the

basic residues (Lys, His, Arg, plus the amino terminus) in a protein occurs with
approximately equal frequency, the final charge-state will be approximately proportional
to the total number of amino acid residues in a protein. Thus, the rnlz distribution often
remains within a 0-2500 window for a wide variety of proteins with mass up to 130,000

Da [Fenn et al., 1990; Smith et al., 19911. Apparently these findings have convinced
workers for a number of years that a quadrupole mass spectrometer with a correspondhg
d z range (0-2500 m/r) is a suitable choice for analysis of electrosprayed ions. However,

for many large proteins such as antibodies and plasma complement components with
mass sometimes greater than 100 kDa, the m/z range of quadrupole spectrometsn is not
sufficient [Feng & Konishi, 19921. Proteins that contain a large number of disulfide bonds
may lack any signal in the above specified rn/z range unies they are denatured by heating
the solution in the spray capillary Wrra et al., 19931 or treating with DTT Loo et al.,
1990; Smith et al., 19911. Smith et al. hypothesized that causing protein-unfolding b y
breaking up the disulfide bonds destabilizes the protein native structure and promotes
exposure of more ionization sites. The influence of denaturing vs. native conditions on the
appearance of the signal in mass spectra of many proteins has been also demonstrated.
The ES1 spectra of proteins obtained from solutions maintaining nondenahiring
conditions exhibit lower charge states and therefore higher m/z values, which reflects the

more compact folded structure of a native form.

Observtztion of noncovalent c o q h with ESI-MS

The formation of noncovalent complexes by macromolecules is one of the most

important m o l d a r processes in biology. It is intimately involved in such recognition
phenornena as enzyme-substrate interaction, receptor-ligand binding, formation of
oligomeric proteins, assembly of transcription complexes and formation of cellular
structures themselves. Such an activity is very important in carrying out the bidogical
functions.

It has been shown that ES1 is gentie enough to preseive the higher order structure
of biomolecules, enabling the observation of noncovalently bound complexes

ana &

Chait, 1991; Ganem et al., 19911. The complexes are usuaily stable only at 5 < pH < 8
(near phy siologicai conditions). Many such complexes have high moledar weight and
the m/r produced in ES1 sources increases with mass [Loo, 1997; Chernushevich et al.,
1996, 19981. Observation of electrosprayed ions with large m/l poses a problem for moa
types of mass analyzen. In particular, quadrupole mass spectrometers that are currently
available commercially have stated m/r ranges up to 2000 or 4000. The use of a time-offlight mass analyzer combined with ES1 provides an attractive solution to this problem,
since TOF instruments have in principle an unlimited m/r range. This is a significant
advantage for measurements of ions of large mass, and noncovalent complexes in
particular.

MALDI
The concept of using a matrix to assist laser desorption and ionization of large

organic m o l d e s was introduced almost simultaneously by hvo groups: Karas and
Hillenkamp Faras & Hillenkamp, 19881 and Tanaka with CO-workers [Tanaka et al.,
19883. The technique dlowed mass spectometrists to extend the mass range of the
substances analyzed to well beyond 100,000 Da, circumventing many problems related to
the original laser desorption experiments in which no matrix has been used [Cotter, 19871

MMLDI Ion Source
Unlike ESI, MALDI produces a pulsed beam of ions. A typical configuration of a

MALDI source operating in a positive mode is shown in Figure 2. Samples for mass
analysis are prepared on a target and placed into vacuum. Ions are produced by light of
high intensity, of a pulsed laser, striking the sample surface. The preparation of a sample
is a crucial component of the technique and many factors influence the final MALDI
spectra [Cohen & Chait, 19961. Essentially, a sample is prepared in a such a way that
analyte molecules are embedded into a matrix substrate, which assists the ionization and
transfer of the molecules into the gas phase during the laser desorption process. The
matrix serves several major functions such as isolation of the biopolymer moledes from
each other, absorption of energy from laser light, and plays an active role in the ionization
process. A large vaiety of substances for the matrix preparation [Beavis & Chait, 1989;
Beavis et al., 19921 including a frozen aqueous matrix williams, 19941, have been found

Voltage power
supply

Figure 2. Schematic diagram of a typical MALDI ion source.
A positive mode of ion source operation is shown as an exarnple.

to be suitable for successfùl MALDI of biomolecules (peptides, proteins, DNA,
oligosaccharides etc.) utilizing lasen of different wavelengths: UV and IR [Overberg, et
al., 1991; Hillenkamp et al., 1991; Niu et al., 1997; Cramer et al., 19961, and visible light
[Williams, 19941.

fiopettr*es of MALDI ions and meckanism of W H formatiofi
MALDI is a sofi ionization technique capable of producing intact ions of
analytes. Ions of relatively smdl biomolecules, for example peptides, are usually formed
by the attachment of one proton in the positive mode or by a proton detachment in
negative mode of the ion source operation. Some large organic molecules, such as proteins
may acquire more charges in MALDI by multiple protonation or deprotonation [Cramer
et al., 1996; Niu et al, 1997; Zhou & Lee, 19951. The extensive formation of cationated
ions can also be observed, especidly when the concentration of sodium adducts in the
analyte solution is high [Liao & Allison, 19951. Nevertheless, a MALDI signal is rather
tolerant towards the presence of salts and other contaminants with the exception of a
number of non-volatile substances [Beavis et al., 19921.
Several mechanisms have been proposed to explain the mechanism of ion
formation in MALDI [Hillenkamp et al., 1991; Wang et al., 1993; Vertes, 1992; Johnson
et al., 19941. Almoa al1 theories consider the desorption and ionization processes
separately. The key point of any desorption theory is the absorption of the laser energy

by the matrix, which results in rapid heating of the sample [Johnson & Sundqvist, 19911.
This heating leads to the ejection of charged and neutral particles of matrix material

containing the analyte moledes [Quist et al., 1994; Ens et al., 19911. These particles then
lose ail of their matrix m o l d e s by evaporation, leaving the analyte molecules in the gas
phase. Together with the products of desorption, analyte moleailes expand into vacuum.
It is believed that ion-molecular reactions in the expanding plume account for the
ionization of analyte molecules [Wang et al., 19931. n i e reactions of protonation or
deprotonation are initiated by the photoradical matrix ions fomed during the laser
desorption process [Liao & Allison, 1995; Ehring & Sundqvist, 1995; Kni?chinsky et ai.,
19951. The yield of analyte ions produced was found to be very strongly dependent on

the power density of the Iaser radiation, the matrix substrate and the matrix preparation
procedure [Zhou et al., 19921.
As with ESI, MALDI has been combinai with different types of mass analyzers

[Cox, et al., 1992; Qin &
such as magnetic sector [ h a n et al., 19921, ion traps (IT-MS)
Chait 19961,FT-ICR-MSpuchanan & Hettich, 19931. However, unlike an ES1 source
operating in the continuous fashion, a pulsed MALDI source most naturally couples to a

TOF mass spectrometer, which is by far the most common analyzer used.

Time-of-Flight Mass Spectrometry
Tirne-of-flight mass spectrometers operate on the simple principle that ions of

equal energy, when injected into a flight path, will separate according to their mass, if no
collisions are involveci, Le. if the experiment is performed in vacuum. Starting a clock at

the moment of their injection into the flight path and taking measurements at each time an
ion packet arrives at the end of it, Le. at the detector, gives the total flight time for ions of

a partidar mass.These measured times can be easily converted to mass values. The first
proposal for such a TOF mass spectrometer was made by Stephens [Stephens, 19461 and
the experirnental evidence for this type of mass spectrometer was given b y Cameron and
Eggers [Cameron & Eggers, 19481. Since then, many physicists have contributed to
development of TOF mass spectrometry, and "their narne is legion" [see, for example, a

book by Cotter, 1997 or the extended review on this topic given by Pnce & Milnes,
19901. The efforts and the expenence accumulated for many years have dminated in

increasing performance of the commercially available insîruments, combined with the two
most important ionization techniques for the study of biopolymers: ES1 and MALDI.
The rapidly increasing number of TOF mass spectrometers in use by many laboratones
worldwide indicates a true renaissance of TOF mass spectrometry.

Injection of ES1 Ions into TOF Mass Spectrometers.
In spite of very different initial properties of ion beams produced in ES1 and

MALDI sources, both ionization techniques c m be combined with a TOF mass

spectrometer. Coupling is usually perfonned through different types of interface, which,
to variable extenf decouples the ion production and the ion injection into a flight path. In
general, ion bearns, whether pulsed or continuous, may be introduced into a mass
spectrometer in two directions - axial and orthogonal, relative to the axis of an instrument,

as shown in Figure 3. It is informative to discuss the different ways of coupling ES1 and
MALDI ion sources with TOF mass spectrometers in the context of their relative
orientations.

Injection of ES1 ions in the &al

configuration.

Considerable effort has been devoted to searching for efficient methods of
coupling continuous ion beams to TOF mass spectrometers. A concept of puise-time
modulation of the continuous ion beam was first applied in a TOF instrument by Bakker
[Bakker, 1973, 19741. A beam of ions, continuously introduced from an ion gun dong the
axis of the instrument, was first accelerated and then rnodulated by pulses applied to
various deflection plates, so only undeflected ions were detected. A resolution of -700
was obtained for an instrument of about 1.5 m length, but the overall efficiency of such a
technique is low [Yefchak et al., 19901.

To combine an ES1 source with a TOP instrument in axial configuration, Boyle

and CO-workenutilized the concept of ion-storage before pulsing the ions into the flight
path [Boyle et al. 19911. The ions from a conventional ES1 source were introduced from
atmosphere into vacuum through several stages of differential pumping. In the vacuum
charnber of a TOF mass spectrometer, they were decelerated to low kinetic energy in the
electnc field and then were allowed to fil1 the spacing between two grids installed at the
entrance of a flight tube. After the storage ce11 between these grids was sufficiently filled
up with the ions, an extraction pulse was applied to the end grid to extract ions into a
flight path. Unfortunately, this mass spectrometer showed a poor mass resolution -100

(though it had a short flight tube -30 cm) because of the large energy spread in the
primary ion bearn. It is interesting to mention that the idea of axial injetion was

TOF
MALDI,
ES1
Ion
Sources
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Figure 3. A schematical diagram showing the orientation of two ion sources,
ES1 and MALDI, relative to the z-axis of a TOF mass spectrometer.
A. - Axial configuration, in which ions fiom both ion sources are introduced
into mass spectrometer dong z-axi S.
0. - Orthogonal configuration, in which ions are introduced perpendicularly to
z-axis.

abandoned later by these authors in favor of an orthogonal configuration [Boyle &
Whitehouse, 19921.
The concept of ion storage at the entrance of a flight tube has been utilized in a
nurnber of other instruments, in which a continuous ion source has been intenaced with a
TOF mass spectrometer in axial configuration, through a quadrupole ion trap (IT) [Qian
& Lubman, 1995]. In this configuration, ions from an ES1 source are introduced through

different stages of differential pumping into a quadrupole ion trap installed at the entrance
of the flight path. A bufEer gas (usually helium) is added to the trap so that the trap
operates at an elevated pressure (-1 mTorr ). Ions constantly f i b g the ion trap undergo
multiple collisions with the molecules of buffer gas. As they lose their kinetic energy,
they gradually fall to the center of the trap, being contained in the effective potential well
created by the RF field of the trap. After collisional cooling (usually the process takes
hundreds of milliseconds), ions are ejected frwn the trap into the flight path of a TOF
spectrometer. One obvious advantage over the previous example is the ability to perform

an MSMS expenment with the stored ions before extraction into a TOF mass
spectrometer. A resolution of up to 3000 and sensitivity in the picomole range has been
achieved for leu-enkephalin-arg ions (7 12 mh). Although the authors daim that the sarne
resolution can be obtained in the MSMS mode of operation, the exarnple showing some
melittin fragments definitely indicates pwrer resolution. Unfortunately, no thorough
anaiysis of this configuration was given in the multiple (and sometimes redundant)
publications by Lubman and his collaboraton.

However, Purves and Li have made an extendeci andysis of this technique mrves
& Li, 19971. They conclude that there is a serious conflia that arises because the ion trap

serves not only for ion storage, but dso as an extraction device. The necessity to maintain
a high pressure in the trap degrades the quality of the TOF spectra. Other authors, who
have implemented the same approach to couple a MALDI source to a TOF spectrometer
in this configuration wofel et al., lW6J point out that there are significant drawbacks in
the technique arising fiom the limited ability of ion traps to accept the ions of large
masses with a broad range of initial kinetic energy (acquired in the ion source) and fiom
difficulties of finding optimum conditions for ion extraction from an ion trap into a TOF
instrument. Nevenheless, the ability of this technique to couple both ES1 and MALDI
ion sources to the same TOF instrument and the possibility of perfonning M S M S
measurements appeal to many researchen, and the number of followers of this method is
gradually increasing poroshenko & Cotter, 19981.
A quite new approach to coupling ES1 in the axial configuration has been

proposed recently by Benner puerstenau & Berner, 19951. It utilizes simultaneous
measurements of the velocity and charge of a single ion as it passes through a charge
sensing detector, which picks up the image current induced by an ion at the detector
entrance and exit The precision of such measurements is not high, but it is enough to be
used to size large particles and intact DNA molecules, which may cany hundreds of
charges.

Al1 axial injection schemes for electrosprayed ions suffer from a series of
significant drawbacks, and the most important among them arises because of the large

velocity and considerable spatial spread that the ions acquire in the supersonic jet during
tramportaiion from the amiosphere into vacuum. Big variations in the ion initial velocities

and positions dong the main axis of a TOF mass spectrometer affect the measured flight
times and therefore limit resolution and sensitivity of the instrument. However, the
influence of these factors can be greaîiy minimized, if the primary ion beam is directed
orthogonally to the axis of a flight path.

Orthogonal injection of ES1 ions into TOF mass spectrometer.
The first roots for the concept of orthogonal injection can be found at the Bendix
Company which constnicted a TOF instrument in 1964 operating with a plasma gun
continuous ion source. Ail the main elements of such a concept can be found in the
drawings of the instrument presented in the technical documentas, report [O'Halloran et
al., 19641. However, as frequently happens, the idea was abandoned, and ody afier

about 20 years, was revived in a TOF mass spectrorneter coupled with an atrnospheric
pressure ion source - ES1 source in particular [Dodonov et al., 19871. The development of
orthogonal injection for continuous bearns represents a great advance in the TOF mass
spectrometry of gaseous ions produced at atrnospheric pressures [Dodonov et al., 1994;
Verenchikov et al, 1994; Boyle et al., 1992; Sin at al., 1991, Chemushevich et al., 19971.

In this technique, a continuous ion barn from a gasdynamic interface enters the
main vacuum chamber of a TOF m a s spectrometer orthogonally to the axis of the
instrument. It continuously passes through an ion storage region formed by two plane
electrodes facing the entrance of a flight path (see Figure 3). Periodically, at a high

repetition rate, ions from the storage region are sampled into an accelerator column by a
puised electric field between the plates. From the accelerator column, they enter the flight
path. Between pulses, during the TOF analysis of the sampled ions, another portion of
ions fills the ion storage region., and the procedure repeats. Such a scheme allows a
relatively high duty cycle on the order of tens of percent. [Verenchikov et al ., 19941.
The electrosprayed ions acquire a spread in velocity while enaained in the
supersonic jet produced on entry into the vacuum system [Dole et al., 1968; Mack et al.,
1970; Fem et al., 19911, and from the declustering electric fields usually applied to

remove adducts. These produce their iargest effms in the longitudinal direction of the
injected beam (i .e. perpendicular to the TOF ans), and the spatial width of the ion beam,
caused by the transverse velocity spread, is relatively smdl. It is this width that limits the
resolution of the T'OF measurement so the advantage of orthogonal injection is clear.
The spread in fiight tirne because of the spatial width of the primary beam in the
ion storage region can be greatly reduced by a combination of Wiley-McLaren space
focusing [Wiley & McLaren, 19551 and the use of an electrostatic ion mirror warnynn et
al., 19731. By itself, space focusing provides lirnited improvement in mass resolution
because it is most effective for short distances and good mass resolution requires
relatively long flight paths. The electrostatic mirror provides energy focusing but not
space focusing, so by itself it also offers limited improvement. However, in combination,
these two methods are highly effective: the ions are spatially focused into a flat ion
packet near the source and the mirror images the packet ont0 a detector, greatly increasing

the flight-time without appreciably increasing the time spread. As a result, a mass

resolution of 5000 or more can be achieved for ions injected more or less directly fiom an
electrospray ion source [Verentchikov et al ., 19941.

