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ABSTRACT

The development of mass spectrometry (MS) instruatiem for novel biological
applications, specifically, the development of instentation that integrates ion/ion reaction
capabilities in an ion trap (IT) with ion mobiliygwadrupole-time-of-flight (IMS-g-TOF)
analysis is presented. Chapter 1 provides a gemgradiuction to protein analysis by MS,
ion/ion reactions and ion/ion reaction instrumenotgtand IMS techniques and IMS
instrumentation. Chapter 2 describes the constmi@nd performance of a linear ion trap
(LIT) made with primarily commercially available mponents. The LIT has two ion sources
for independent analyte ion and reagent ion foromafl he LITfunctions as a reaction vessel
for gas-phase ion/ion reactions and as a massrspegter using mass-selective axial ejectloitial
experiments demonstrate the LIT’s ability to peridsoth dual polarity storage mode and
transmission mode proton transfer ion/ion reacti@sapter 3 describes the construction and
performance of an IT-IMS-g-TOF with three indepemden sources. This instrument is the
first MS to combine ion/ion reaction capabilitieglWiMS-g-TOF analysis. Chapter 4
describes novel experiments performed on the IT-GMBOF instrument constructed in our
lab. The gas phase conformation of cytochramans in multiple different charge states is

investigated using proton transfer ion/ion reactiand IMS-g-TOF analysis.

www.manaraa.com



CHAPTER 1.
General Introduction
Biological Mass Spectrometry

Over the last 15 to 20 years, mass spectromet8) (Ms become more important in
the area of biological molecule identification [$pecifically, advances in MS
instrumentation and analytical methods have impidire speed, specificity, and sensitivity
of MS, making it an appealing technique for protidentification and structural
characterization.

Early experiments in protein analysis used fastndbombardment (FAB) [2] and
plasma desorption [3] to create gaseous peptide dmese methods suffered from the
limitation that they were able to ionize peptidast not intact proteins. The development of
two ionization techniques in the late 1980’s, nanedéctrospray ionization (ESI) [4] and
matrix assisted laser desorption/ionization (MALEH) had major impacts on the analysis of
biological molecules. Electrospray and MALDI hawece become the popular ionization
methods for most biological molecules including tiegs, proteins, oligonucleotides, and
carbohydrates. Both ESI and MALDI typically creptetonated ions—i.e. protons are
attached to the analyte molecule that carries ltlaege. Therefore, the mass-to-charge ratio
(m/z) of the ion is the mass of the neutral moleqius the mass of the proton(s) attached to
the molecule divided by the total charge of the ion

In a MALDI experiment, the analyte ions created@edominantly singly charged
[6]. When using MALDI for protein analysis, the ntemge of the mass analyzer must be
considered. For example, cytochromis a small protein with molecular weight of 12228.

The +1 charge state of cytochromgenerated by MALDI will have an m/z of 12229 Th.
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The mass analyzer must have an m/z range abowvease of this ion; time-of-flight (TOF)
is commonly used.

Alternatively, ESI creates ions in a distributidircbarge states that are usually highly
multiply charged [4]. Using cytochronteas an example again, an ESI spectrum of
cytochromec can have charge states ranging from ~+5 to ~+20€2447 to m/z = 612)
depending on solution conditions. These higherginatates allow for the analysis of intact
proteins using mass analyzers with lower m/z rasgek as quadrupoles.

A very significant analog of ESI, known as nanccelgspray ionization or nanospray
[7], has become a popular technique. There araaeadvantages of nano-ESI over
traditional ESI. Less sample is consumed with ne8d—the flow rate of nano-ESl is ~10
nL/min opposed to ~10L/min. Nano-ESI is more sensitive than traditioB&ll. The sample
does not have to be pumped in nano-ESI. A stalskysgannot be generated in ESI with a
100% water solution. An organic modifier, such aghmanol, needs to be added to the ESI
spray solution. Nano-ESI creates smaller initiapdiets, therefore, it can create a spray with
100% water solution, so no organic modifier is rezkf¥].

There have been two general methods developeddteip identification and
characterization known as “bottom-up” protein asayand “top-down” protein analysis.

Each of these techniques will be described below.

“Bottom-up” Protein Analysis
Bottom-up protein analysis is started by utilizangne- or two-dimensional (2D) gel
electrophoresis separation of a mixture of proteling individual spots are then extracted

and subjected to proteolysis [1]. The peptidestecerom the digests are then measured
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directly by MS. The masses of the peptides creatass fingerprint that is characteristic of
the original protein. The peptide masses are tised in a database search that identifies the
protein [8, 9]. This technique is most useful footeins from relatively pure samples.