Factors l i d n g p H o r i ~ n c eof orthogonal injection of ES1 ions.
Wiley-McLaren space focusing is not perfect even in the ideai case, the limitation
being the swailed tum-around time of the ions, which is effeaively determined by the

divergence of the electrospray beam, rnanifested as a finite beam cross-section. If the

beam width is reduced by collimation, it causes a drop in sensitivity. Thus performance
d l depends on the quality of the injected beam.
Another aspect of this problem concerns the rather uniform velocity distribution
of electrosprayed ions introduced into vacuum. In the simplest picture, ions enter the
storage region of the TOF mass spectrorneter perpendicular to the spectrometer axis with

an approximately constant velocity v, acquired in the supersonic jet expansion/
declustering process pole et al., 1968; Mack et al., 1970; Fem et al., 19911. Their
corresponding kinetic energies may range fiom -1 eV for ions of mass
for ions

- lMDa

- 1kDa up to 1 keV

. When the ions are injected into the flight path they acquire an

additional energy proportional to the accelerating voltage, so their axial veiocity
corn ponent v,,
resultant of

V,

is proportional to (z / m)" '. Thus the velocity after acceleration is the

and^-^, which depends on m/z. If the spectrometer is optimized for

transmission of the ions of a given m/r, ions with other nt/r values may miss the detector.

Aithough this has linle effm on the flight time in a rdecting instrument, it does affect

the ion transmission, producing mass discrimination.

Injection of MALDI ions into TOF specbometers
Anai injection

In contrast to the complexity of the problem of how to inject electrosprayed ions

into a TOF spectrometer, it is straightfonvard to inject ions from a MALDI source. As
remarked above, the ion beam is already pulsed, so an axial geornetry is suitable. A target
is placed with its surface perpendicular to the axis of the TOF instrument, so the MALDI
ion plume is ejected dong the axis of the TOF instrument and cm be easily extracteci from
the source dong this axis by a conslrit elecaic field. The ion flight time is then measured
at the end of a linear flight path.
Although this anangement is simple, it imposes senous limits on the performance
of the instrument. For any type of ion source, the resolution and accuracy of TOF
instruments are usually limited by the initial space and energy spreads of the ions. In
MALDI, the ions are ejected from a well-defined suiface so the initial spatial spread is
small. However, MALDI produces a plume of ions and neutrals which expands into the

vacuum with a substantial energy spread. In the absence of an extraction field the ions
have an average axial velocity in the range of 500 to 1O00 mis with velocity spreads
comparable in magnitude peavis & Chait, 1991;Karas, 19981. If the ions are ejected into

a strong extraction field, the spread becomes still larger, probably because of collisions
[Zhou et al., 19921. An electrostatic mirror can provide energy foaising [ Mamynn et al.,

19731, but such a reflector does not correct for the spread in time that occurs during

accderation [Tang et al., 19881, and for this reason the resolution obtained in MALDI
instruments with dc extraction has been rather modest.

A major advance in the performance of MALDI mass spectrometers came with
the re-discovery of the virtues of "tirne-lag focusing", a technique first introduced long ago
by Wiley and McLaren for extended gas sources v i l e y & McLaren, 19551. In this
method, often called delayed extraction, a delay is introduced between the laser pulse and
the application of an extraction pulse, during which the ions drift in a field-&

region.

Consequently the ions have a spatial spread in addition to their velocity spread when the
extraction pulse is applied, and the faster ions, being closer to the end of the accelerating
column, receive a smaller accelerating impulse. Ions of a given mass then arrive at the
plane of the detector at the same time, if the time delay and the amplitude of the
accelerating pulse are adjusted properly. The method is particularly successful for
MALDI because the ions start from a well-defined target plane. Moreover, the time delay
allows the ion plume to expand before the extraction field is applied, greatly reducing the
number of collisions and the resulting energy spread.
Delayed extraction can produce remarkably good performance in MALDI even
with a linear TOF instrument [Brown & Lennon, 1995; Colby et al., 19941, but the best

results are achiwed in combination with a reflector pesta1 et al., 19951. In this case the
experimental parameters are adjusted so that ions amive at a plane near the source at
approximately the same time, but with a considerable variation in velocity. The velocity

dispersion is then compensated by the mirror. Resolutions higher than 15,000 have been
obtained with this configuation [Vestal, 19981.

In spite of the significant progress made with the introduction of delayed
extraction, it has some limitations. On le-g

the MALDI plume, ions have

approximately the same velocity distribution independent of mas. The resulting
dependence of the energy on mass means that the optimum time-focusing conditions have
some mass dependence, so resolution can only be optimized for part of the spectnim at a
time. For the sarne reason there is a small perturbation in the mass vs. time formula and so
high accuracy requires a more complex calibration procedure [Beavi S, 19981. Delayed

extraction partially decouples the ion production process from the mass rneasurement,
but there is still some dependence of the necessary fwusing conditions on the type of
matrix, the method of sample preparation, and the laser fluence. Moreover, because of the
large number of ions that are normally produced in a single shoc they must be measured
by a transient recorder. Even so, it is necessary to match the detector gain carefully to the
laser fluence to avoid saturating the analogue-to-digital converter on intense peaks, and to
avoid detector-shadowing problems produced by intense matnx signals.

Orthogonal Injection of W D I ions into a TOF mass spectrometer
Orthogonal injection of MALDI into a TOF spectrometer [Spengler & Cotter
1990; Ens et al., 1995; Mlynski & Guilhaus, 19961 has some potential advantage over the
usual axial injection geometry. In particular, it serves to decouple the ion production

process from the mass rneasurement to a greater extent than it is possible even in delayed-

extraction MALDI. Thus there is a greater freedom to Vary the target conditions wi thout
afkting the mass spectnim, and the plume of ions has more time to expand and cool

before the electric field is applied to inject the ions into the spectrometer. Some
improvement in resolution cm aiso be expected because the largest spread in velocities is
dong the ejection a i s normal to the target, which in this case is perpendicular to the TOF
axis.
In the early experiments on orthogonal injection, the ion plume is allowed to
expand toward the mass spectrometer axis and fill an extraction region. At a particular

time f i e r a laser shot, some ions are extracteci from the storage region into a mass
spectrometer, quite analogously as ES1 ions are extracteci. The ions are detected with a
microchanne1 plate detector and recorded with a transient recorder as in the usual MALDI
experiments. The detector is usually placed at the spatial focus plane. A resolution -700
has been achieved in the 35-cm long Iinear TOF mass spectrometer used to test a limit on
the possible resolution for any given length of flight path F n s et ai, 19951. This

characteristic can be improved, and a resolution -3000 for orthogonal injection of small

MALDI ions into a linear TOF spectrometer with a 1.5 m flight path was reported by
Mlynski and Guilhaus wynsky & Guilhaus, 19961.

F&rs

limirng performance of the orthogurtal injection of MALDI ions

without collisional cooling.
Expenence accumulated in our laboratory [Ens, 19981 has shown that orthogonal
injection of MALDI ions without collisional cooling suffers from several problems that
24

appear to make the configuration undesirable for measurements with both high resolution

and high efficiency:
1. The velocity component of the ions in the prirnary beam v

,

(along 2-axis), while

much smaller than the longitudinal velocity v,, is still large enough to cause
substantial widening of the beam as it expands toward the axis of the TOF instrumentThe beam divergence limits the resolution. The effect can be reduced by collirnation,
but only at a significant sacrifice in sensitivity. The collimating slit must be placed at a
considerable distance from the TOF axis to avoid distorting the extraction field, so the
target must be placed far enough from the slit to produce a reasonably parailel bûam.
2. Sinœ the longitudinal velocity u, of the ions in the plume is largely independent of

mass, the corresponding energy I I 2mv: is mass dependent. As a result, the direction
of the trajectory in the TOF spectrometer depends on the mas, yielding a masdependent instrumental acceptance, Le. there is mass discrimination. The same effect
is observed when ES1 ions are injected directly from a gas-dynarnic interface as
descnbed previously.
As the primary ion beam reaches the extraction region of a TOF mass spectrometer, it

spreads out along its axis by an arnount comparable to the separation between the target
and the TOF axis. The size of the aperture which adrnits ions from the storage region into
the spectrometer must clearly be much smaller than this spatial spread to maintain a

unifoxm extraction field, particularly if a slit is placed between the target and the TOF
axis. This further reduces the sensitivity.

Improving the Ion Barn Quaiity in a Collisionai Damping Intedace.

Despite the fact that electrospray and MALDI produce quite different ion beams,
there are comrnon problems limiting the performance of a TOF mass spectrometer
coupled to either of the ion sources in an orthogonal amfiguration:
1. mass discrimination of the

velocities v,

TOF instrument because of the approximately uniform

that the ions acquire in the supersonic jet fomed when either

electrospray ions or the MALDI plume expands into vacuum.
2. resolution and sensitivity of a TOF instrument are limited because of the difficulties

in producing namow primary ion beams. Although, the component of the velocity

,

of the ions in the ion beam is much smaller than the longitudinal one v,, it is still
enough to cause a substantial divergence of the pnmary beam as it fills the ion storage
region. This causes bigger tum-around times which affect the resolution. This can be
minimized by collimaiion but at the expense of sensitivity.
It is easy to see that these problems arise in connedon with the initiai
characteristics of the ions of the pnmary ion beam. These characteristics may be
improved by a sequence of steps, which are:
1. minimization of the initial velocities of ions in the primary beam (ideally to zero

values) without considerable ion Iosses or spreading of the ion beam.

2. 2D spatial foaising of the beam on the axis along the direction of the orthogonal

injection, and
3. re-acceleration of the ions across a given potential difference in the direction of

,

orthogonal injection so that the component v will be srnall (zero in an ideal case),

'

and the longitudinal velocity v, will be proportional to ( z / m)' ' .
These steps will produce a narrow beam of ions which enters the flight path in the sarne
direction independent of m/z. The direction can be optimized for any particular
instrument geometry, so no m a s discrimination is observed.

In practice, the improvement in the ion beam quaiity can be obtained by darnping
the initial velocities of the injected ions in the gas dynarnic interface between the source
and the TOF spectrorneter. This can be canied out by collisional d i n g in an RF ion
guide operating at an intermediate pressure between an ion source and a spectrometer
[see, for example, Gerlich, 19921. Such devices have been successfully implemented in

different types of instruments

-

RF quadrupoles operating at -5 mTorr pouglas &

French, 19921 and 20 mTorr [Wachs & Henion, 19911 for injection into a quadrupole
m a s filter, RF hexapoles operating at 100 mTorr [Xu et al., 19931 and a higher pressure

F a n der Bergh et al., 19971 as a velocity damping device for ions, or a "rnolecular ion

-

reactor" operating at a pressure 1 Torr podonov et al., 19971.
Ions passing along the axis of an RF multi pole ion guide lose their kinetic energy

as the result of collisions with the moledes of buffer gas presented in the ion guide
cornpartment. Their radial motion is constrained in the effective potential well created b y

the RF elechicai field [Geriich, 1992; Tolmachev et ai., 19971. As ions lose their kinetic
energy, they gradually "fall" to the bottom of the effective potential, slowly dnfting along
the potential vdey, i.e. along the avis of the guide. In the ideal case, dlisional cooling in a

RF multi-pole ion guide produces a very narrow beam with very smail v

and o,

components of the ion velocity, close to the mean of the thermal velocity distribution. At
the output of the guide, the ions acquire a constant energy as they are reaccelerated
towards the mass spectrometer axis so that the component v , remains srnail and the
longitudinal velocity v, is proportional to (z 1 m)I ". Thus, the collisional damping RF
ion guide can be considered as a device for improving the quality of the ion beam
orthogonally injected into a TOF mass spectrometer.

Overview of the thesis

This thesis describes the implementation of a dlisional darnping quadrupole ion
guide in the gas dynamic interface connecting ES1 and MALDI ion sources with the timeof-flight mass spectrometer. The purpose of using such a guide is to decrease the initial
kinetic energy of the ions obtained from both ion sources in order to improve the quality
of the beam orthogonally injected into the TOF mass spectrometer. The results of this
implementation are discussed, and the improvements in the perfbrmance of the TOF
instrument are shown. In addition, several rnethods providing an efficient way of coupling
both sources, ES1 and MALDI in one instrument are proposed.

The thesis is divided into five chapters. In the IntrC;lauction, the importance of

both ion sources, ES1 and MALDI, for mass analyses of biological m o l d e s has been

briefly discussed. The different methods of combining these ion sources with TOF mass
spectrometers have been reviewed. When mentioning shortcomings, the emphasis has
been made on the quaiity of the primary ion barn introduced into a TOF mass
spectrometer.

The second chapter provides detailed information about the MANITOBA TOF

III mass spectrometer. This chapter is necessary to introduce the mass spectrorneter
operating with an ion source in orthogonal configuration and to show the importance of
initial bearn quality on the overall performance of the instrument. In order to improve it
the gas dynamic interface of the TOF III has been modified.

The third chapter describes the results obtained from the addition of a collisional
damping RF quadrupole ion guide to the TOF m a s spectrorneter with orthogonal
injection of electrosprayed ions.
The concept of d i n g of the ions prior to their orthogonal injection into a TOF
mass spectrometer has been implemented for orthogonal injection of MALDI ions and
the fourth chapter describes the results.

The last chapter shows some applications of the mass spectrometer with a
collisional damping interface.

In the Finuf Conchsiom and Perspectives, the results are briefly summarized,
underlining the problems, their possible solution and M e r perspectives.

II. MANITOBA TOF III MASS SPECIROMEmR

Background

The TOF III mass spectrometer with orthogonal injection of ES1 ions was
constructed at the Time-of-Flight Laboratory at the Physics Department of Manitoba
University in 1993 and the first results obtained were published in 1994 [Verentchikov et
al., 19941. The prototype for this spectrometer was the TOF II instrument operating

with a secondary ion emission source m

g et al., 19881. High performance

characteristics have been demonstrated by analysis of a variety of biological sarnples
@?oppe-Schriemeret al., 19951 and resolution of up to 13,000 has been achieved for some
inorganic clusters [Tang, 19911.
The design of the MANITOBA TOF III mass spectrometer is based on the
construction elements of the previous instrument: a simple one-stage accelerator, a singlestage mirror mounted on the top of a vertically positioned flight tube and a detector built

of two rnicro-channel plates in a chevron configuration. However, coupling a continuous
ion source, such as ESI, to the new mass spectrometer has demanded a quite new
approach to the design of the ion interface. Orthogonal injection of ions into the mass
spectrometer has been considered as the best solution for the problem. The conceptual
part of the orthogonal injection has been discussed in the previous chapter, but for closer
understanding the operational principles and the possible limitations of the instrument it

is necessary to provide a mathematical model.

Mathematical Mode1 of the M a s Spectrometer.

The general mathematical treatment of the theory of orthogonal injection can be
found in many articles podonov et al., 1994; Laiko & Dodonov, 1994; Cotter, 19971.
Probably, the sirnplest and the most elegant mathematical mode1 has been proposed by

Vestal [Vestal, 19981. As a special case, this mode1 describes a rnass spectrometer
consisting of a simple one-stage accelerator, a field-fiee region and one-stage mirror. The

TOF III mass spectrometer (schematic diagram in Figure 4) satisfies these critena.
To illustrate the operationai principles of the instrument, it is convenient to start
with an equation describing the total flight time of an ion in the mass spectrometer:

where, D is the length of the field-fiee region,
da is the length of the ion acceleration region measured relative to the origin,

which coincides with the center of the orthogonally injectecl beam.

,

v is the initial velocity component of the ion dong the axis of the rnass
spectrometer,
va is the velocity of an ion after acceleration process if it starts its movement at

the plane z=O with zero initiai velocity component dong the z-axis, and
p=z/da

- ( V , / V ~ ) ~

(2)

is the relative initiai energy deficit of a particular ion produced within the
acceleration region at the pariicular distance z from the origin (center of the ion

dl
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Figure 4. Schematic diagram of TOF IIII mass spectrometer
illustrating the geometrical conditions in the instrument.

bearn), with an initial velocity u This energy deficit is relative to the kinetic
energy of the ion starting its movement at z=0, with zero initial velocity
component along 2-axis.

f, = 1 + (2da + 4dR)1 D,

and d, is a depth of ion penetration into the
electrostatic rnirror (see Fig.4).

This equation has b e n derived without taking into account a post-acceleration region and
the derivation can be found in the Appendix 1.
The uncertainty in the arriva1 times of the ions of a particular rdz at the detector
cm arise because of the spatial spread of the ion barn ( r + O for al1 ions) and some initiai
velocity ( v

,+

O ) along z-axis. Mathematically, this is manifested in small, but finite

values ofp. This uncertainty can be minimized by demanding that the second term in the

equation (1) is zero.
p f i l f , =o=,j,

=O,

(3)

This is a condition for so cailed first order focusing, and it can be achieved when it is
satisfied by the geornetrical conditions in the instrument,
2d, +4dR= D

which are also shown in Figure 4. The rest of the coefficients can be also found from this
condition, and

This geometrical condition was taken into account while consmicting the TOF III
mass spectrometer. However, it is the combination of this geometncal condition with
other operational conditions that enables one to achiwe the high performance
characteristics of the instrument.