In the context of the bottom-up approach it is smes more useful to subject the
peptides to tandem MS (MS/MS) analysis [10]. ByieMS/MS involves the isolation of a
single m/z ion followed by fragmentation of the .idine fragmentation is usually achieved
by collision induced dissociation (CID), using csitbns between the ions and a neutral
buffer gas. The fragment ions are then mass armdlyzee MS/MS spectra of the peptides
carry information on the amino acid sequence ofigtide and, in turn, the parent protein
[11].

In bottom-up experiments there may be many isolmaptides (peptides with the
same m/z, but different amino acid sequence). Ammomtechnique used to address this
problem is to perform a liquid chromatography (lS€paration after the digestion and before
MS and MS/MS analysis. The isobaric peptides, wihiégy appear at the same place in the
mass spectrum may have different retention timelsarLC separation, and are therefore
separated. The separated peptides are then subjed#S/MS experiments in which their
sequence is identified. These LC separations graattease the number of proteins that can
be identified in a single experiment [12-14], ahdyt can be done either online with the MS,
or fractions of the LC effluent can be collected amalyzed individually by MS.

There are some very significant limitations to bleétom-up approach of protein
analysis. Some proteins, such as hydrophobic meralpeoteins, proteins at low abundance,
and proteins with extremely high or low isoelecpaints are poorly represented in gel

electrophoresis separations [11, 15]. These efteetalso overcome by utilizing LC
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separation prior to MS. A second issue with thedmtup approach is that when an
unfractionated protein mixture is digested, it ¢gseencreases the number of components to
be analyzed by MS and complicates the isolatiandaif/idual diagnostic peptides or single
parent peptides to be dissociated [11]. Third, étiengh only one unique peptide is needed
to indentify a protein, a lot of time can be spembecessarily analyzing multiple peptides of
the same protein, or the same peptide may be priesenultiple LC peaks. Fourth, up to
25% of peptide MS/MS spectra are unassignablealtectors such as the spectrum being
too complex, the peptide ions are too low in abuedaor there is no diagnostic ion for the
protein [11, 16]. Therefore, there are proteinh@mixture that are not identified. Lastly,
the proteins are digested before analysis, cauisfognation about the proteins to be lost.
For example, the molecular weight of the protegnsat measured, which can give
information about possible post-translational miodifons. Also, some peptides generated
from protein digests are not represented in thesmpsctrum, making complete protein
structure analysis impossible. Due to these linoitest of bottom-up protein analysis, new

methods were developed to address the problems.

“Top-down” Protein Analysis

Top-down protein analysis was pioneered by Mcléffand co-workers [11, 17].
Protein primary structure (i.e. the amino acid seqe) can be identified from the direct
measurement of the intact protein by MS and MS/M&aments. In a typical top-down
experiment, a mixture of intact proteins is transfed into gaseous ions by ESI and
transferred into the MS. A mass spectrum of allitims is taken, providing molecular weight

information for all the proteins in the sample. mhene by one, protein ions in a single
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charge state are isolated and fragmented, andabmént ions are mass analyzed. The
combination of the protein molecular weight andiipasequence information from the
MS/MS spectrum can provide enough information emnidy the protein [18, 19]. The
identification can be made by the ‘sequence taghow[20-22], database searching of the
fragment ion spectrum [23], or through ‘de novajsencing [24, 25].

There are several advantages of the top-down mekst, there is much less
sample preparation in top-down analysis. Ther@igrgel or solution phase digestion of the
proteins prior to MS. Second, there is less ofedrfer multi-dimensional separation before
the MS analysis [26]. A complex mixture of intacofeins can still have fewer total
components than a mixture of peptides generated &aligest of a single protein. Third,
intact protein masses from several proteins areaspover a wider m/z range than the
peptide masses from a digest, making the spedsaclamplex. Fourth, redundant peptide
identification is avoided. Fifth, by performing M35 on intact proteins, the entire sequence
of the protein is available for analysis [11]. Téfere, the protein can be completely
characterized more easily, including possible tptathary structure and any post-
translational modification identities and locatid@8, 27-29].

Even though there are major advantages to top-gowatein analysis, there are also
some challenges. The first challenge was overcohewonization techniques were
developed, namely ESI and MALDI, that can transfamtact protein ions into the gas phase.
The second challenge is the development of madgzang with the performance
characteristics to generate significant structunfairmation from intact protein ions. The
voltage required to fragment an ion is inverselypartional to the ion’s charge. Therefore,

+1 protein ions are very difficult to fragment. foareated by MALDI are primarily +1.
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Conversely, ESI creates protein ions that are kighlltiply charged, so the protein ions
generated from ESI fragment more readily than tmoade with MALDI.