Operational Conditions

I-ace
Ions produced in the conventional ES1 source enter the ion storage region in the
main vacuum chamber of the mass spectrometer through a gas-dynamic interface. The
main function of the original gas dynamic interface was to transfer the ions fiom the
atmosphere through several stages of differential pumping, and to collimate the passing
ion beam through different apertures in each stage. The schematic diagram of this interface
is shown in Figure 5. The extensive wllirnation of the primary ion beam considerabiy
decreases the number of ions transferred from the atmosphere into the mass spectrometer
and a few pA (-10'

ions/s) is a typical

[Verentchikov et al., 19941.

ion current through the first skimmer

Figure 5. Schernatic diagram of the gas -dynarnic interface that was originally
installed in the TOF III mass spectrometer [Verentchikov et al., 19941 and the
acceleration region. A, nozzle; B and C, first and second skimmer; D and E,
slits; 1 4 , extraction electrodes.

l5dracrion and AcceleraiiOn
M e r the interface, a narrow beam of ions enters the main vacuum chamber of the
mass spectrometer through another stage of differential pumping. It is M e r collimated

fint by a horizontal 1.5 x d m m slit and then by a 1-5-mm gap between the upper and the
lower plates of the ion storage region (shown by letten D and E in Figure 5). The
schematic diagram of an ion storage region and an accelerator column of TOF III
illustrating the process of orthogonal extraction of ions into a flight path is also shown in
Figure 6 . The ions from the interface continuously fil1 the ion storage region. However, at
any instant there are only a few ions in this region. This can be evaluated by calculating
the linear density of ions in the beam: p = i I ul,where i is the ion current and, u, is the
ion velocity perpendicular to the axis of mass spectrometer. Assurning that only a small
portion of ions from the interface reach the ion storage region, say 105-1o6 ions/s (- 0.010.1 FA), and their velocity retained in the supersonic expansion/declustering process i s of

-

the order of 1000 mis gives p

-

10'- 1O-' iondm. The diameter of the electrodes of an

acceleration column is -5 cm and thus only 5-50 ions are present in the storage region
comparmient. But again, only a portion of these ions can be extracted into a flight path

through a -2-cm aperture in the upper electrode of the ion storage region (Fig. 6).

To extract the ions, a pulse (1) is applied to the bottom plate of an ion storage

region. It has an amplitude of +425V,a rise time of -50 ns, and duration of -27 ps. At the
same time,a pulse (2) is applied to the third (from the bottom) electrode supporting a

grid. It has an amplitude of -395V,a rise time of -50 ns and duration of -25 ps. This

-

O
interface

Figure 6. Schernatic diagnun of an ion storage region and an acceleration column

of the TOF III mass spectrometer illustrating the process of orthogonal
extraction of ions into the flight path (seBcplanatians in die teb)

electrode is also offset to a mal1 potential

(+9V)to compensate the electnc field

penetrating into the ion storage region frorn the other electrodes of the acceleration column

[Dodonov et al., 19941. Whm the pulses are applied, the electric field becomes
approximately uniform throughout the ion storage region and the acceleration column.
Ions are accelerated across a given potential applied either to the storage region (V*)or the
grid at the exit of the acceleration column (V& In the first case, the flight path is kept at
ground, but the ion interface and the pulser are floated to the same potential. Another
option includes keeping the ion storage, and hence the intexface and the pulser, at ground,
but elevaîing the flight path to a high negative potential (to operate with positive ions).

h either case, in the existing TOF III ions acquire the energy - 4000 eV per charge, which
slightly varies (2-3%) according to the ion initial position of an ion in the ion storage
region.

Refector
The ions extracted into the flight path of the mass spectrometer have different
initial positions along the z-axis because of the spatial width of the primary beam in the
ion storage region. However, under the conditions discussed previously, according to the
Wiley-McLaren space focusing condition [Wiley & McLaren, 19551, al1 ions will be
focused ont0 a horizontal plane lying above the exit of the acceleration column at the
distance twice the length of the acceleration path of the ions in the acceleration c o l m
measured fiom the center of the ion beam (this is shown in Figure 4). This plane can be
treated as a virtud "object plane" at which the ions of a particular m / . have a very small

spatial spread, but a large velocity spread dong the z-axis. This axial velocity spread is
corrected to the first order by an electrostatic mirror which reflects the ions from the
"object plane" ont0 an image plane. The depth of the ion penetration into the electrostatic

mirror can be regulated by varying the voltage applied to m a t e the retarding potential.
Thus, the condition (4) discussed in the previous chapter can be satisfied so that the
image plane will coincide with the surface of the detector. A more extended discussion of
the theory and design of the electrostatic mirror used in TOF III instrument can be found

in [Tang et al., 1988; Verentchikov et al., 19941.

Detector and Acquisirion Sysiem
The detector consists of two 40-mm in diameter microchanne1 plates (MCP) in

chevron configuration wiza, 19791. The amplified signal produced in the detector is
applied through a constant-fraction discriminator and another discriminator (-20-mV
threshold) to the input of a time-to-digital converter (TDC,Mode1 CTN-M2, Institute de
Physique Nucléaire, Orsay, France). Since only a few ions are extracted at a time, it is
very convenient to use a pulse-counting technique. p n s et al., 19941. The data collection
is controlled by a Power PC Macintosh cornputer rumihg a spectral acquisition program

"TOFMA" developed in-house.

Factors Limiting Performance of the Mass Spectrometer.
An extended analysis of factors that influence the performance of a TOF mass

spec-eter

with orthogonal injection of ions has been made by Dodonov and

CO-

workers [Dodonov et al. 1994, Laiko & Dodonov 19941. Precision of the TOF assembly,
transmission through the grids, orientation of the microchannels in an MCP relative to
the direction of ion rnovernent and many other factors were thoroughly investigated.
However, the following analysis will be rnostly focused on the influence of the initial
properties of the orthogonally injected bearn on the main characteristics of the instrument,
since the only element of the mass spectrometer that has been modified for the
measurements reported here is the ion interface.

M u s Discrimination

In TOF III, the accelerator column and the detector for the reflected ions are
positioned approximately 12 cm apart (1 = 12 cm, see Figure 4). As discussed earlier, this
constnictional féature puts some restrictions on the simultaneous transmission of ions
with different m/z values.
It can be easily noticed from the equation (1) that the effective flight path is just

% = 2(2d, + 4 4 )

(6)

Let's substitute the length of the acceleration column ( = 6.6 cm) instead of the exact value
of da and the length of the mirror ( = 32 cm) instead of the exact value of d, . This gives

an effective flight path = 2.8 m. (The effective flight path

*in aiso

be found fiom a time-

of-flight spectnim of a compound with a given mas. This approach gives a sirnilar value).
Thus an ion will strike the detector if the ratio of the components of its velocity is
v, / va = 121280

(7)

The previous inteface did not provide the means to satisfy this condition for ions of ail
values of m/z because of the rather uniform velocities v, acquired in the supersonic jet
Instead, the steering plates, positioned right after the acceleration column, were used to
correct the angle at which the ions entered the flight path. Although this arrangement
allowed an operator to adjust the transmission of ions through the TOF mass
spectrometer to some extent so that they will strike the detector, it still produced a
considerable mass discrimination ~erentchikovet al., 19941. However, the solution for

this problem can be obtained with the darnping of the initial ion velocities to a very small
value and then re-accelerating them across a given potential, Say Y,. Just as in the
acceleration process this also introduces an m/z-dependence of v, so that:

vL = , / 2 z b / m
This removes mhdependence in the ratio (7). Using the geometricai conditions, Y, cm be
easily found from:

(9)

and, for an amleration potential

- 4000 Y. Vo is q u a i to

= 7 Y. In the following

chapters, it will be shown that the use of this approach in the collisional damping
interface allows the ion transmission to be optimized without producing any mass or m/z
discrimination.

Resolution
Uncompensated ternis in the equation (1) put some limits on resolution, which
can be defined as:

where

to

is the flight time for an ion with z = O and v

,

= O and, At = t(z, v ,)

- to

,

,

where z and u are the extreme values.
Substitution of the conditions (4) and (5) into the equation (1) and then into (10) gives

R-' = p Z 1 4 +....+ 2(da I D ) ( v II V , ) ]

(1 1)

and, substitution of the expression (2) for p and into the equation (1 1) and separating into
parts gives

Negiecting the smaller terms in (12) leaves only two terms:

which are necessary to discuss.

The fint term describes the Iimit in resolution because of the spatial width of the
primary ion beam oniy. The width of the beam must be reduced in order to rninimize the
difference in the arriva1 times for the ions starting their motion fiom the different planes

adjacent to (z=O)-plane. The second term shows the limit because of non-zero axial
component of the initial ion velocity. This term is commonly referred as turn-around time
w i l e y & McLaren, 19551. If it is assumed that the axial component of ion velocity is a

,

small portion of the orthogonal component: v = /3v, ( where

is a small opening angle

of the collimated ion bearn "cone"), the second equation of (13) can be re-wrinen as:

R;' = 2(da f D ) / ~ ( V/ ,va)

(14)

Again, if the orthogonal velocity component v, is approximately unifom for al1 ions,

this produces m/z-dependent resolution. In fact, this was observed in the TOF III mass
spectrometer with the old interface [Verentchikov et al., 19941. However, it may be
expected, that m/r-dependence may be removed if firstly, the initial ion velocities are
decreased, and then ions are re-accelerated across a given potential (Vo-7 Vin TOF III).
Thus, the second equation becomes:

RU' = 2(d, f ~)B,iv,lv,

(15)

It wilI be shown in the next chapter that resolution of up to 10,000 can be obtained not
only for the ions of insulin (5,734 Da average moleailar weight), but also for the ions
citrate synthase hexamer with the rnolecular mass

- 287,320 Da, when the TOF III mass

spectrometer is coupled to an ES1 source via a collisionai damping interface.

Sedvity

Sensitivity of the instrument for the ions of some particular compound depends
on many factors such as the ion current produced by an ion source, efficiency of this
current transmission through the interface and the mass spectrometer, plus the detection
eficiency of a detector. One of the major factors limiting sensitivity of the instrument, at
least for the ions with considerable low mlr, is the efficiency of ion transmission through
the interface. For example, typical losses in ion current of the electrosprayed ions through
the old interface of the TOF III were in the order of 104-105 ions per ion transmitted into

an ion storage region [Verentchikov et ai., 19941 . Such losses were mainly the result of
the extensive collimation of the primary ion beam.
Incorporation of a collisional damping stage irnproves the ion transmission
through the interface because of ion focusing ont0 the beam axis. Although a collimating
step pnor to ion injection into an ion storage region is still necessary, the overall losses
are Iess not only because of the focusing effect , but also because of the improved
transmission through the mass spectrometer itself, as was discussed earlier. These
features will be demonstrated in the following chapters.

III. A COLLISIONAL DAMPING INTERFACE
FOR AN ELECROSPRAY IONIZATION
TIMEOF-FLIGHT MASS SPECTROMETER
Experi menta1

Atmosphere/high vacuum interface
The original ES1 atmosphere-vacuum interface used for orthogonal ion injection
into our TOF III m a s spectrometer has been dexribed previously. A heated metal capUary

has now k e n now added to provide another stage of pumping and desolvation, and a new
section containing a s m d RF quadrupole has been installed. A schernatic diagram of the

main elements of the instrument and the new interface is shown in Fig. 7.

The results reported here used a conventional electrospray ion source. In this
device a solution of an analyte is delivered to the sharpened tip of a stainless steel needle (1)

(0.45 mm OD. 0.1 lmm ID) by a syringe pump (Mode1 55 1111. Harvard Apparatus,
Holiston, MA) with a typical flow rate of 0.17-0.25 &/min.

Electrospraying of the

analyte against a counter-flow of hot (50-70' C) nitmgen is perfomed at 3 - 3.5 kV
potential difference between the tip of the needle and the inlet of a metal h
( 0.5

d capillary (2)

mm ID,12 cm long). Along with nitrogen, the ions and droplets produced are sucked

into the capillary where they undergo some additional desolvation as they p a s through
[Chowdhury et al., 19901.
Expansion of this mixture into the next region produces a supersonic jet This
region is pumped to a pressure -2.5 Torr by an Edwards 5.7 Us (342 Urnin) mechanical
pump. A declustering voltage is applied to a focusing electrode (3) installed -IOmm
downstream from the end of the heated capïüary to which it has an electrical connection.
Up to 300 V potential difference can be maintaineci between the focusing electrode and the
flat aperture plate (4) 3 mm further downstream. The 0.35-mm diameter aperture in the
plate connects tbis region to the second pumping stage containhg the RF quadrupole (5); it

Main Chamber
of TOF III

Figure 7. Schematic diagram of the time-of-flight instniment TOF III.
1 - ES1 ion source; 2 - heated capillary; 3 - focusing electrode; 4 - first
aperture plate; 5 - RF quadrupole; 6 - second aperture plate; 7 - grids; 8 - slit;
9 - the storage region; 10 - extraction electrodw; 1 1- acceleration column; 12 electmstatic mirror, 13 - deflection plates; 14 - detector.

is evacuated to a pressure

- 0.1 Torr by

a Leybold-He-

12.6 Us (760 Umh)

mechanical pump.

After passing through the quadmpole the ions enter the third region through a 0.75

mm-diameter apemue in the flat plate (6). This region is pumped to a pressure -1(ïS Torr
by an Edwards 450 Us turbomolecular pump. The eiectrical field between this aperture

plate and the grids (7) form an ion lens used to shape the ion beam pnor to its entry through
the horizontal slit (8) (6 mm width, 1.5 mm height) into the main chamber of the mass
spectrometer.
At the beginning of the injection cycle the electric field in the gap of the storage

region (9) is zero. After a group of ions has £illaithe storage region, the process of ion
acceleration starts by applying puises to the extraction electrodes (10) of the accelerator
column (1 1). Ions then leave the acceleration column in the direction of the e1ectrostatic
mirror (12) with

- 4 keV kinetic energy. The direction of ion motion can be corrected, if

necessary, by the deflection plates (13), so as not to miss the detector (14). The pressure in
the main chamber is kept at -3x 10' Torr by an APD cryopump (- 1000 Us).
The voltages applied to the aperture plates and slits, as weii as the R F quadrupole,

are adjusted to obtain optimum ion transmission through the interface. A typical potential
distribution is shown in Figure 8.

The quadrupole rods (0.8 cm diameter and 3.5 cm long) are supported by an
insulator whose surfaces are screened from the ion bearn. The quadrupole is driven by a

small sine-wave signal generator (Model GFG-8016G, hstec Co. City of Industry, CA)
coupled through a broadband RF power ampwier (Model 240L. ENI, Rochester. NY).
which exhibits flat gain for a wide range of operating frequencies from 20 kHz to 10 MHz.
An R F coupling transformer constructed in our laboratory gives an output voltage range

from O to 1OOO volts peak-to-peak The transformer also provides the required 180 degree
phase difference between the pole pairs. The quadmpole rods are "offset" to some

DC

potential intermediate between the potentials on the f i t and second aperture plates when

ENI RF

amplifier

H

sjne-yave
signa
generator
+(O

- 25V)

OC supply

Figure 8. Distribution of the typicd potentials on main elernents of the
new interface.

the switch is in position "'A". as shown in Figure 8. For operation as a mass filter, snall

positive and negative voltages are applied in addition to each pair of rods to provide a non-

zero Mathieu parameter a [Dawson, 19761. For this operational mode, the switch is in
position "B".

In its original configuration, the whole ES1 interface assembly was elevated to 4 kV

DC acceleration potenhi so that the fiight path of the mass spectrometer was at ground. In
this case the relatively high pressure in the fxst stage hhibited discharges to the grounded
mechanical pump; a 1 m length of plastic hose was suffkient The pressure in the third and
fourth regions was low enough to prevent discharges. The section containhg the
quadrupole was more of a problem. Here it was necessary to run both intemal and extemal
voltage dividers (each consisting of 27 1MW resistors) dong the -1.5 m polyethylene
hose; these were sufficient to prevent electrical arcing. However, the spectrometer has been

rnodifîed recently [Shevchenkoet al.. 19971 by the insertion of an intemal shield eeclosing
the flight path. The shield is now electrically floated at the acceleration potential so that the

ES1 source operates at near ground potential. This modification makes it much easier to

operate, but it does not change the essential features of the ion guide operation.

Chernicals
Solutions of proteins were prepared in deionized water, reagent grade methanol and
glacial acetic acid (up to 5% in 1/ 1 methanoYwater) w hen it was not necessary to preserve

the protein native structure. To create conditions close to physiological ones. buffer
solutions of 5 m M ammonium acetate (99.99% purity, Aldrich Chemical Co., Milwaukee*

WI)or ammonium bicarbonate (J. T Becker, Phillisburg, NJ) were used to keep the pH

-

-

values either at 6 for ammonium acetate or at 7.5 for ammonium bicarbonate. Substance

P. des-Arg-bradykinin, bovine pancreas insulin, horse hart cytochrome c, horse skeletal
muscle myoglobin and bovine serum albumin were purchased from Sigma Chemical Co.

(St Louis, MO) and were used without further purification.

Soybean agglutinin was prepared at Albert Einstein Coilege of Medicine, N.Y.
[Tang et al.,

19941 and E. coli catalase HP II was obtained from

P- C . Loewen

(Mimbiology department, University of Manitoba). Both samples were purifieci by
œnaifugal fdtration of the aqueous solutions, using ultrafree-MC Uters with 30,000 W
molecular weight cutoff (MiLüpore Co., Bedford, MA). Recombinant citrate synthase from

E. coli was prepared by A Ayed in H. W. Duckworth's laboratory [Ayed et al., 19981
(Chemistry department. University of Manitoba) and supplied as solutions in 20 m M
ammonium acetate or ammonium bicarbonate; these solutions were diluted by a factor of
four with water and analyzed without further purification.

Results and Discussion

Calculations
Several approaches based mainly on Monte Car10 models have been developed to
simulate the processes taking place for ions passing through a relatively high pressure R F
ion guide. 'The results of numerical calculations that u t k some elements of two models

[Douglas & French, 1992; Xu et al., 19931, adapted for our operating conditions are

presented in this chapter. The details of the computational algorithm are given in the
Appendix II.
A simulation of the ion motion of myoglobin ions was performed with the initial

parameters indicated in Table 1. The initial coordinates of the input ions were set randomly

within a circle of a 3.5 mm radius at the enümce of the quadrupole. The initial velocity
vectors were generated within a cone of opening angle -80°, while the velmity vector
amplitudes followed a binomial distribution with a mean

- 1,000 m/s. This choice of ion

velocity is based on Our experimental fmding that optimum ion transmission requires a

+ 2 volts between the fmt aperture plate and the quadrupole.
For ions of m / ~=1000 this corresponds to a velocity - 1000 mls. The acaial ion velocity is

srnail accelerating voltage - 6

Parameter

Value

Ion mass
Number of charges, z
Collision cross-section

Pressure inside the rods
Amplitude of RF field
Frequency of RF field

'Taken from [Covey & Douglas, 19931

Table L Parameters used for caiculations of ion motion.

Figure 9. Cornputer simulation of ion motion in the quadrupole ion
guide for rnyoglobin ions.
(A) Projection of ion trajectones on a cross section plane dong the x axis
of the quadruple.
(B) Energy Ex of the ions as a hinction of position dong the quadrupole
2
x axis. where Ex = 112m(C) The energy Er of the ions as a function of position dong the
quadrupole x axis. where Er = 1/2mu?

Radial veiocity u ,(m/s)

Radial velocity v ,( m h )

Figure 10. Histograms of the ion velocity components.
(A) Axial velocities at the input of the quadrupole ion guide.
(B) Axial velocities at a distance of 1.5 cm inside the quadnipole ion guide.
(C) Radial velocities at the input of the quadnipole ion guide.
@) Radial velocities at a distance of 1.5 cm inside the quadrupole ion guide.

probably considerably higher than this, because the ions tetain some of the velocity (<1000
m/s) acquired in the supersonic jet expansion. as mentioned in the introduction above.

However, the conditions assurneci in the caldation (Table I) should be adequate to give a
good qualitative p i c m of the processes taking place.

Projection of the myoglobin ion trajectories onto the yx-plane are shown in dotted
luies in Figure 9A Strong position focusing is evident The tnincated trajectories represent

ions lost due to collisions with the rods. As the ions pass through the b a e r gas they lose
energy, as can be seen in Figures 9B and 9C. It was found that the kinetic energy of almost
all the injecied ions approached the mean energy of the collision gas molecules (3/2 kT

0.03 eV) at x = 1.5

+ 0.5 cm, so the calculation was tenninated ar x =1.5

-

cm. Several

theories have been proposed to explain the mechanisrn of ion motion past the thermal
threshold [Xu et ai.. 1993; Tolmachev et al-,19971.
Of most interest is the change in velocities. The velocity histograms in Figures 10 A
and B, show that the average axial velocity 1069 mls for input ions is reduced to 74 mls
average axial velocity for the ions at x = 1.5 cm. Similarly Figure 10D shows a reduction in
the radial velocity to 67 d s from 396 mls (Figure 10C).
Thus. the computations show that by x =1.5 cm:
1. There is a saong radial focusing of ions and radial velocity damping at l e s t by a factor

of

- 6,

2. There is axial velocity damping by a factor of

- 14.

Calculations performed for ions of different masses and charge States gave rather

sirnilar values for the damping factors. Although ions of larger mass lose l e s energy in a
single coIlision. such ions have larger collision cross-sections [Covey & Douglas. 1993;
Chen et al., 19971, so it appears that these effects tend to canal each other. However. it is
diffïcdt to draw any certain conclusions because of the non-analytical character of the
Monte Carlo method. The analytical mode1 of the process proposed recently [Tolmachev et
al.. 19971 may help to elucidate these questions.

Tirne delay meusurements
The time dehy distribution for ions passing through the ion guide was measured
experimentaiiy in order to estimate the average velocity of the ions and to investigaie the
factors that determine this value. The experimental setup is shown in Figure 11.
In normal operation electmsprayed ions pass through the interface and arrive at the
storage region of the mass specmmeter as a continuous beam. Pulses from a digital delay
generator @DG) are amplifed and applied to the exiraction elecmdes of the accelerator
column to inject ions into the tlight path of the mass spectmmeter at a repetition rate of

3300 Hz, i.e. a pulse every

- 300 ps. These pulses also supply start signals for an Orsay

tirne-to-digital converter (TDC) that can accept up to 255 stop signals from the deiector
within an observation tirne 255 ~ L Safter the start signal, i. e. the contents of the storage

region (up to 255 mass values) are sampled every

- 300 ps.

In the expriment on time delay measurement, the continuous beam of
electrosprayed ions is gated to modulate the ion intensity. Marker pulses are then obtained
from a frequency divider that divides the operating frequency of the pulses coming from the

-

DM3 ( 3 3 0 Hz) by a given number (usually 33). A short positive pulse 100 ps long,
generated by each marker pulse (at 100 Hz = 3300 Hz /33), is applied to the focusing
electmde (see Fig. 11) to d o w ions to p a s through the f i t aperture plate into the
quadrupole. Othenvise a negative DC voltage applied to the focusing elecmde prevents
ions from going through the f m t aperture plate. The TDC continues to sample the contents
of the storage region every -300 ps but the ion intensity in this region is now modulated by
the time delay of the ions in the interface.
The marker pulse is also applied to a second input on the TDC, which results in the
production of a characteristic signal at the TDC output Recognition of this signal by the
cornputer starb a sequence of integrations that yield the time distribution of the ions in the

z range acquired within the first
storage region. First the ion signals in a specified d
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Figure 11.Experimentai set up for measurements of time deiays.
The cornputer (Power Machtosh 7300/180)connected to the TDC
is not shown.

observation p e n d are recorded. integrated and the value obtained is placed in a fmt
histogram channel. The ion signals h m the next sampling

- 300 ps later are stored in a

second histograrn channel, and so on. in the present measurements this process of
integration and storage was repeated unal 33 channels were fded, representing a total

-

sampling tirne of 10 msWhen the next marker signal is recognized the histogtamming process is repeated
and the new values are added to those already stored in the histogram. This technique

allows u s to m i n i m k the effect of ion signal instability in the ES source on the final flight-

-

time distribution. A typical measurement lasted for 10 min.
The average transit tirne measured for several peptide and protein ions with masses
from 1347 to 66,500 Da tumed out to be nearly the same: 1.4

+ 0.2 ms (Figure 12) when

the "offset" voltage on the quadrupole was approximately qua1 to the average of the
voltages on the F i t and second aperture plates. We have not found any large difference in
transit thes for myoglobin ions sprayed from solutions in which the native structure is
presurnably preserved (pH 6-7.5. average z

- +8) or not preserved (pH 2-3. average z -

+15), which indicates that ions spend approxllnately qua1 times in the quadrupole over a
considerable m/z range. The average h e that the ions need to go through the quadrupole
gives a mesure of the average velocity with which they move through the quadrupole ion
guide: < v >

- 25 d

s for ail measured ions. This value for an average ion velocity is about

the same order of magnitude as the velocity calculated for thermal equilibrium (3LkT) with
the molecules of the buffer gas (for example. -70 mls for ions with m/z

- 1MW)mlz). Since

the ions start with velocities -1,000 mls. it suggests that most of the transit tirne occurs
after the ion velocity has reached thermal values.

The flight-time increases substantially when the 'pulling' voltage at either end of
the quadrupole is decreased to zero, indicating that the axial ion motion is strongly
influenced by petration of M= elecaic fields into the quadrupole. Figure 13 shows that
when there is no potentiai difference berneen the fmt aperture plate and the quadrupole, or

Tïm &lay (ms)

Figure 12. Distribution of time delays for different ions with a quadrupole offset
voltage -13 V. (A) For double charged ions of substance P (1347.74 Da). @) For
ions of myoglobin (1 7,95 1 Da) (native state). (C) For ions of albumin (-66,500
Da) (denatured state).
Right: wrresponding spectra of m/z regions in which the ion signds were recorded
and integrated (see explanations in the text).

Figure 13. Average time delay plotted as a function of the potential on the
quadrupole U offset. When U offset approaches the values of the potentids
on the first (19 V) or the second (10 V) aperture plate, the time that the ions
of substance P spent in the quadrupole increases. The dotted lines above and
below the time delay curve correspond to the width of the time delay
distributions

Fieure 14. m/z sDectra of cvtochrome c recorded with:
(A) A srnail acceierating pGential at the output of the quadrupole (AU=O.SV).
(B)No accelerating potential.
(C) A smdl decelerating potential (AU = 0.W) at the output.

-

between the quadmpole and the second aperture plate, the fiïght-the distribution for
substance P ions becornes very wide, indicating the transfomation of the pulsed ion beam
into an almost continuous one.
A long residence t h e of ions in the quadrupole may result in undesirable chernid

reactions giving increased formation of adducts, as shown in Figure 14 for cytochrome c.
This process is observed in our instrument when the b&er gas contains impurities.

The fEght-the disaibutions measured for the ions of Werent compounds show
that the petration of

I
X electric fields (fringing fields) from both ends of the high

pressure RFquadrupole ion guide plays an important role in the ion motion. After this

finding we have incorporateci f ~ g i n fieids
g
in the computer program discussed above, but
the simulations show that there are still some regions inside the quadmpole where the ions
move with drift velocities less than the h h o l d velocity deterrnined by thermal
equilibrium conditions. Whether it is gas dynamic "wind" or space charge that makes the
ions move under these conditions is still an open question.

Mass Measurements

Decreased m and m/z Discrimination
The new interface allows complete control over the energy of the orthogonally
injected ions by applying an appropriate voltage to the second aperture plate. The optimum
deflection potential no longer depends on the mass of the ion. and is in fact the same for a
wide range of m or d z and declustering potentials. This enables us to examine different
cornpounds over a large range of m/z without appreciable discrimination.
Figure 15 shows the rn/z spectmm of a mixture of four compounds, substance P
(1346.74 Da, 1 p M concentration in the solution ). cytochrome C (12.360 Da, 1 pM). the

tetramer of soybean agglutinin (SBA ,-116.000 Da. 3 pM) and the tetramer of catalase HP
II (- 339,100 Da. 5 pM) prepared in a water/0.08% acetic acid solution. The slightly acidic
condition of the solution has partially denanired the catalase HP II tetramer so it appears

with a bimodal charge distribution. The multiple small peaks in the cytochrome c m/z range

are impurities from the catalase HP II sample.
Because the observation thne for o w TDC is limited to 255 ps the fmt part of the

spectnim was obtained for an m/r range O - 6380. After uiwducing a 200 ps de1ay in the
start signal we were able to measwe the mass specaum over the m/z range 4165 - 20300.
Both parts of the d z spectrum were obtained with the same distribution of voltages in the
ion interface and the two parts were joined together at -6000 d z .

The spectrum shows the capability of our TOF III instrument with the new interface
to cover a large m a s range. The mlz peaks of the 12-mer of the catalase HP II with a mass
more than 1 MDa are as easy to identiQ as the doubly charged peak of substance P.
An even higher d z range (up to -30,000 d z ) has b e n examined recently on the

mas. spectrorneter in an initial attempt to detect the intact brome mosaic vims (MW

- 4.65

MDa). Although we were able to detect a signal bat presumably arises from the intact virus
[Chernushevich et al.. 19961, the charge distribution was not resolved because of the high
heterogeneity of the sample.

Resolution
It has k e n shown that deflecting ions to optimize transmission leads to reduced

resolution podonov et al., 1994; Guilhaus, 19941, However. if the ratio of the kinetic
energy of the orthogonally injected ions and the energy they acquire in the acceleration
region has the proper value detennined by the instrument's geometry, a deflection voltage
is no longer necessary to steer the ions to the detector. For the geometry of our instrument,

-

the kinetic energy of the orthogonaiiy injected ions should be 7 eV. This condition c m be
easily provided by applying the proper voltage to the second aperture plate.
Figure 16 shows the deconvoluted specmun of bovine insulin (average M.W.

5733.58 Da), demonstrating that a resolution of -10,000 (FWHM) can be achieved by
careful adjustment of the instrumentai parameters. The routine resolution is less.

Figurela. Deconvoluted mass spectnim of bovine insulin
with isotopic peaks resolved.
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Figurel7. mlz specûum of citrate synthase and deconvoluted mass spectra of the citrate synthase dimer and hexmer.
The resolution for both mass peaks (FWKM)is about 2000. Partially resolved sodium in the hexamer peak suggests
higher resolution -10,000 at mass 287,320 Da; declustenng potential AU = 300 V.

about 7,-8,000

evaluated for the singly- and doubly-charged peaks of substance P.

The resolution remains reasonably high for a broad mass range. Figure 17 shows
the specmun of E. coü citrate synthase obtained h m a IO-' M solution of the protein in 5

m M ammonium bicarbonate buffer, The measured masses of both dimer and hexamer agree
well wiih the theoretical masses 95,770 Da and 287,310 Da, calcula& on the b a i s of

mass of the monomer 47,885 Da, denved from the known amino acid sequence. The mass
resolution for the dimer -1800 is slightly l e s than for the hexamer (-2000). apparently

because the dimers start fragmenting at high declustering potential (AU=300 V. in this
experiment), which may lead to the broadening of the peak. The partiaily resolved peak due
to the sodium adduct in the fine structure of the hexamer peak suggests that a somewhat
higher resolution (- 10,000) couid be achieved if the sample were su&ciently purifïed.In
any case, the resolution achieved was sufficient to resolve separate additions of the NADH

Ligand to the CS dimer and the hexamer [Krutchinsky et al., 1998; Ayed et al.. 19981.

Sensitivity

The RF quadrupole signifcantly increases the sensitivity of the TOF III mass
spectrometer. Figure 18 shows a cornparison of two cytochrome c spectra Obtained before
(a) and a k r (b) installing the new ion interface. Both spectra are plotted on the same scale.

The amount of the sample consumed in the latter case was

- 350 times less. This is one

especiaily favorable case, but on average, the ion interface gives us now from '2 to 10 times
better sensitivity for a variety of samples. The irnprovement appears to be larger for higher

masses and yields a sensitivity in the femtomole range for proteins of M.W. - 100,000 Da.
Figure 19 shows the specaum of soybean agglutinin (SBA, M. W.

- 116,000 Da) recorded

in 10 seconds. 120 ferntomoles of the glycoprotein was consurned using a conventional

Figurel8. Cornparison of the sensitivities of the TOF spectrometer for
cytochrome c. (A) Before installing the new interface. A 104 M solution
of cytochrome at a flow rate of -0.0 1 &/s in 5 s rewrding time. Total
number of counts of cytochrome c ions -21 50. (B) Mer the quadrupole ion
guide was instailed in the interface. A 10~' M solution of cytochrome c at
a flow rate of -1.4 RWS in 1 s recording time. Total number of counts of
cytochrome c ions -1 500.

600

SBA

Figure 19. The d z spectnun of SBA tetramer (MW.
-1 16,000 Da)
recordeci in 10 S. A 4x1 M solution of SBA at a flow rate 2.8 &/S.
Approximately 120 h o l e of the glywprotein was consumai to obtain
the spectrum. The total number of counts of SBA ions -17,000.

electrospray. The m a s spectrometer has higher sensitivity (in the attomole range) for the

same sample using a nanospray technique [Chernushevich et al., 19951.

Manipulation of Electrospray Ions prior to Injection

Mass Pitering mode of operation.
Figures 20 B and 20 C show the possibility of using the ion guide for f d t e ~ g
particular masses even though the quadruple operates at very high pressure. Cytochrome c
was electrosprayed from a weak acetic acid solution (0.05%) so that both denatured and

native forms are presented in the spectnun in Figure 20 A The filtering was performed by
adjusting the fi-equency and small positive and negative voltages applied to each pair of
rods (up to t30V). Mathieu parameters a and q were changed independently [Dawson,
19761. Although the -80 d z window used corresponds to rather poor resolution, it allows
us to filter each charge distribution. The Iosses by fitering the ion peaks using the 8ûdz
window appeared to be less for substances with bigger m or mlz and Vary from -100 for

-

doubly-charged peak of substance P to 10 for cytochrome c.