An added difficulty with the interpretation of an¥MS spectrum of a multiply
charged intact protein ion formed via ESI is tlnat tragment ions will have charges ranging
from +1 up to the charge of the precursor protem It is possible for two fragment ions
with different masses and different charges to appethe same nominal mass in the
MS/MS spectrum. Therefore, in order to interpret flagment ion mass spectrum, the charge
on each ion must be determined because the clsang¢ known beforehand. The best way
to determine the charge state of an ion is to nrease isotopic distribution (mainly’C) of
the protein fragment ions. The separation of theojsic peaks is equal to 1/ion charge, so as
the ion charge state increases the separatiore asttopic peaks decreases. Early MS/MS
experiments with intact proteins were done onérgpiadrupole instruments with limited
mass resolution that could not resolve the isotppaks of the multiply charged fragment
ions [30-35]. These experiments resulted in speatrehich the ion's charge states could not
be identified completely, limiting the usefulneggite spectra to protein fingerprinting
analysis [11, 32]—a method that compares unintegdris|agment ion spectra for protein
identification. Two methods have been developeavErcome the product ion charge state
ambiguity problem—high resolution fragment ion as& and fragment ion charge state

manipulation. Each method will be discussed furtiedow.

High Resolution MS. High mass resolution instrumentation can be useddolve

the'3C isotopic distribution of the multiply chargeddraent ions. The first instruments used

for these analyses were Fourier transform-ion ¢y@foresonance (FT-ICR) [17, 20, 22-25,
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27, 28, 36-40] mass spectrometers that have msslvireg power greater than 100000 and
mass accuracies better than 10 ppm. FT-ICR instntsrieave suitable performance that
allows for fragment ion charge state interpretatamprotein sequence information can
readily be obtained from the MS/MS spectra of igtawltiply charged protein ions.
Multiple ion activation techniques have been emetbin FT-ICR instruments to fragment
intact proteins: CID, also known as collisionaltigated dissociation (CAD) [27, 36-41],
infrared multi-photon dissociation (IRMPD) [42, 438hd blackbody infrared radiative
dissociation [44]. Electron capture dissociatio€ [l [45-48] is a technique that gives
complementary fragmentation to the methods statedeawas developed by McLafferty and
co-workers. An example of ECD of the intact proteytochromec followed by high
resolution MS is shown in Figure 1 [48]. The muitipharged protein ion captures a low
energy electron, creating an odd electron spebasquickly dissociates via cleavage of the
N—aC bond of the protein or peptide backbone. Theltieguragment ions are referred to
as “c” and “z” ions. These fragment ions are défdrthan the “b” and “y” ions usually
formed by the cleavage of the C—N amide bond in.@labile post-translational
modifications, such as phosphorylation and glycatsyh, are usually dissociated from the
protein in CID but not ECD, allowing for their idigly and position along the protein
backbone to be determined [28, 49].

More recently, the Orbitrap mass spectrometer & developed for high resolution
mass measurements. These instruments are capdli8,000 mass resolution and 2-5 ppm
mass accuracy.[50] An added advantage of the @poisrthat there is no superconducting
magnet like in FT-ICR. The Orbitrap operates uginty static DC voltages, so compared to

the FT-ICR, it is simpler and less expensive tortzan.
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lon/lon Reactions. lon/ion reactions are gas phase reactions insglentss
spectrometer. Positive and negative ions are tdhppeultaneously in the same volume,
usually in an ion trap [11], and the electrostaticaction of the ions creates an overlap of the
ion clouds. The reaction occurs either via thetgvaaof a long lived reaction complex, via a
hopping mechanism, or via a coulombically boundtd8d]. In either case, the multiple
charging associated with ESI is advantageous beamsithe positive and negative ions react,
there will still be a net charge associated withtbaction pair, allowing traditional ion optics
to be used to control the reactants.

The use of ion/ion reactions is the second metlsed to overcome the charge state
ambiguity of multiply charged protein fragment ioSpecifically, proton transfer ion/ion
reactions are used to reduce the fragment ion ehtargrimarily +1 [11, 21, 52-62]. The
reagent ion is chosen to enable the stripping atfoms from the protein fragment ions,
thereby reducing the charge. Reducing the chargheofragment ions to primarily +1
expands the ion population out on the m/z scaéaterg more space between peaks and
separating fragment ions that initially had differenass and different charge but the same
m/z. It also lessens the requirements of the nfassti®meter resolving power and mass
accuracy. With the use of proton transfer ion/ieactions, structural information of multiply
charged protein fragment ions can be obtained usegs analyzers with resolving powers of
m/Am ~500 to 1000 [21, 59-62]. An example of protomsfar ion/ion reactions being used
to identify fragment ions generated from CID of thi&act protein ubiquitin is shown in

Figure 2 [63].
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Another type of ion/ion reaction that has recebtgn developed and studied is
electron transfer dissociation (ETD) [64]. Whemgsion traps for protein analysis, ECD is
not possible without adding a magnet to the ins&anif65]. lon traps have a low mass cut-
off (LMCO), or a minimum m/z that can be trappetkd-electrons have an m/z that is much
lower than that of even the lightest ion, thereftiney cannot be trapped by an ion trap. ETD
is the ion/ion reaction equivalent to ECD. Positprotein or peptide ions are reacted with a
reagent ion that acts as an electron donor. Tiatrefeis transferred from the reagent ion to
the protein or peptide ion, which then dissociaétesreate the same ¢ and z ions as ECD
[64].

McLuckey and coworkers have discovered reagenttimaitsenable other types of
ion/ion reactions. Cation switching reactions [68] use protonated protein or peptide ions
with a metal containing anion. For example, conside reaction between a doubly
protonated peptide [M+2#] and Na(N@),". The products of this reaction are [M+Nahd
2HNGO;. The cation has replaced the protons on the pepsdhe charge carrier. The last
type of ion/ion reaction that has been developedadsarge inversion reaction. Reagent ions
have been found that can transfer multiple protorassingle step, so charge inversion
reactions are possible without going through ana¢uttermediate [68]. These reactions can
transform a depronated, negatively charged ionameontated, positively charged ion and
vice versa.

Each of these reactions, proton transfer, ETDpnativitching, and charge inversion
have useful properties for structural characteinadf protein ions, but not every MS is
capable of ion/ion reactions. The next section @igcuss instrument capabilities needed for

ion/ion reactions and a brief history of ion/iomc&on instrumentation development.
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I nstrumentation for lon/lon Reactions. Instruments capable of ion/ion reactions
must have several key components. First, therestedoke a gas phase ion/ion reaction
vessel that provides for physical overlap betwéenanalyte and reagent ions. Second, there
must be at least two distinct ion sources to crbathk polarities of ions in a single
experiment. Third, the instrument should have MSiafabilities for protein structural
analysis. Finally, there must be a mass analyzer.

The gas phase reaction vessel has either beemaxtethe MS vacuum system at
near atmospheric pressure or inside the MS atymese the millitorr range [69]. The
external reaction vessels used have been a y-taotor prior to quadrupole MS, using two
ESI emitters[70] or one ESI and one atmospherisque chemical ionization (APCI) source
[70, 71], and a charge reduction chamber prior@%MS, using one ESI source and either
ana-particle source [72], or a corona discharge so[#8k The advantages of these
techniques are ease of integration to various M8uments, flexibility with the type of MS
used for mass analysis, and no restriction ofélaetrons caused by trapping parameters [69].
Conversely, these reaction chambers are limiteddacing the charge of all ions created by
the analyte ESI source with little control over ariyhe reactant or product ions, and there is
no possibility of MS/MS experiments prior to theion reaction event [69]. More flexibility
in the ion/ion reaction parameters has been actiiefen using reaction vessels inside the
MS.

To date all ion/ion reaction experiments insideltfe have been done in
electrodynamic ion traps [69], including 3d quadngpraps based on the Paul trap [54] and

linear ion traps based on linear quadrupoles [84/6]. lon traps have several characteristics

www.manaraa.com



11

that make them attractive as gas phase reacti@eiged hey provide simple methods for
simultaneous storage of both positive and negabive. They are capable of multi-stage MS
measurements (M¥via “tandem in time” experiments [77], includingniion reaction steps
in between stages of MS [69], satisfying the rezmient for MS/MS for protein structure
analysis. Finally, ion traps allow for separatidrite ionization and ion/ion reaction events
because ions can be created outside the ion tchmpgacted into the trap for reaction and
mass analysis.

The 3d ion trap (Figure 3 [78]) consists of a ratgctrode between two endcap
electrodes. It is able to trap both positive angatige ions simultaneously in all 3
dimensions using only the RF voltage applied torihg electrode [79, 80]. A bath gas inside
the ion trap, typically He at a pressure of ~1 mTsrused to cool the ions to the center of
the trap. The cooling promotes spatial overlaghefibn clouds and minimizes the relative
translational energy of the reactant pair [69],ckhaffects the ion/ion reaction rate [81]. This
bath gas is also beneficial for mass analysisnrtiaps regardless of whether ion/ion
reactions are performed or not [69]. Thereforemmalifications need to be made to 3d ion
traps to enable ion/ion reactions.