Collision-1nduced Dissociation
In order to cover the maximum d z range for ion transmission through the
quadrupole ion guide, the operating frequency is set to be -2 MHz, the maximum value
provided by the signal generator. It gives a cutoff at m/z 70 by applying a peak RF voltage

of -500 V to the ion guide. Figure 21 A shows the mass specfrum of leucine enkephalin

(M.W. 555.28 Da) obtauied at a low declustering potential (AU=lOOV). The group of
peaks in the low m/z range is not caused by sample fragmentation but by "chernical noise",
impurities that are always present in any sample. It is possible to filter out this noise either
in fdtering mode of operation or, by increasing the amplitude of the RF dnving voltage or
by decreasing its frequency. In the second case, decreasing the frequency is preferable to
avoid a discharge between the quadrupole rods. When the o p e r a ~ gfrequency equals 320

Figure 20. (A) The m/z spectnim of cytochrome c h m weak acidic solution
(water/methanol (111 v/v) +0.05% acetic acid). (B) Mass filtenng of the 8+
peak of cytochrome c from the charge distribution by the quadrupole ion
guide operating as a mass filter. A zoomed spectnun is shown to evaluate
the signal to noise ratio around the -80 d z filtering window. (C) Mass
filtering the 17+ peak and the corresponding zoomed spectrum around the
filtering window.

d z

Figure 21. The m/z spectra of leucine enkephalin (555.28 u)
(A) fRF =2 MHz, Uw =5OOV, AU=3V at the exit o f the quadrupole
(B) fRF = 320 kHz, URF =500V, AU=3V at the exit of the quadrupole
(C) fRF = 320 kHz, URF =SOOV, AU=34V at the exit of the quadrupole
@) fIIF = 320 kHz, URF =500V,AU=64V at the exit of the quadrupole.
The excess kinetic energy that the ions gain in collisional induced dissociation was
wm~ensatedbv proper adjusûnent of the voltages on the steering plates

Figure 22. The assignment of the major backbone fragments and the
immonium ions of a pentapeptide according to Roepstofls nomenclature
moepstorff & Fohlman, 19841.

kHz the m a s cutoff is -550 Da so that no noise signal is observed up to the quasimolecular ion peak. the most abundant one in the spectrum in Figure 21 B. This mode of
operation is convenient for performing collision-induœd dissociation at the exit of the
quadmpole. Figures 21 C and 21 D show two fragmentation spectra of leucine enkephalin
obtained at 34V and 64V differenœ between the offset of the quadrupole and the second
aperture plate ( S m gap). ALI fragment ions were identified, but only the immonium and

backbone fragment ions have been labeled in these and other spectra, according to
Roepstofls nomenclature (Fig. 22). The fragmentation patkrn obtained in this region with
a collision gas thickness -3.5~10'~/crn~
is simüar to bat described previously for some
srnail peptides F o m s o n et al., 19951. To the author's knowledge. ihis is probably the
fmt collision-induced dissociation spectrum of a parent ion obtained in a quadrupole-TOF
m a s spectrometer system in the orthogonal configuration. Later, the technique has evolved

in the so calleci QqTOF or Q-TûF instruments developed by Micromass [Morris et al.,
19971 and by Our laboratory in CO-operationwith SCIEX [Shevchenko et al.. 19971.

Selective Collision-Induced Dissociation of Ions in the Quadrupole
Ion Guide.
Selective collision-induced dissociation is a weli-known technique of tandem mass
spectrometxy, and it is mostly utilized in quadrupole ion traps [Kaiser et al., 1991; Vachet
& GLish, 19961. However, it is also possible to implement this technique in a quadrupole

ion guide.
Ion motion in a quadrupole is described by a Mathieu type equation [Dawson,

1976, see also Appendix III. The analytical solution for this equation is diffcult to Obtain,
but with a number of assumptions it is possible to fmd an approximate solution. According

to some of the solutions [for reference here and further see: Gerlich, 19921, ions perfom a
fast oscillatory motion (wiggling motion with the frequency of an RF-field). superimposed

on slow oscillations around the quadmpole axis with the so cailed secuiar frequency. Those

can be recognized from the ion trajectories ploaed in Figure 9A. The frequency of sedar
motion can be found fmm an equation of motion in an effective potential V*, which in the

case of the quadrupole ion guide increases in proportion to

- ? , where r is the distance

from the center of the guide. Since the effective potential V* is a hamonic potential, the
solution gives a unique value of the secular frequency for ions with a pahcular d z value.
It was shown previously in the Calcularion section that the amplitude of secular

oscillations decreases as ions move dong the quadrupole ion guide, i.e. there is a strong

radial focusing of ions and radial velocity damping (see Fig. 9A and Fig. 23A). However,
the secdar oscillations of the ions with a particular d z can be excited again by a srnail RF-

signal with a correspondhg frequency, added to the main RF-signal driving the
quadrupole. This is schernatically shown in Figure 23B. Ions whose oscillations aie
excited coilide with the molecules of a buffer gas and eventually may undergo collisioninduced dissociation,
A few spectra illustrate this technique. To begui wi th, the electrospray spectnim of

a mixture of two peptides, substance P (MW.=1346.74 Da) and des-Arg-bradykinin
(M.W. =903.47 Da), shown in Figure 24A, was obtained in the single MS mode. In this
case, the collisional quadrupole ion guide was driven by an RF signal with a frequency
1.93 MHz and an amplitude 760 V. The most abundant peaks in the spectnim are the

doubly- and triply-charged peaks of substance P ( 674.37 d z and 449.9 1 d z ) and a
doublycharged peak of des-Arg-bradykinin (452.73mh).When a smaU RF-signal (,f
405 kHz, LI,=

=

14V)is added to the main driving signal. it causes the resonance excitation

of ions in the region -450 m/z. The triply-charged ions of substance P and the doublycharged ions of des-Arg-bradykinin becorne excited producing the collision-induced
dissociation (CID)spectnim shown in Figure 24 B. (The spectrum was obtained by
subtraction of the spectra obtained widi and without excitation).

In generai, CID of doubly-charged ions of des-Arg-bradykinin produces a ladder of
y-fragments, whereas CID of triplysharge ions of substance P results rnainly in two

Figure 23. (A) Typical ion trajectory in a collisional quadrupole ion
guide. An ion collides with buffer gas molecules and loses kinetic energy.
The amplitude of ion oscillations decreases as the result of collisions.
(B) The oscillations can be excited again if a small RF signal with a
frequency oexccorresponding to an ion with particular m/z is added to
the main RF signal. Collision-induced dissociation may occur as the
result of resonance excitation.

Substance P (Sub-P) and des-Arg-Bradykinin (BK)
f ,,=1.93

MHz, UR, = 7 6 0 V

Figure 24. (A) Electrospray spectrum of a mixture of two peptides. substance P
(1346.74 Da) and des-Arg-bradykinin (903.47 Da). (B) CID spectnun of doublycharged ions of des-Arg-bradykinin (452.73 m/z) and triply-charged ions of
substance P (449.91 mlz) obtained by resonance excitation of ions in the m/z
region -430-480. The peaks are assigned according to Roepstorff's
nomenclature (see Fig. 22)

Flgm 25. (A) CID specmrm of doubly~hargedions of des-Arg-bradylsnin (45273 mlz)
and triply-charged ions of substance P (449.91 m/z) obtained by resonance
excitation of ions in the m/z region -430-480. (B)Resonance CID specmim of
doubly-charged blO-fragments of substance P. Some prominent intemal
bgments are labeled with astedcs and fïlled circles

peaks, the doubly-charged fragments b9 and b,,. It is possible to extend this approach and

to add another excitation signal. For example, addition of another small RF signal V, =
3 0 W z , U, = 10V) to the previous ones causes the resonance excitation of the doublycharged b,,-fragment ion of substance P. the CID spectrum of which is s h o w in Figure 25
B. CID of doubly-charged b,,-fragments produces a ladder of clearly identifiable singly-

charged b-fragments labeled in the s p e c m . Some internai fragments are Ieft udabeled.

Thus, it is possible to perform an MS' experhent using a single collisional-damping
quadrupole ion guide.

Preliminary results on this technique have been reported boboda et al., 19981 and,
a provisional patent application has k e n submitted by the authors. More detailed results
will be published in the future as a separate paper.

Conci usions

M a s range, sensitivity, and resolution of our ESUTOF I1I instrument have b e n
considerably improved by insialling a quadrupole collision ion guide in the atrnosphed
high vacuum interface. These three most important characteristics of any mass spectrometer
were impmved at the same tirne. Measurements on tirne delays and the results of

simulations of the ion motion inside the collisional ion guide c o n f m the main ideas
underlying its operation. Both transverse and axial velocities that the ions acquire in the free
expansionldeclustering processes are damped to very low values while the ions are
constrained close to the quadrupole ion guide axis. These effects enable us to obtain a
highly focused beam of ions with a well-defmed kinetic energy prior to its injection into the

storage region of the mass spectrometer. Several techniques of ion manipulation in the
collisional quadrupole ion guide before the orthogonal injection of ions into the mass
spectrometer have been demonstrated.

IV. ORTHOGONAL INJECTION OF MALDI IONS

INTOA TLMEOF-FLIGHTSPECIROMEIER
THROUGH A COLLISIONAL DAMPING INTEXFACE
The successfid incorporation of a collisionai quadrupole ion guide in the ESI-TOF

III mass spectrometer has encouraged us to implement the concept of collisional d i n g
of MALDI ions for the orthogonal injection into the same mass spectrometer. Based on
our expenence and fndings accumulated in the experiments with electrospray ions as well

as some simulations of ion motion using the computer program described above, a new
collisional damping interface capable of operating with a MALDI source has been built.

Experimeatal

The collisional dumping interface
A schematic diagram of the new interface installed on the TOF III mass

spectrometer is shown in Figure 26. In this interface, a MALDI target can be inserted on
the end of a probe that fits through a probe inlet port, then through a valve into the
quadrupole cornpartment, where it is held in position by a supporting ring. A more

detailed diagram of the probe is shown in Figure 27; its tip is electrically insulated From
the rest of the shaft.
A mixture of the sample to be investigated and a suitable matrix applied to the ti p

of the probe is irradiated by the beam of a pulsed NI-laser (Mode1 VSL-337ND, Laser
Science Inc., Franklin, MA), which is focused on the target surface by a lem, and is run at
a repetition rate up to twenty pulses per second. Each laser shot normally produces a
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Figure 26. Schematic diagram o f the orthogonal injection TOF mass
spectrometer coupled to a source of MALDI ions through a collisional
damping interface. The quadrupole cornpartmen; contains N2 as a buffer gas.
The ion guide consists of two sets of quadrupoles made of cylindrical rods
4.45 cm in length and 1.1 cm in diarneter supported by a focusing electrode.
The TOF instrument has a total length 4 . 2 m and a total equivaient flight
path =2.8 m.

MALDl probe

Figure 27. The MALDI ion probe. It consists of a 0.76 cm diameter tip
(a) at the end of the probe sh& @), separateci by insulator (c) from the
rest of the shaft , which is mounted in the knob (d). When the probe is
inserted the tip makes an electrical connection to the supporting ring.

plume of neutral and charged molecules, which expands into the quadrupole cornpartment
This chamber contains two sets of quadrupole rods supported by a focusing electrode.
The pressure inside is determined by a balance beîween an inlet flow of nitrogen and the

pumping is provided by a Leybold-Heraeus 760 L/min mechanical pump. A typical
pressure in the charnber is

- 70 mTorr Nt,but it can be varied over a substantial range by

adjusting the flow of nitrogen through a leak valve. M e r passing through the quadrupole
and suffering collisional darnping through collisions with the gas, the ions have very low
energy, probably close to thermal, as in the case of electrosprayed ions. The ions (mas

rn and charge q ) pass through a focusing electrode and an orifice (1.1 mm in diameter) in
an aperture plate into the next vacuum charnber. They are accelerated to an energy
112 mv: = qV, by a small potential Vo applied to the aperture plate.

This chamber is pumped to a pressure -IO-' Torr by an Edwards 450 Us

turbomolecular pump. Here the ions are focused by a grid and an electrostatic quadrupole
lens through a slit (6 mm width, 1.5 mm height) into an ion storage region. Segments of
the ion beam are extracted from the storage region by pulses applied to the extraction
electrodes, then accelerated to an energy 1/2 mva2 = 4000q electron volts by a
conventional DC amlerathg column. A detailed description of the accelerating process
and the pulses applied to the extraction was given in the second chapter. After
acceleration, ions travel at an angle 0 to the axis of the TOF spectrometer given by

tan 8 = v,/u,. In the present case, setting Vo= 6-7 volts optirnizes the transmission for
ions having a wide range of d z values as they travel through a single-stage electrostatic

ion mirror and ont0 a detector. With this setting, no steering voltages are necessary to
deflect the ions.
At the detector, ions undergo post-acceleration through
energy when they strike the first rnicro-channel plate is

- 1 kV, so their total

- 5000q electron volts. The ions

are detected using single-ion counting and recorded with a time-to-digital converter (TDC
Model CTN-M2, Institut de Physique Nucléaire, Orsay, France). The electrodes of the
storage region ,accelerating column , mirror and detector are containeci in the main TOF
chamber, which is pumped to a pressure -3x10-' Torr by an APD cryopump (-1000
Lis).
Both sets of quadrupoles are driven by an RF coupling transformer with two
secondary coils, providing output voltages fiom O to LOO0 volts peak-to-peak when
dnven by a broadband RF power amplifier (Model 240L, ENI Rochester, NY), which
exhibits a flat gain for a wide range of operating fiequencies fiom 20 kHz to 10 MHz.

The amplifier is excited by a small sine-wave signal genemtor (Model SG-100, Telulex
Inc, Mountain View, CA). Typical operating fiequencies are 200 kHz to 1 MHz, and
typicd operating voltage amplitudes are 100 to 1000 V peak-to-peak. Bias or offset
potentials are applied to the rods of the quadrupoles and to various other components by

a multiple-output power supply (Model TD-9500, Spectrurn Solutions Inc., Russellton,
PA). When the collisional quadrupole ion guide is run in an RF-only mode, as show in

Figure 2 8 4 it serves to damp the initial velocity of the MALDI ions and focuses them
toward the center of the quadrupole axis. The first quadrupole can also be run in a mass-

b
A.
(t)

= Al sin(&)

B.

UI (t)

RF-only mode

Mass selection mode

= Alsin(ot)+V

C.

U(xk!

MS/MS mode

U l (t) = A l sin(ot)+V
Uz(t) = Azsin(ot)
A1 = 1/3A2

h collision energy

Figure 28. Typical distribution of DC and AC voltages applied to
the electrodes of the collisional damping interface when the
quadmpoles are operating in the different modes.
(A) RF- ody mode;(B)- mass selection mode; (C) MSMS mode

filtering mode by applying an appropriate dc voltage to the r d s , as shown in Figure 28B.
Then, the second quadrupole cm be used as a collision œil (and as quadrupole ion guide)
in collision-induced dissociation experiments (MS/MS mode, Figure 28C).

Tmgetprepmati011
Solutions of peptides were prepared as for conventional electrospray expenments,
in deionîzed waterfreagent grade methanol (1/1 vlv) with an addition of glacial acetic acid
(5- 10% in solution). The concentration of analyte ranged from 1o4 to 10 -9 M. D - A I ~ ~ -

leucine enkephaiin-Arg (dalargin), substance P, melimn, bovine pancreas insulin, hone
heart cytochrome c, and horse skeletal muscle myoglobin were purchased from Sigma
Chernical Co. (St. Louis, MO) and were used without M e r purification.
Recombinant citrate synthase from E coli was prepared in the University of
Manitoba Chemistry department (Duckworth & Bell, 19821. The tryptic digestion of
citrate synthase was performed in 20 rnM ammonium bicarbonate by adding TPCKtreated trypsin (Sigma) (1:100 w/w) to the sample and incubating for 30 min, 1 hour, or
ovemight (12 hours). Digestion was stopped by addition of acetic acid and diluted four
times with methanol and water to give a final protein concentration of approx. 0.5
(-10-~ M) in 1:l methanoIAmM ammonium bicarbonate, 3% acetic acid. Then the
samples were used without fiirther purification.
Two methods of matrix preparation have been used. In one, similar to the method
described by Vorm [Vomi et al., 19941, a saturated solution of a-cyano-4-

hydroxycimamic acid ( a h fiom Sigma Chernical Co., St. Louis, MO) was prepared in
reagent grade methanoVacetone (111 vlv). A faidy thick layer of the matrix was created b y
depositing 5 to 10 pL of this saturated solution onto the tip of the probe so that the
whole area of the probe tip (7.6 mm in diameter) was covered. That solution was allowed
to dry quickly to form a rather smwth homogeneous matrix layer . Then 1 pL of the

analyte was applied to the top of the matrix surface and allowed to dry. In some cases,
the sample was "washed" by placing a droplet of 10 pL of water on top of the sample
spot and leaving it there for -10 s before blowing it offby a Stream of air.
In the other method Wang & Beavis, 19941, a saturated solution of a-cyan&
hy droxycinnarnic acid was prepared in aqueous 0.1% TFNacetoniûile (2: 1, v:v). 1pL of
the matrix solution was applied to the tip of the MALDI probe to fonn a smaller spot

(-2 mm in diameter). Then an analyte was mixed with the same matrix solution and 1pL
of the solution was applied on the top of the matrix layer created previously. This
procedure gave better sensitivity for analytes in the low femtomole range.

Experimental results and discussion
Collisional mling of ions in an RF quadrupole ion guide produces an
approximately parailel ion b a r n of a srnall cross section. The beam has a small energy,
independent of mass, as well as a small energy spread. Thus cwling helps to avoid earlier
discussed problems connected with the orthogonal injection of MALDI ions into a TOF

mass spectrometer directly from the ion source. This and other advantages are illustrated
in the expenmental results that follow:

R d u t i o n and muss uccuracy
Figure 29 shows the spectnim of an equimolar mixture of several peptides
desorbed from an a-cyano-4-hydroxy cimamic acid rnaûix (4HCCA). The spectrum was
acquired in a single 60 s run at 20 Hz laser repetition rate, and shows mass resolution

(M/AMFWHM)
between 4000 and 5000 for a l i components. Resolutions consistent with
this value were also observed for small proteins (see below). In the present interface, the
entrance orifice in the second aperture plate was made slightly larger than normally used
in ES1 in order to make adjustments easier in the preliminary experiments. The resolution
obtained is close to that found with an ESI source under similar conditions. However, a
resolution -10,000 has been observed for ES1 ions in the same instrument with a srnaller
apertures, as shown previously, and a resolution of up to 15,000 in a SCIEX ES1 QqTOF
mass spectrometer with a similar interface has been reported recentiy [Chemushevich,
19981. Some preliminary results obtained in Our laboratory with a QqTOF instrument

configured with a MALDI ion source show that resolution of more than 10,000 can be
readily achieved when the intemal geometry of the interface is optimized Poboda et al.,
1998, preliminary results]
The near-uniform energy of the ions after collisional cooling removes any mass
dependence on the optimum extraction conditions and allows the simple quadratic relation

Dalargin

Substance P

Renin substrate
Meli ttin

Figure 29. MALDI spectrum of an equimolar mixture of four pe tides (dalargin, substance P, renin substrate, and melittin
from a matnx of a-cyano-4hydroxycinnamic acid. 1pL of a 10- M solution of each peptide was applied to the target. The
repetition rate of the N2-laser was 20 Hz and the spectmm was acquired for 1 min. Expanded views of the protonated ion
peaks show a uniform resolution (MIAM FWHM) of 4000 to 5000. Substance P and melittin were used as intemal calibrants,
so the numbers over those peaks are theoretical values. Labels over the other peaks indicate experimental masses.

1

between flight time and mass to be used for calibration with two calibrant peaks. Using a
simple external calibration with substance P and melittin, the m a s determination is
accurate to within about 30 ppm for ions up to a mass of at least 6000 Da. Such a twopoint extemal calibration is stable for severai weeks if the mirror voltage supply is lefi on.
The calibration is largely insensitive to the distribution of the voltages in the quadrupole
interface. In Our experirnents with a variety of voltage settings, the accuracy always
remaineci within 50 ppm using an external calibration and

- 30 ppm

using an intemal

calibration.

Mars range
As already demonstrated for electrospray ions, collisional cooling also removes
mass and m/r discrimination in the TOF mass spectrometer. In previously described
experiments, a wide range of masses (up to bovine insulin) have been analyzed at the
same time. At present the observable mass range is limited by the detection efficiency,

which decreases with mass for singly-charged ions at a given energy because of the strong
dependence of eficiency on velocity pestmacott et al., 19961. In the present
configuration, the energy of singly-charged ions at the detector conversion surface is only
about 5 keV (compared to 30 keV in typical MALDI experiments), and this results in a
substantial decrease in the relative intensities of the molecular ions with increasing mass.
These measurements are consistent with the relative intensities observed from the same
sample when analyzed in a conventional MALDI experiment using 5 kV acceleration.

In spite of the reduced eficiency for larger ions we have been able to obtain a

mass spectrum from cytochrome C @LW.= 12,359.2 Da) by using the ma>gmum laser
repetition rate (20 Hz), an increased amount of sample and 10 min recording time. The
spectnun show in Figure 30 was obtained with the same instrumentai settings as in
Figure 29, emphasizing the mass-independence of the optimum extraction conditions. The
observed peak width is the same as that obtained using electrospray ionization, Iirnited in

this mass range by the width of the isotopic distribution. The mass determination was
made using an extemal calibration obtained more than a month earlier.
The 5 kV potential difference between the injection electrodes and the detector
surface is the sarne as used previously for electrosprayed ions. There it was suficient for
observation of the entire mass range because of the higher charge States produced in ESI.
However, the eficiency for MALDI ion detection suffers from the low charges (typically

one or two) produced in the MALDI process. The obvious solution to the problem is to
accelerate the MALDI ions to a higher energy.

lTrne profile after cooling

An additional effect of the collisional cooling is to spread the ion beam out dong
the quadrupole axis. Our simulations of the ion motion in the collisional ion guide, using a
computer program based on a Monte Cario method, indicate that ions are cooled down
rather quickly (see, for example, Fig. 9). M e r the kinetic energy reaches thermal values,
the ions continue their motion with a small drift velocity. The drift velocity and

Figure 30. MALDI spectrum of cytochrome c from an a-cyano-4-hydroxycinnamic acid matrix. 100 picomole of the
protein was applied to the probe. The repetition rate of the N2 laser was 20 Hz and the spectrum was acquired for 10
min. The insets show expandsd m/z regions around the singly and doubly charged peaks with an indication of their
widths at half maximum.

consequently the transit time are strongly influenced by the fnnging fields that are present
near the edges of the various electrodes in the i m guide. The time the ions spend in the
quadrupole increases dramatically when the tiinging fields are minirnized, as shown
previously for electrosprayed ions.
Using the voltage settings indicated in Figure 2 8 4 in which the fXnging fields are
srnail, collisionai damping changes the initial beam pulsed at 13 Hz into a quasicontinuous bearn. This is illustrateci in Figure 3 1, which shows the distribution of transit
times through the quadrupole ion guide at a pressure of 70 mTorr for ions of various
peptides. In this measurement, the counting rate for an ion selected by the mass
spectrometer is recorded as a fùnction of time after the laser pulse (for the detailed
expianations see section 'T'me Dehy Memements' of the third chapter). The transit
times strongly depend on the operating pressure, as shown in Figure 32 for ions of

substance P. When the operating pressure is higher than 40 mTorr, the width of the time
distribution is -20 ms, about 25% of the time interval between laser pulses. This may be
compared to the subnanosecond duration of the original laser pulse; i.e. it represents an
increase in the time spread by a factor of at least 1
0
'
.
At first sight it would seem counter-productive to convert the original pulsed

MALDI beam into a quasi-continuous one, and then convert it back into a senes of pulses
for the flight time measurement in the TOF spectrometer. Nevertheless, this procedure
provides a nurnber of advantages, since the properties of the final pulsed beam are quite
different from those of the original beam. Multiple injection pulses
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Figure 31. Distribution of transit times through the collisional damping
interface for different MALDI ions. The interface was operated as a
quadrupole ion guide with collisional damping. The gas pressure in the
guide was about 70 mTorr and the repetition rate of the laser was 13 Hz.
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Figure 32. Distribution of transit times for substance P MALDI ions passing
through the collisional damping interface operating at different pressures.
The average transit times found fiom the distributions and the pressures are
i ndicated.

case - can be used for every laser shot, because the time-of-flight measurement is no
longer correlatecl with the laser pulse. This reduces the number of ions in a single time
measurement by at least the same factor, and thus eliminates problems of peak saturation
and detector-shadowing from intense rnatrix signals. In the present configuration, an
average of 3 to 5 ions are detected for each injetion pulse, and this is easily compatible
with single-ion counting methods with a time-to-digital converter (TDC). Singleion

counting makes the combination of high timing resolution (0.5 ns) and high repetition rate
(essential for maximum duty cycle) technically much simpler than using a transient
recorder, which is necessary in conventional MALDI experiments. Single-ion counting
d s o places much more modest demands on the detector and amplifier time resolution

because the electronic reduction and digitization of the pulse is quite insensitive to the
detector pulse shape [Ens et al., 19911.

Sensitivity

The spreading out of the ion beam dong the quadrupole axis has advantages as
mentioned above, but it involves some losses because of imperfect transmission of the ion
guide, and from the 20% duty cycle in Our instrument. The transmission of the ion guide
has not yet been optimized or measured carefully but preliminary measurements indicate
that the practicd sensitivity is in the femtomole range for substance P as s h o w in Figure
33. Five femtomoles of the analyte were applied to the target fiom a 5 n M solution using
4HCCA as the matrix in water/acetonitrile (2:l) with 0.1% TFA. The spectmm was

obtained in one minute, although enough sample was present for several more minutes of
accumulation. Figure 34 shows the spectnim obtained from a tryptic digest of citrate
synthase, again showing the d o m mass resolution over the mass range; the inset shows

the spectnim obtained from 20 femtomoles applied to the target. This sensitivity is
simila. to the typical sensitivity with conventionai MALDI. Even better sensitivity for
the same sample, in the range of a few hundreds of attomoles, has been achieved on our
QqTOF mass spectrometer with a MALDI ion source poboda et al., 1998, preliminary
results].
AIthough there are losses compared to the conventionai axial MALDI experiment,
the data rate cm be compensated to a large extent by the higher repetition rate and higher
fluence of the laser. h these expenments, the repetition rate was 13 Hz, but it can easily
be increased to 20 Hz with the current laser (as for Fig. 29). A laser giving rates up to at
least 100 Hz could be used before the counting system becomes saturated. In contrast, the

usual MALDI expeiirnent is run at about 1 or 2 Hz. The laser fluence in a conventional
MALDI expenment must be kept close to threshold to achieve the best performance, but
in the present configuration it can be increased to any convenient fluence up to the poi nt
where the ion production process saturates.
The ion losses in the orthogonal interface might be expected to give lower absolute
sensitivity than obtained by conventional MALDI but it seems that the lack of
dependence of the spectrum on the irradiation conditions (see below) allows more
efficient usage of the sample deposited on the target. Use of a fluence several times higher

than threshold continues to produce ions until the matrïx is completely rernoved fiom the
target probe. Figure 35 shows the dependence of the signal for substance P ions on the
number of laser shots on one spot. Here one pmole of the sample was applied on top of a

4HCCA matrïx, and a singie spot was irradiated

by a senes of shots from the laser,

nuining at 13 Hz. The laser intensity was two or three times the "threshold" intensity.
Dunng the first few hundred shots the sipal of the analyte increases, consistent
with previous observations that irradiation of a target with high laser fluence increases the

signal, possibly as a result of surface cleaning. M e r the initial increase of the signal it
begins to decrease, indicating the gradua1 exhaunion of the anaiyte-matrix deposit. Using

matrix layers thicker than normal helps to prolong the signal. On average, a given target
spot can be irradiated for up to 1 min at 13 Hz before a spot is exhausted. If the laser is
then moved successively to cover the whole target, a typicai loading containing one prnole
of sample can produce a signal for

- 1 hour, at which point the whole matnx/analyte layer

is removed from the tip of the probe.

Decoupling the ion sourcefiom the mass measurement
The above results indicate that the performance of the new MALDI configuration
is comparable to conventional MALDI, but with the advantage of a mass-independent
calibration and a simple calibration procedure. However, we believe that its most
important advantages stem from the nearly complete dewupling of the ion production
from the mass measurement. Optimum performance in conventional MALDI requires

Total time for irradiation of a spot -3 min
Repetition rate of the laser 13 Hz

-

Number of laser shots on one spot
Figure 35. Dependence of the number of substance P ions desorbed per second
from a given spot on the number of shots. One picornole of the peptide was
applied on top of the a-cyan&-hydroxycinnamic acid matrix and the laser was
operated at 13 Hz.

that the laser fluence and location of the laser spot on the sarnple be carefidly selected for
optimum performance. These conditions are typicaily different for different matrices and
even for different target preparation methods. The partial decoupling introduced by
delayed extraction has made these adjustments less criticai, but even so, commercial
instrument manufacturers have found it useful to incorporate software to adjust laser
fluence, detector gain, and laser position, and to reject shots in which saturation occurs.
None of this is necessary with the present technique. The performance obtained
above shows no dependence on target or laser conditions. The detector is set for singleion counting and the laser is simply set to any convenient Buence up to maximum.
Although this may be several times the usud "threshold" value, no effect on sample
fragmentation has been observeci. The laser can be moved to a different spot on the target
without any readjustrnent. As a result, the acquisition of MALDI spectra is extremely
simple, requiring very little operator expertise and no need for software control of laser or
detector conditions.
A major advantage of the decoupling is the ability to make both MALDI and ES1

measurements on the same TOF instrument, as described below. In addition, several other
potential advantages are evident. A decoupled MALDI source at a potential close to
ground should be convenient for investigating new types of target, such as insulators or
membranes, or lasers with different wavelengths or pulse widths. The effects of such
changes can be evaiuated readily, since the mass measurement is independent of these

conditions. The decoupling also permits selection of a parent ion for MS/MS
measurements before entry into the TOF spectrometer.

M

M mode of operation

Complete decoupling of an ion source fiom a mass spectrometer provides an
opportunity to perfonn various manipulations of the produced ions before mass
measurement. One example of such manipulations is mass selection of a parent ion
followed by collision-induced dissociation and mass analysis of the fragments (MS/MS
experiment). This can be done most suitably in a tandem quadrupole-TOF system, which
was mentioned earlier [Shevchenko et al., 19971, but even in the present instrument, it is
possible to perfom an MS/MS experirnent. To evaluate this mode of operation, a few
experiments were carried out.
Figures 36-38 show the MALDI mass spectra of a tryptic digest of citrate
synthase (CS) obtained using the three different modes of operation shown in Figure 28.

The spectrum shown in Figure 36A was obtained by using the RF-only mode of the
quadmpole ion guide operation, i.e. it shows the full parent ion mass spectrum. Figures
36B and 36C show the mass filtering mode, which is andogous to a filtering mode

implemented in conventional quadrupole mass filters. Here, small dc voltages are applied
to the first section of the quadrupole ion guide to select the tryptic h g m e n t peaks either
at m/r 1265.63 or at nu" 1598.85 (see Fig 28 B); mass filtering mode of a quadmpole ion

265.63

Mass selection of TIll-120

Figure 36. MALDI spectra of a tryptic digest of citrate synthase obtained in
the different modes of collisional ion guide operation. (A) RF-only mode; (B) and (C)
mass selection mode in which the first quadrupole is used as a mass filter.
The CS tryptic bgment peaks identified previously as Tl 11- 120 and T57-70(Fig. 34)
were selected for the foliowing MSMS expriment

guide operaîion was also demonstrated for electrospray ions). The second quadrupole

-

section still acts as an ordinary ion guide. An approximately 30 m/z window for a mass
selection is rather wide, so the quadrupole resolution is not high (- 40-50). The intensities
of the selected peaks are also sxnaller than in the original specimm, presumably because of
losses while mass filtering at a high pressure (-70 mTorr). Nevertheless, both peaks could
be selected for the following MSlMS expenment.
A collision-induced dissociation (CID)mass spectrum of the CS 11 1- 120 tryptic

fragment (sequence: HTMIHEQITR, 1265.64 m/z) is shown in Figure 37. To cause
fragmentation of a parent ion, the potential difference between the quadrupole sections
was increased to 100 V so that the ions selected by the first quadmpole could undergo
acceleration in that region. This region acts as a collision ceil. The second quadrupole still
serves for collisional cooling of

the fiagrnent ions. The RF is the sarne in both

quadrupoles, but the amplitude of the RF voltage in the second quadrupole is only one
third of the amplitude of the RF voltage in the fint one (as shown in Fig. 28C). This
allows the daughter ions lighter than the parent ions to have stable trajectories and to be
transmiaed through the second quadrupole Dawson, 19761. As can be seen from the
spectmm, not all selected parent ions suffer dissociation at 100 eV collisionai energy. The
spectrum is noisy (because of the wide mass selection window), but the fragmentation
pattern consisting of a series of more prominent (a,b,y)-fiagrnents is clearly recognizable.
The intensities of fragment peaks are small in cornparison with the intensity of the parent
ion so the region inside dotted lines is expanded by a factor of 6. Fragmentation can be

enhanced by increasing the voltage between two quadrupoles, but the pattern becomes
less infornative because of increasing Fragmentation of the daughter ions. A similar
hgmentation pattern was observed in MS/MS analysis of CS tryptic hgment 57-70
(sequence: ITFIDGDEGILLHR, 1598.85 dz), whose CID spectrum is shown in Figure
38. But in this case, some of the y-fragments are missing, only a few a-fragments are

present (not labeled for this reason), and only seven b-fragments are present in an
unbroken sequence.
Once MALDI ions of interest have been selected, they can be used for an MS/MS
expenment Aithough the fragmentation pattern looks similar to the one already known
from PSD measurements [Spengler et al., 1992, 19951, it can be more controlled in the
experiments descnbed by changing CID energy. Partial identifications of a primary
structure for a few other mode1 peptides (substance P, and Arg-bradikinin) have been also
performed. However, a more detailed investigation is needed to understand whether there
is a common hgmentation pattern. Some preliminary results obtained in our QqTOF
system coupled to a MALDI source indicate that structurai information can be readily
obtained from peptides presented in low femtomole amounts on the MALDI target
[Loboda et al., 1998, preliminary results].