The multiple ion sources for ion/ion reactions gsid ion traps have been
configured in many different orientations. Earlpfion reaction experiments in 3d ion traps
utilized inter-ion trap ionization by electron imgtaonization (EI) or chemical ionization
(CI) with the electron beam coming through a hobehined in the ring electrode [80]. The
second source was an ESI source used to creatplyokgatively charged ions that were
admitted to the ion trap through a hole one ofethécap electrodes. Both proton transfer [80,

82] and electron transfer reactions [83] of mujtipharged anions were studied.
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The first instrument used to study the reactiortesben multiply charged cations and
singly charged anions was a 3d ion trap with and68Fce that admitted ions through an
endcap electrode of the ion trap and an atmospkanpling glow discharge ionization
(ASGDI) source that admitted ion into the trap tigl a hole machined through the ring
electrode of the ion trap [54]. This instrument wiaed primarily for the study of proton
transfer ion/ion reactions of multiply charged pins.REF Another instrument with a similar
configuration was developed by the Glish group [84}hese studies the ASGDI source was
replaced with a laser desorption source for thdystii reactions between multiply charged
peptide or protein ions with either Fer FeCQ.

Some significant disadvantages limit the usefulmésgimitting ions through the ring
electrode of 3d ion traps. Namely, the trappingcefhcy of ions admitted through the ring
electrode is lower than that for ions admitted tigho the endcap [69]. Also, the ions
admitted through the ring electrode experiencengofields than ions admitted through the
endcap, causing more fragmentation [85]. Thereformeas beneficial to develop
instrumentation to admit both analyte and reagamd through the endcap electrode.

The “dueling” ESI ion trap mass spectrometer [88kwleveloped that integrates two
ESI sources arranged I'd@om each other and 9@om the main optical axis of the
instrument. The ions are steered down the maircalpixis of the instrument by a turning
guadrupole. In order to sequentially fill the i@sag with positive and negative ions, the DC
voltages on the turning quadrupole and the lenstsden it and the ion trap are switched
using computer controlled switches. This instrunmeas the first to allow ion/ion reaction
experiments between opposite polarity, multiplyrgled ions created by ESI in an ion trap

reaction vessel [87, 88].
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The integration of multiple ion sources througluaing quadrupole led to more
complex instrumentation that incorporated multghliéerent ion sources. Badman and co-
workers developed an ion trap instrument with fiodependent ion sources; two ESI
sources and one source for either ESI or ASGDiraegrated through the turning
guadrupole and one ASGDI source is orthogonaldadh trap that admits ions through the
ring electrode of the ion trap [63]. This instrurhencapable of creating multiple different
reagent ions from distinct ion sources to enalfferdint types of ion/ion reactions in a single
experiment. For example, positive cytochramens from one ESI source were reacted with
negative cytochromeions from the second ESI source to create posiftechromec
dimer ions. These first generation product ionsawben charge reduced using PDCH ions
generated at the orthogonal ASGDI source [63]. @&vevel combinations of
analyte/reagent ions have been reacted in sequiemifimn reactions using this instrument
[68, 89, 90]. The design of having three indepehd@nsources integrated to an ion trap
through a turning quadrupole is the technique usdide instrumentation developed in our
lab, the results of which are presented in chaj@eBs and 4 of this dissertation.

Six years ago two new linear ion traps (LIT) [92] %ere introduced. Both of these
devices are based on linear quadrupoles that prdlieltrapping in the radial direction (x
and y-directions ) using the RF voltages appliethéoquadrupole rods, and the trapping in
the axial direction (z-direction, i.e. the centals of the quadrupole array) is provided by
DC voltages on the entrance and exit lenses. Howthere are significant differences
between the two types of LITs.

The Thermo Finnigan LTQ is made from a quadrupotearray that is divided into

three sections—a short section 12 mm long at th&,fthe main rod section that is 37 mm
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long, and a second short section 12 mm long dbalck—also known as a tri-filter
configuration. A diagram of the LTQ is shown in &ig 4 [92]. Each rod section has the
same RF voltage applied to it, but they all havdependent DC bias voltages applied to
them, allowing the ions to be moved from one sectanother. The LTQ uses a radial
ejection technique. Narrow slots are cut in theeesection of one opposing set of rods. The
ions are ejected from the LIT through these slatdrcthe rods and are collected by an ion
detector. The tri-filter configuration also helpetradial ion ejection event avoid the fringe
fields near the ends of the rods [92].