Observation of Electrosprayed Ions in the same Instrument
Because the collisional damping interface decouples the ion source from the TOF
spectrometer, it is straightfonvard to insert an ES1 source in place of the MALDI one. In
the geometry of Figure 26, the MALDI probe of Figure 27 can be simply replaced by the
ES1 probe shown in Figure 39, which has a capillary (0.22 mm ID, 18.5 cm long) inside
the probe shaft. Ions from a conventional electrospray source at the end of the probe pass
through the heated capillary, together with the nitrogen used as a curtain gas. In this case
the gas flow through the capillary detemines the pressure in the first vacuum charnber. It

is maintainecl at -100 to 180 mïorr, depending on the temperature of the capillary.
Interchange of the ES1 probe and the MALDI probe can be done within a few minutes.
Figure 40 shows both MALDI and ES1 m/z spectra of a mixture of two peptides,
substance P and melittin, obtained from the same solution. To begin with, a 104 M
solution was sprayed for I min to obtain the ES1 spectrum shown in Figure 40A. Th-n
the ES1 probe was removed, a matrïx layer on the tip of MALDI probe was prepared, 1
pL of the same solution was applied on top of the matrix, and the MALDI probe was put

into the interface. The MALDI spectrum of the mixture obtained ( a h for 1 min
acquisition time) is presented in Figure 40B. As expected, the m/r spectra look rather
different because of the larger charge States produced in the electrospray process.

On the other han& the mass spectmm from ESI, obtained by deconvolution, is
very similar to the MALDI spectrurn. Expanded regions of the spectra are show in
Figure 41. The resolution is again about 5000 for both sources. The intensities are

ES1 probe

Figure 39. The ES1 probe. It consists of a capillary (a) installeci in the
shaft 0).
The tip is separated by insulator (c) from the rest of the sha&
which is mounted in a hollow knob (d). Ions obtained from an
electrospray source (e) near the entrance to the capillary pass through a
counter 80w of a curtain gas ineoduced into the knob through the inlet
(f). The heater (g) maintains the temperature of the capillary.
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Melittin
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MALDI-TOF, Expanded Regions of m/z Spectmm
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Figure 41. Expandeci regions ofthe MALDI specûurn of Fig. 40 and the deconvoluted
ES1 spectnun obtained fiom the d z ES1 spectrum of Fig. 40. The sarne resolution
(-5000) is obtained. Here the calibration was obtained from the m/r ES1 spectrum,
and the labels over the peaks indicate the vaiues yielded by the calibration program
for the peaks in the deconvoluted ES1 spectmm and from the MALDI m/l spectm.

comparable for substance P, but the intensity of melittin in the MALDI speanim is

smaller because of the lower detection efficiency. The accuracy of mass determination is
within -50 ppm.
Myogiobin is tw large a rnoleu.de to be observed by MALDI with the present
accelerating voltages, but it was examined by electrospray as a test of the operation of
that source at higher mas. Its d'.s p e c t m is shown in Figure 42, with the deconvoluted

mass spectrum as an insert The ions were introduced directly from the atmosphere into
vacuum through the capillary (unheated in the present case). Although the diameter of the
capillary is much smaller and its length is larger than the capillary used in the previous
collisional damping interface for electrospray ions, the intensities of the ion signals are
comparable when spraying solutions of equal concentrations. Probably this is a result of
more efficient ion collection from the supersonic jet when the ions enter the first section
of the quadrupole ion guide directly from the capillary. Declustenng of myoglobin was
perfonned in the region between the two quadrupoles by setting a potential difference
between them.

Conclusioas

The collisional damping interface provides a satisfactory solution to the problem
of orthogonal injection of MALDI ions into a TOF mass spectrometer. Resolution and
sensitivity are cornpetitive with the values found in the usual axial injection mode.
Moreover, the configuration has a number of distinctive advantages. In particular, it

Figure 42. ES1 spectnim of myogiobin obtained by using the ES1 probe.
Declustering of myogiobin ions was perfomed by setting a 40 V potential
difference between the first and second quadmpoles in the collisional ion
guide.

decouples the ion production process almost completely from the mass measurement, so
various manipulations of the produced ions are possible pnor to their orthogonal
injection. The experiments in which the parent ion was selected for the following CID
show that structural information can be obtaineû fiom the mass spectra of the fragment
ions. However, such MSMS measurernents can be done most suitably in a QqTOF
instrument and this work is in progress. Finally, another important consequence of
decoupling is the ability to study the ions produced both by MALDI and by ES1 in a

single TOF spectrometer.

V.

APPLICATION OF THE ES[-TOF III MASS SPECTROMETER
FOR QUANTITATIVE EVALUATION OF PROTEIN-PROTEIN
AND LIGANDPROTEIN EQUILIBRIA OF A LARGE
ALLOSTELUC ENZYME.

Introduction

The considerable improvements in sensitivity and mass resolution have advanced

mass spectrometry (MS) as an important analytical tool for solution of many biochemical
problems. Because of its unparalleled ability to di$inguish species of different moleailar
masses, it has the potential to analyze macromolecular complexes with multiple
components in equilibrium. MS can give unique iwights into the formation and properties

of these complexes, yielding information that is complementary to that obtained by other
well established methods

(X-ray

crystallography,

nuclear magnetic resonance

spectroscopy, ultracentrifuge, gel electrophoresis etc.). The technique cm be particularly
valuable when the amount of sample is lirnited. In fact however, MS has not been
applicable to the study of noncovalent complexes until fairly recently F a t t a & Chait,
1991; Ganem et al., 19911, because these weakly bound entities were destroyed during

transfer into the gas phase or in the subsequent ionization. This problem has been greatly
alleviated by the development of electrospray, a very gentle ionization method, and an
increasing nurnber of measurements on noncovalent complexes are being carried out wi th
this technique. In a number of cases ES1 has been shown to preserve higher-order
noncovalent interactions [Loo,19971.

A senous practical problem for MS measurements is the limited m/z range of moa

commercial mass analyzen (usually <4,000 dz); this is inadequate for the observation of

many interesting but large complexes. The use of a time-of-flight mass analyzer combined
with ES1 provides an attractive solution to this problem, since TOF instruments have in

pnnciple an unlirnited mh range.
As shown previously, incorporation of a collisional quadrupole ion guide into our

TOF III mass spectrometer considerably extended the analyzed mass range, an advantage
that has been used for analyses of many large noncovalent complexes [Chernushevich et
ai., 19981. One example of such a system studied is ficherichia c d i citrate synthase

(CS), the enzyme that initiates the citnc acid cycle [hickworth & Bell, 19821. The
enzyme plays one of the key roles in cellular metabolism and catalyzes the reaction
between oxaloacetate and acetyl coenzyme A to produce citrate and coenzyme A. It also
interacts with its inhibitor, the reduced form of nicotinamide adenine dinucleotide
(NADH), and it is involved in simultaneous protein-protein and ligand-protein equilibria.
Although an allostenc mechanism of inhibition has been proposed peitzman, 1966;
Weitzman & Jones, 1968; Duckworth & Tong, 19761, exactly how this occun has been
unknown. In attempt to answer this and other questions, recombinant E. coli citrate
synthases has been examinai in Our ESI-TOF III mass spectrometer with a collisional
darnping interface and the orthogonal injection of electrosprayed ions.

Experimental

Repdon

of s m p k

The E coli CS expression plasnid and host strain used were desaibed previously
[Anderson & Duckworth, 19881. CS was purified fiom ce11 extracts by diethylaminoethyl-cellulose chromatography followed by size exclusion chrornatography
through Sepharose 6B, essentially as descrïbed [Duckworth & Bell, 19821. For ESI-

TOFMS, CS amples, initially in 20 rnM TRIS-CI, 1 rnM EDTA, and 50 m M KCI, were
washed 6 to 8 times with 2 ml aliquots of 20 rnM -CO3

in a Centricon 30 (30,000

molecular weight cut-off), and diluted to the appropriate protein concentration such that
the buffer concentration was 5 mM. Stock CS concentration was determined spectro-

photometically using its known extinction coefficient of 47,000 M-' cm-'at 278 nrn. The
disodium salt of NADH was prepared by dialysis against 20 rnM N&HC03 to remove
sodium ions. The concentration of NADH was detemined spectrophotometncail y using
its known extinction coefficient of 6,220 M" cm-'at 340 m. For each mass spectrum. a
sample was prepared one day prior to the ESI-TOF expenment by mixing the
appropriate components and diluting to 5 mM NH4HC03.

Eiecbospray specbltn, of cihate synthase under denaturing condin'ons
An electrospray spectrum of citrate synthase obtained from an acidic solution ( l / l
V/V

methanol/deionized water, 5% acetic acid) is s h o w in Figure 43. The experimental

mass determined after deconvolution of the m/z spectmm is 47,887 f 2 Da, which is in

good agreement with the theoretical mas 47,885 Da, calculated from the amino acid
sequence as inferreci from the gene sequence v e r et ai., 19831, but correcting Phe-288 to
Val ponald et al., 19911 ornithg Met-1 , and replacing Asn- IO by Asp as found by Nterminal sequencing of the protein itself [hickworth & Bell, 19821.

Electrospray spectm of cibate synthase under non-denatunng conda'ons
In their native fonn, most citrate synthases are dimers; formation of hexarners is
confinai to CS from gram-negative bacteria (such as E. colz], a group that also di splays
dlostenc inhibition by NADH. With E. coli CS, previous equilibnum ultracentrifugation
studies showed that aggregstes greater than dimer are favored by lower pH or by high salt
concentrations; a simple dimer-hexarner equilibnum could be demonstrated at reiatively

high ionic strength. At low i onic strength, where non-ideality effects di stort concentration
distributions in the ultracentrifuge, mixtures of different oligomeric forms were clearly
present, with higher aggregation at lower pH, but it was not possible to decide exactly
what species were present [Tong & Duckworth, 19751.
Measurements in Our TOF III mass spectrometer on E coli CS, in low ionic

strength buffers, compatible with ES1 ,now clarify this question. As shown in Figure 44,
only dimers (measured mass = 95,770 f. 10 Da) and hexarners (measured mass = 287,322

f 30 Da) are present in significant amounts in the spectrum obtained from a 5 m M
ammonium bicarbonate buffer (pH -7.5). Similar data were obtained at pH 6 (5 m M

ammonium acetate buffer), except that more hexarner was present and no tetramer was

11

Hexamer

C Hexamer
287320

Figure 44. (A) Electrospray spectnun of citrate synthase obtained from 5 m M
ammonium bicarbonate b a e r (pH7.5). (B)and (C) mass specm of the dimer and the
hexamer of citrate synthase obtained by deconvolution of the m/z spectrum.

c
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Figure 45. (A) Electmspray spectrum of citrate synthase obtained from 5 mM
ammonium acetate buffer (pH 6). Q) and (C)mass spectra of the dimer and the
hexamer of citrate synthase obtained by deconvolution of the mlz spectrum.

observed (Fig. 45). The advantage of bang able to measure high m/z ratios is obvious

-

ions arising from CS dimers appear at d z up to 5,500, and those arising from hexamers
up to m/z -10,000. These measured masses are in good agreement with the theoretical

values of 95,770Da (dimer) and 287,3 10 Da (hexamer). Some tetramers are also observed

(Fig. MA), but with considerably lower abundance. Their intensity appears to follow the
dimer abundance (see Figure 48), suggesting that they arise from a nonspecific interaction
between two dimers.

D e p e n k e of the dimet-

molar rutio on CT concenbation

The dependence of the dimer/hexamer molar ratio on concentration of CS subunits
in the solution was measured at pH -7.5 and, the result is s h o w in Figure 46. This result
c m be quantitatively explained by assuming a simple equilibrium between dimers and

hexamers and an association constant (KA)of 6.9 x '01

M.* . The association constant

was determined from the fit (shown by a solid line) of the equation:

where FI] is the subunit concentration of CS and,

R is the ratio of dimer to hexamer,
to the data shown in Figure 47 (the derivation of this equation and the detailed
explanations are given in the Appendix IIIA). KA values measured under comparabie
conditions are not available from equilibrium centrifugation, since convection and nonideality effects prevent that method from king used eEectively at such Iow electrolyte
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Figure 46. Selected eiectrospray spectra of CS (pH7.5) obtained at the
different concentrations of CS subunits in the solutions. The concentrations
are indicated in each spectrum.

Concentration p M

Figure 47. Dependence of dimerhexamer molar concentration ratio,
DIIN, on CS subunit concentration. Molar ratios,
were found
from the electrospray spectra (Fig.45) by integrating the peak areas that
correspond to the dimer and the hexamer, and then by finding the ratio
of obtained values and correcting this ratio by factor 1A.3 as explaineci in
the Appendix III. Assuming that the p]/[Hlratio is completely
described by the equilibnurn 3D = 9 fitting the curve to the data gives
K ~ = ( 6 . 9 . f0.7)~
1010 M-2-

[D]/m

concentrations pphantis, 19641. The most similar conditions tried in the ultracentrifuge
(20 m M TRIS-Cl buffers of pH 7.0 and 7.8) showed decided signs of non-ideal behavior

[Tong & Duckworth, 19751 and data obtained in 50 mM KCI, 20 mM TRIS-CI, pH 7.8,
could be interpreted as showing a dimer-hexarner equilibriurn; KA value calculaîed nom
those data is (4.1 I0.5) x 10" M*'.This is slightly larger than the value calculated from
the present results by ESI-TOFMS at somewhat lower pH values and in the absence of
sa15 it is ciifficuit to know how to use the ultracentrifuge value to estimate KA in
electrospray bufTers, since KCI is an allosteric activator of CS [Weitzman, 19661 - and
thus might well affect the strength of subunit interactions - as well as a source of ionic
strength.

Conpiexes of cibate synthuse with NADH
While it has been suggested previously that NADH inhibition involves the
hexamenc state of CS ~uckworth& Tong, 19761 no clear-cut evidence was available on

this point. Electrospray spectra of CS in the presence of NADH now show that there is a
most direct involvement: NADH shifts the oligomenc ratio towards hexamer (Figure 48).
As NADH is added, the hexamenc part of the spectra consists of a set of NADHhexamer complexes, dmost fully resolved from one another, and containing from O te as
many as 18 NADH molecules. A set of NADH-dimer complexes also appears, but only

at the higher NADH concentrations.
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Figure 48. Selected electrospray and deconvoluted mass spectra of CS
(9pM subunit concentration the presence of increasing concentrations of
NADH in 5 mM amt~loniumbicarbonate at pH 7.5). NADH concentrations
were (A) 4.5 CLM, (B)9 pM, (C)18 p M , (D) 108 pM. The digits labeling
the deconvoluted spectra correspond to the number of NADH molecules bound

Sumnaary on the tàîratr'on expenbnent

The way in which these sets of complexes develop as NADH is added is s h o w in

detail in Figure 49, where the average numbers of NADH molecules bound per subunit are
plotted, for hexamers and dimers, as functions of fiee NADH concentration. Diffaences
in binding specificity are immediately apparent. The haüuner binds NADH at very low
concentrations, rapidly filling one site per subunit at about 10 mM NADH in a noncooperative manner. At higher NADH concentrations, the number of bound m o l d e s
continues to increase, but gradually. This behavior is in sharp contrast to that exhibited
by the dimer, where the increase in the number of NADH molecules bound is graduai

throughout the entire NADH concentration range, and never reaches one site per subunit
over the measured range. This suggests that non-specific binding occurs to both dimers

and hexarners, but that specific binding is exclusive to hexamenc CS.

Dissociation constants

In order to describe quantitatively the difference in NADH binding specificity for
dimers and hexamers at pH 7.5, the data in Figure 49 were fitted to a hyperbolic function

with two terms to describe different binding sites:

where r i s the average number of NADH molecules bound to a subunit and,

[LI is the concentration of unbound ligand.