The other type of LIT, the QTRAP developed by ABIDS Sciex (Figure 5)[91], is
based on the ion path of a triple qudrupole MS.s€hastruments can use either quadrupole
2 (g2) or qudrupole 3 (Q3) as LITs. The LITs irstdesign are single section quadrupole
rods without the tri-filter capabilities of the LT@hey also employ a different ejection
technique called mass selective axial ejection (B3] that utilizes the fringe field
coupling of the RF voltage applied to the LIT radth the DC voltage applied to the exit
lens of the LIT to eject the ions axially out oéthlT.

Dual polarity trapping in LITs is not achieved whesing DC trapping voltages on
the entrance and exit lenses. Two methods havedmatoped to simultaneously trap both
polarity ions in all three directions on these LIThe first method is the addition of an
auxiliary RF voltage to the containment lensedhefltIT to store both polarity of ions in all
three dimensions as demonstrated by the Hunt grawgpmodified Finnigan LTQ linear ion
trap [64]. These experiments take advantage dfrifidter configuration of this LIT, as
shown in Figure 6 [64]. During an ion/ion reactexperiment the analyte ions are injected

and moved into the front (left) section of the LThe reagent ions are then injected into the
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back (right) and/or center section of the LIT (tkagent ion source is at the back of the LIT,
while the analyte ion source is at the front, segife 6). The reagent and analyte ions are
mixed by simultaneously removing the DC bias betwie rod sections, removing the DC
bias between the rods and the containment lensdsadding the auxiliary RF voltage to the
containment lenses. Finally, the reaction is erdesimultaneously removing the auxiliary
RF and adding the repulsive DC bias to the contaitrtenses. Segregating the ions prior to
ion/ion reaction allows for isolation of a singkagent ion prior to the ion/ion reaction,
giving an added level of control over the typeedation that is enabled, especially if
multiple reagent ions are generated by a singlesaumce [94].

A second method for dual polarity trapping in ail lWas developed by the
McLuckey lab. This method employs an unbalancedi&#& in the quadrupole rod array
[74]. When the DC bias on the containment lensestla@ rod array are equal, subtracting a
portion of the RF amplitude from one pair of quanrie rods and adding an equivalent
portion of RF amplitude to the other quadrupole pad causes the ions to feel an axial RF
field near the entrance and exit lens that is simd applying the auxiliary RF voltage
directly to the lenses as described above. lomAantions using this method were carried out
in a prototype QTRAP mass spectrometer with Q3 Fsgere 5) as the ion/ion reaction
vessel. However, the presence of an axial RF @etdacts from the performance of the LIT,
such as lowering the injection efficiency of thé'ldnd degrading the MSAE performance.
Therefore, further experiments on these QTRAP umsénts, using either g2 [95] or Q3[96]
as the ion/ion reaction vessel, have used theiaddf an auxiliary RF voltage on the
containment lenses because the axial RF field eanrned off during analyte ion injection

and MSAE steps.
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A new method for ion/ion reactions in an LIT hasbeeveloped to avoid the need
for dual polarity trapping. Transmission mode reats [97, 98] are ion/ion reactions in
which at least one polarity of ions participatingie reaction are not trapped during the
reaction. There are essentially three methodsrfableng transmission mode ion/ion
reactions in an LIT. First, both polarity of ionsrcbe passed through the LIT in opposite
directions. This method has not been demonstraedgcond, the analyte ions can be
trapped in the LIT, and the reagent ions are tramsaithrough the trapped analyte ions [97,
98]. Third, the reagent ions are trapped, and tiadyte ions are passed through the trapped
reagent ions [76, 97, 98]. An advantage of transimmsmode reactions is that no additional
electronics are required to superimpose the auxikd on the containment lenses or to
unbalance the RF on the quadrupole rod array.

The ion source configurations for ion/ion reactiom&ITs have also gone through
several generations of instrumentation, dependiagtlty on the method of ejection from the
ion trap. Radial ejection LITs, such as the Finnig&Q [92], have both ends of the LIT
available for ion injection. Therefore, these LAave two ion sources positioned at opposite
ends of the LIT as seen in Figure 6 [64]. Recerlig,L TQ-Orbitrap hybrid instrument [99]
was shown to enable ETD reactions using two iomcgsustill positioned at opposite ends of
the instrument. The difference is that the reagerg must pass through multiple collision
cells and the c-trap [100] before reaching the LIT.