O

10
20
30
40
50
Free NADH concentration ( PM)

O

10

20

30

40

50

60

60

Free NADH concentration( pM )
Figure 49. NADH binding to hexameric (A) and dimeric (B) CS in 5 rnM
NH4HCO3 (pH 7.5). The data were fitted to hyporbolae; to account for
specific and non-specific binding to hexamenc CS, two terms in the
equation shown in the text were used - one term for binding to six 'tight'
sites (one site per subunit) and the second tenn for binding to 12 weaker
sites (two sites per subunit). The solid Iines are the resultant fits and Table
II shows the binding constants obtained.

The derivation of this equation and explanations are given in the Appendix III B. Binding
to hexamer involves at 1-t

two classes of site - one set of six sites per hexamer with a

dissociation constant (TCDI) of 1.1 f 0.2 J.LM,and a second class of at least 12 weaker
sites, 12 sites were assurned in calailating the K m value reported for this second or
"loose" set of sites. The results are shown in Table II. Binding to dimer is also weak, and
can be interpreted as a single class of two sites per dimer with a KD of 28 t 3 pM. Thus,
NADH binds tightly and specifically only to hexamer. Weak binding of NADE molecules

may be a genuine property of CS in solution, or it may be an artifact
arising because al1 non-volatile species (including NADH) are greatiy concentrated during
evaporation of soivent in the electrospray source. That is, the weakly-bound NADH
molecules may be andogous to the adducts of macromoleailes with sodium or
potassium ions that are constantly encountered in ES1 if declustering voltages are
insufficient to disaggregate them.
The KDI value for tight binding of NADH to CS hexamers is the same as that
previously determined for NADH binding in solution, 1.1 pM under similar conditions
(20 mM TRIS-Cl, pH 7.8) by a fluorescence methoci [Duckworth & Tong, 19761. In the

earlier fluorescence study, the number of NADH sites measured was less than one per CS
subunit, and increased towards lower pH ~uckworth& Tong, 19761. The present results
suggest a probable explanation for this trend: since tight binding occurs only to hexamen,
and the proportion of hexameric CS increases as pH is lowered, the nurnber of NADH

Parameter

Value

KA= [hexamer]~dirner]'

(6.9f 0.7~<10'~
M-*

KI, for NADH binding to dimer

28.3 f 3.4 p M

Koi for NADH binding to hexamer,
"tight" sites

1.1

+ 0.2 p M

Km for NADH binding to hexarner,
"lwse" sites

155 I19 p I V f

The Km value for the second or "loose" set of NADH binding sites was caiculated by

assuming that there are 12 of these sites per hexarner.

Table II. Equilibrium constants for CS dimer-hexarner-NADH system as

determined from ESI-TOFMS data in 5 m M NH&C03.

sites would appear to increase at lower pH if re-equilibration between dimers and
hexamers was slow.

Conclusions
There are distinct advantages to studying protein-protein and protein-ligand
equilibna by the orthogonal injection ESI-TOF mass spectrometry. Some standard
methods for investigating protein-protein equiiibria, like ultracentrifuge or light scattenng
techniques, give average molecular weights, which must then be interpreted in terms of the
components probably present, though not resolved from one another. Other methods, like

gel permeation chromatography, frequentiy fail to resolve components, and always
require calibrations that are built on assumptions. With mass spectrometry, each
component in a mixture is clearly resolved and can be identified by its mass. Standard

methods for studying protein-ligand equilibria, such as equilibrium dialysis, c m give good

KD values, but the stoichiometry of a complex must be determined by extrapolating a
senes of measurements, each of which is the ratio of two experimentally detemined
numbers, so that the precision is low. Here we have shown that mass spectrometiy of a
very large macromolecule, the hexamer of CS, can resolve several closely relatedcomplexes containing different numben of ligand molecules, and give an exact
stoichiometry for each. For tight, specific binding, the KI,value for a protein-ligand
interaction has also been accurately determineci. It will be interesting to extend this kind of
study to other biochemical systems displaying multiple equilibria, and to see whether the

describeci approach will be generally applicable to the study of non covalent complexes of
biologid importance.

FINAL CONCLUSIONS AND PERSPECTIVES
Several collisional darnping interfaces have been designed for Our ESI-TOF

spectrometer. Computer simulations and experiments perfomed in the instrument with
the new interface indicate that cdlisional cooling of ions improves the quality of the
pnmary ion beam orthogonally injecteci into the mass spectrometer. Very important
charactenstics of the instrument such as resolution and sensitivity were greatly improved.
In addition, mass discrimination was reduced providing an observable mass range greater
than IMDa. The resulting instrument appears to be very useful for the study of large
biological compounds and

noncovalent complexes in particular. Many noncovalent

complexes have been successfully studied in the TOF III with the new interface. One
example of a such a system studied, that of ficherichia cofi citrate synthase interacting
with its dlostenc inhibitor NADH, is reported in this thesis. The observation of large

noncovalent complexes between citrate synthase dimers (M.W .= 95,770 Da) hexamers

(M.W. -287,320 Da) and a relatively small ligand (MW. of NADH = 665 Da)
demonstrates the capabilities of the mass spectrometer. Experience accumulated in the
studies of these large macromolecular systems indicates that one of the major problems
involved in observation of noncovalent complexes in an ESI-TOF instrument relates to
the sufficient purification of a sample, and yet, not to the instrumental characteristics of
the spectrometer. Many interesting macromolenilar complexes have very large masses
(for example, multi-component enzymes, intact viruses etc.) and the ways to achieve
sufficient purity of the samples must be explored in the fiiture.

Collisional cooling was also implemented for improving the ion beam quality of

MALDI ions. High sensitivity and resolution have been achieved in the sarne TOF III
mass spectrometer coupled to a MALDI source through a collisional damping interface.
In addition, another interesting phenornenon was first predicted on the basis of cornputer
simulations using the program describeci in the thesis, and then verified expenmentally.

This phenornenon is the formation of a quasi-continuous ion beam from an originally
pulsed beam of MALDI ions. Thus, a rather novel concept of combining both very
powefil ion sources, ES1 and MALDI in the same TOF mass spectrometer has been
introduced. It was shown that high performance can be achieved when both ion sources
are coupled to the mass spectrometer through a collisional damping interface, which
converts a pulsed beam of MALDI ions into an almost continuous beam, and leaves a

bearn of the electrosprayed ions as a continuous one. This approach appeared to be
successful and the examples of electrospray and MALDI spectra obtained in the TOF III
mass spectrometer have been shown. Recent results from the incorporation of a MALDI
ion source in our tandem instrument (QqTOF) originally daigned to operate with an ES1
source, show competitive performance with the b e a axial MALDI instruments with
delayed extraction. Resolution more than 10,000 and sensitivity in the attornole range for
peptides with mass up to 5000 Da have been obtained in this instrument (these results
will be published). Moreover, the MSMS capabilities of the last instrument with both
ES1 and MALDI sources may be a great benefit especially when structural information is

required. MSMS mode of operation with MALDI ions is under investigation.
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APPENDICES

1. Calculation of the ToW Fligbt Time of Ions in the TOF M u s Spectrometer
with orthogonal Injection.

Let's consider a special case oniy, when the mass spectrometer consists of onestage accelerator. a field-free region and a simple one-stage mirror as shown in Figure 4.
Then, the total ion flight time to the detector is the sum of three components:
t = t , +t2+13

where, t , is tirne an ion spends in the accelerator
t , is time an ion spends in the field-free region
t , is hme an ion spends in the electrostatic mirror

Let's neglect the time an ion may spent in a post-acceleration region which, in some cases,

is used to improve the detection efficiency of the detector. Since this region is usually
small, the approximation is valid.

a. Computation of tl
t , can be computed from the equation of ion motion in the accelerator:

da = a t 2 / 2 + v l t + z

(1)

where, da is the length of the acceleration region measured relative to the ongin, which
coincides with the center of the orthogonally injecteci beam.

a = qv, I md,

(2)

is acceleration of an ion with a charge q and mass m across a given potential Va at
the distance da .

,

v is an initial ion velocity dong z-axis (can be negative and positive).
z is an initiai ion position dong z-axis.

Thus, tr is:

neglecting a negative root of the quadraîic equation.

Substituting the expression (2) for acceleration into (3) and rnaking some re-arrangements

gives:

Introducing va = ( 2 q /~mlY2 the velocity an ion gains afier acceleration across the
potential V,,

and finally,

where,

is the energy deficit relative to the energy of the ion starting its movement at z=0 with no

,

initial velocity u .
b. Computation of 9

The velocity v, with which an ion leaves an acceleration column can be easily computed
fiom:

Substitution of (2) and (6) into equation (7) gives:

And thus, the time an ion spends in the field-free region of length D is:

c Computation of 6

Ln the electrostatic mirror, an ion undergoes first deceleration until it is totally
stopped by a retarding potential and then re-acceleration back, toward a detector. Thus
the time an ion spends in the mirror is
t3 = 2(v2 1 % )

where, a, is acceleration of an ion in the rnirror. It can be computed as:
am= qv, / mdR = (2q~arn)/26, = II: / 2dR

where, dRis the depth o f ion peneû-ation into the mirror.
Substitution of (8) and (1 1) into (10) gives the time an ion spends in the mirror:

Combining al1 terms, the total time is:

The parameter p is small comparative to unity because the width of the beam is small
( Z = O) and, v

, cc va.

Then using Taylor expansion, some tems can be expressed as:

Keeping al1 terms up to the second order and collecting them in the final expression (14)
for t, we get

The last expression can be re-written in more compact form:

Df, [I + Ap 1fo + hp2l & + ...( 2da 1D)(V 1 va)]
r =*a

where, f, = 1 + ( 2 d , +4dR)lD
I
2

f ; = -[l

-(2da + 4 d R ) l ~ ]

1
fi = -[3

- (2d, + 4dR)l

8

DI

The expression (17) was used in the text.

IL Computational Algorithm based on Monte Carlo Model for Simulation of Ion
Motion in the Collisionai Quadrupole Ion Guide.

Our simulation of the ion motion makes a number of simplifjhg assumptions. It
is based on an iterative three step procedure:
1)

W e assume that the probability of having a collision in a distance I with a

molecuie of a b&er gas of density n is:

P(Z) = e-ml
The mean free path fp can then be computed as:

where a is the collision cross-section and
The time

5, is a random number between O and 1.

r until the next collision is approximated as:

where l6,l is the ion speed at the moment of collision.
2) Between collisions, the ion motion is modulated by the RF field and we

numerically solve the Mathieu equation over a time interval .r using Euler's method [Press
et al., 19881 with small time slices At (Atcl O ns). The equations of motion in the x and y
directions are defined by [Dawson, 19761:

d 2 x NeVx
+2
COS W = O

dt

where:

mir,

m,

isthemassoftheion

e

is the charge of an electron

N

is the number of electronic charges on the ion

r,

is half the spacing between opposite poles,
(3 -5 mm in the present case)

w

is the angular frequency of the RF field

V

is the maximum amplitude of the RF field

The coordinate system is shown in Figure 7.

. .

3) The ion's new velocity components (vi vi v,. ) after collision are computed

based on a hard sphere collisioii mode1 with stationary gas molecules.

In the coordinate system (x',y7,z'), in which the direction of the 2'-axis coincides with
the direction of the initial velocity vector these components are:

where m,

is the mass of the ion

-

is the mas of the bufTer gas molecule

M=m,+m,
8

is the center-of-mass scattering angle.

9

is the azimutha1 angle between the x' a i s and the plane of scattering.

For hard sphere collisions, the scattering is isotropic in the centre-of-mass system

(CMS) [27], so the probability of scattering into the spherical polar element of solid angle
dR = de sin Me at angles (8.9)is:

P(& @)lm
=

d e sin W @
43r

Integrating over # yields the probability of scattering through angle 8:

For application of the Monte Car10 method we follow the standard procedure [see, for
example, Sobol, 19741] and set

where

52 and e2 are random numben between O and 1.

Figure 50 compares the distribution of scattering angles obtained in a typical run with the

theoretical distribution given by equation (7)above.

Finaily, al1 the veloci ty vector components are re-transformeci into the original coordinate
system (x,y,z) using a cwrdinate transformation Peyer, 19871. Then, we go back to step
(1)-

Figure 50. Cornparison of the distribution of scattering angles
obtained in a typical program run (histograrn) with the theoretical
distribution described by eq 7.

III A. Determinition of the Association Constant KA for Dimer-Hexamer
Equilibrium.
The association constant between dimers and hexamers of CS cm be found if
equilibrium between the two species is assume&

where [Hl is the concentration of the CS hexamer

[Dlis the concentration of the CS dimer, and
K A is the association constant.
Assuming that only CS dimen and hexamers are present in the solution yields a
simple equation:

[Ml = 2 [ a +

WI

where [M]is the total concentration of CS monomer put into solution.
Parameters that can be measured rather precisely from experiment are the
concentration of the CS monomen and R, the relative ratio of the dimer and the haamer
concentrations (R=[D]/[H') (corrected for the different sensitivity of the TOF mass
spectrometer for dimers and hexamers, see below).
The above equations may then be rearranged:

[Hl = K,R ' [ H ] ~

[Hl= [Ml / (2R + 6 )
Substitution of equation (2') into (1') gives:

is the relative ratio of the dimer and the hexamer concentrations.
where R=pJ/m'

R was determined from each spectmm by integrating the relevant peaks, and correcting
this value by some factor which takes into account different instrumentai sensitivities for
dimers and hexamers.
The correcting factor was found as follows: the sensitivity for "pure" hexamer was
detennined by using a sample of CS in excess NADH (10 p M CS subunits, 100 PM

NADH, the latter being sufficient to shift CS completely to hexamer

- see below).

Sensitivity for "pure" dimer was determined using a sample of CS that had been alkylated
at Cysteine-206 with 3,3,3-trifluoro-1-bromoacetone (TFBA); separate expenments
showed that TFBA modification prevents hexamer formation in the concentration range

we used (not shown). It was previously shown that TFBA alkylation of E. cdi CS
abolishes specific NADH binding [Weitzman, 19661; the present finding, that TFBAmodified CS does not convert to hexamer, sufficiently explains why the modified enzyme

binds NADH only weakly. In TOF III mass spectrometer, the ratio of sensitivities for
dimer and hexarner was found to be 1-3 f 0.1, that is, an equirnolar mixture of dimers and
hatamers would give a peak area ratio of 1.3.

III B. Determinition of the Dissociation Constant KD for NADE Binding
A general treatment of the theory of multiple equilibria can be found in [Tanford,
196 11. However, it is informative to show the derivation of the equation for KD explicitly.

Consider a protein (P) which has an N - identical independent binding sites to bind

a ligand (L). A general expression describing the equilibrium between the protein with
(n+l) bound ligands and one with n bound ligands, where n is some number between O
and N, can be written as:

where the statistical factors is the ratio of the number of sites avalilable for binding

(N-

n) and the number of ligands that can dissociate (n+ I).

KD is the dissociation constant for an individual site.
For example, assuming 6 independent binding sites with equal

KD

hexamer of CS, the equilibrium conditions for al1 6 species cm be written as:

's

for the

2KD
-[H
5

- 2 L ]= [ H - LI- [LI

-S[KHD * 5 L ] =
2

[ H -4 L ] . [ L ]

where [LI is the concentration of free ligand [Hl is the concentration of fiee hexamer,

[HeL ] is the concentration of the hexamer-(one ligand) complex etc.
Summing al1 equations and taking the denominator from the left hand site to the
right hand site gives:

K,(H-L]+~[H
-2~]+3[~*3~]+4[~-4~]+5[~-5~]+a~-6~])=
= [LX@H]+ $H* L ] + q H - 2 L ] +

~[H-~L]+~[H~L]+[H.SLU

The last equation can be rewritten as:

noti ng that i [H iL] = O for i=O.

Introducing (N) ,the average number of occupied sites as:

(6)

the equation (7) becomes:

K, (N)=

where A is the average occupancy or the average number of Ligands bound per subunit of
the haxamer.

The average number of ligands bound per subunit of an oligomercan be found
directly fiom the mass spectra by measuring the average mass of the oligomer-ligand
complexes fomed:
A=- 1

N

(M-4
m,

where N is a number of subunits in the oligomer

(M) is the average mass the oligomer-ligand complexes

Mo is the average mass of the oligomer itself',
r n is
~ the average mass of the ligand.

Validity of this expression depends on the precision with which the bound species
are resolved in the mass spectra, since we assume binding of only one type of ligand In
particular, undetected adducts such as sodium, potassium, water moleailes of etc. would
complicate the situation and lead to errors in determining KD.
To express [LI, the concentration of fiee ligand, by measured parameters,
consider the following equation:

[LI,,,

= [LI,

+[
LL,..,

where the amount of bound ligandis given by:
=

[~Ibound

where [LI, = (N),[D]

and

[LI,

VI, + [LI,

= (N),[Hl. Here the subscxîpts indicate the

oligomeric forms considered.
Using equations (2') and (12), the concentration of the free ligand can be calculated as:

Note that in ail expressions,

9 which is the ratio of the dimen to the hexamen

found from the spectra, was corrected by factor 1A.3 because of the different sensitivity
of TOP III mass spectrometer for the dimers and hexamers, as explained in the previous
section.
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