The other LIT ion ejection method, MSAE, differsiin radial ejection in that the
ions are ejected out of the end of the quadrupwoésy anstead of radially through slots cut in
the rods. The implication of MSAE on ion/ion reacss is that only one end of the LIT is

available for ion injection. The first ion/ion reem experiments on an LIT that employed
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MSAE used two ion source interfaces with the LITieTanalyte ions were admitted to the
LIT using an ESI source on the optical axis ofititeérument, and the reagent ions were
injected radially into the LIT by an ASGDI sourc@umted orthogonal to the LIT [76].
Radial injection of the reagent ions requires unsient hardware modification to add the
atmosphere to vacuum interface and ion optics gdhal to the LIT reaction vessel. In order
to avoid these modifications, it was beneficiatievelop methods to axially inject either
positive or negative ions into the LIT.

Two methods have been developed to axially injglseepositive or negative ions
into an axial ejection LIT—sonic spray ionizatiomdamultiple pulsed ion sources. Sonic
spray ionization (SSI) [101, 102] has been showeréate both positive and negative ions in
a single spray. Using electronics that switch tbkkages on the ion optics, ion/ion reaction
experiments using a single SSI source as the iorcedor both analyte and reagent ions has
been investigated [103]. An advantage of SSI ishbéh polarity of ions are focused into the
LIT using the same set of ion optics with differgottages applied to them and the same
atmosphere to vacuum interface, simplifying theérimeent hardware. Conversely, a
drawback of SSI as the dual polarity source is tiratanalyte and reagent molecules must be
sprayed from the same solution, presenting an aseré the probability of matrix
suppression of the analyte or reagent ions [69].

A second method to axially inject either polarifyians into the LIT, a pulsed dual
ESI source, was developed by Mcluckey and co-werf&5s]. Like SSI, the pulsed dual ESI
source uses a single atmosphere to vacuum inteafatene set of ion optics to inject both
positive and negative ions into the LIT. The sowaasists of a nano-ESI emitter for analyte

ion formation and an ESI emitter for reagent iomfation. The nano-ESI and ESI emitters
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are pulsed on and off to sequentially inject pesiand negative ions into the LIT. This
arrangement overcomes the matrix suppression eft¢@SI| because the ionization of each
reactant species can be independently optimizdddistinct ESI emitters. This source was
shown to enable proton transfer, charge inversiad,protein-protein complex formation
[95]. A similar ion source was developed that ipmyated one nano-ESI and one APCI
emitter that also operates in a pulsed fashion][I0%s source has been shown to enable
proton transfer and ETD ion/ion reactions [104]indpulsed ion sources for ion/ion
reactions is not limited to only two sources. Agad triple ionization source [96] was
developed that utilizes a nano-ESI emitter for yalon formation with an ESI emitter and
either APCI or nano-ESI for reagent ion formatidhis pulsed triple ionization source can
be used for sequential ion/ion reactions, suctegaential charge inversions to increase
analyte ion charge state, sequential proton-tramsi@ge inversion and ETD of
phophopeptides, and sequential ETD and protonfeaimsi/ion reactions for ubiquitin
identification [96].

The mass analysis of ion/ion reaction productsteckeen ion traps has primarily been
accomplished by scanning the product ions out®idh trap. The advantages of using the
ion trap for both the ion/ion reaction vessel arabmanalyzer are that the instrument
hardware is kept simple by not adding additionassrenalyzers and that the m/z range for
ion traps can be extended by resonance ejectiovai-values [54, 105]. Despite these
advantages, other mass analyzers capable of hgbalution and mass accuracy are
attractive for analysis of ion/ion reaction prodigts. Recently, a quadrupole-TOF
instrument (QSTAR XL, Applied Biosystems/MDS Sciexds modified to make the g2

collision cell into an LIT for ion/ion reactions%J. Proton transfer reactions, ETD, and
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parallel ion parking have been demonstrated usiad.tT-TOF. Other novel experiments
using this LIT-TOF include combining ion/ion reasts with beam-type CID for M$106].
Another mass analyzer that has been used to analy2eproduct ions is the Orbitrap [99,
107]. The ETD reactions are done in the LTQ portbthe hybrid LTQ-Orbitrap, and then

the product ions are transferred to the Orbitrapritz analysis.

lon Mobility Spectrometry

lon Mobility Spectrometry (IMS) is the study ofwwa@apidly an ion moves through a
buffer gas in the presence of a uniform electetdf{108]. lon mobility measuremerdse
performed in a drift tube consisting of alternateigctrodes and insulating spacers and
containing a neutral buffer gas. The electrodesammected with a resistor chain used to
create a uniform electric field down the lengttta# drift tube by applying DC voltages to
the front and back plates of the drift tube. Trex#lc field accelerates the ions down the
drift tube, while collisions with the buffer ga®wsl the ions, resulting in a constant drift
velocity down the length of the drift tube. The niiby of the ions,K, is the ratio of the drift

velocity, vp, to the electric fieldiE [108].

K== @

The injected ion drift tube technique, developedHagted and co-workers [109], is
the injection of a packet of m/z selected ions #ratcreated external to the drift tube. As the
ion packet travels down the drift tube, ions witfiedent mobilities will be separated. For
polyatomic ions, the mobility is determined by tha’s average collision cross section. lons

with smaller collision cross sections encounterefienollisions with the buffer gas and travel

faster through the drift cell, while ions with largcollision cross sections encounter more
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collisions and travel more slowly through the dcél. Thus, ion mobility is a method to

separate ions based on differences in collisioascsection [108].

lon Mobility Calculations. Calculating the mobilities of ions traveling thrduthe
drift tube depends on several variables. Equatido€els not take into account the
experimental parameters of normal drift tube openaflhe reduced mobility,, calculated
using experimental parameters and adjusting thebeuntensity of the buffer gas to standard

temperature and pressure, is given by

2
L_ X 273.3 X b (2)

Ko = tpV T 760
whereL is the length of the drift tubg; is the drift time (i.e. the time it takes for tloa@s to
travel the length of the drift tubey,is the voltage drop across the drift tupés the pressure
of the buffer gas in Torr, antis the temperature [108].

Another important parameter that defines the gnefghe ions inside the drift tube is
the ratio of the electric field to the buffer gaswber densityH/N). At low E/N, the drift
velocity is small compared to thermal velocity, dhd ions are said to be within the low-
field limit. Conversely, when the mobility is delmt onE/N and the drift velocity is high
compared to thermal velocity, the ions are in tigh4field limit. When IMS measurements

are done within the low field limit, the calculatewbbility is independent of the electric field

strength [108]. In the low-field limit, the mobijiis calculated by

K 3)

_ asm'/? [l ill/z ze 1

1) N
16 lm  my (kpT)/2 Q50 N
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wheremis the mass of the iomy, is the mass of the buffer gads the charge on the iom,
is the temperaturéy is the buffer gas number density, drﬁlj;;) is the average collision
cross section. Combining equations 2 and 3, andngpfor Qg,’;) gives the equation

(L1 _ (asm*? 11
'Qavg T 16 [m + mp

1 ]1/2 ze 1 tpV 760 T @)
(kpT)/2 N L2 p 2733

used to calculate an ion’s average collision csession from the measured drift time and

other experimental parameters [108].

Protein IMS. There are a couple of characteristics of IMS #natuseful for protein
analysis. lon mobility separates ions based orscsestion instead of m/z, providing an
additional means of separation for ions with simlez but different collision cross sections.
For example, it has been shown that IMS of multgétarged protein fragment ions disperses
the ions in time prior to MS analysis [110]. Theshnique reduces the spectral congestion of
the multiply charged fragment ions, helping chastgde determination and ion identification.
It was also shown that protein fragment ions tlaateha different number of residues and the
same charge (i.e. a charge state family) willdalla diagonal line in the mobility spectrum
[110], giving another method to help identify tHeaoge state of multiply charged protein
fragment ions.

The other characteristic of IMS useful for protairalysis is the ability to determine
an ion's average collision cross section from M8 bexperimental parameters. The gas-
phase conformations of protein ions can be stuldyesheasuring the collision cross section
[108, 111, 112]. Unfolded protein ions will havéagger collision cross section than folded

protein ions. Studies on cytochrom@®ns in charge states from [M+201%]to [M+3H]**
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were conducted to calculate the collision crostices. The higher charge states have larger
collision cross sections, meaning the ions haveemmafolded conformations. The low
charge states have smaller collision cross sectioaaning the ions have more folded
conformations. The [M+9H] to [M+5H]** charge state have multiple resolvable peaks,
corresponding to multiple different resolvable comfations [108]. These studies have also
shown that the charge states with multiple confdiona can be heated by increasing the
drift tube injection energy. Heating the ions caud® more folded conformations to open up
to the more unfolded conformations [108, 110]. Tdwest three charge states in these
studies, [M+5H]" to [M+3H]**, were created by adding a neutral base to the\dezm

region. Chapter 4 of this dissertation will discesgilar experiments investigating the gas-
phase conformations of cytochromat various charge states where ion/ion reactioms ar

used to create the lower charge state ions. Ahede studies are

lon Mobility I nstrumentation. Injected ion drift tube instruments initially costed
of an ion source to generate ions, an MS to mécseah ion, the drift tube, and a second MS
with an ion detector. These instruments used skgi#farent ion sources including pulsed
laser desorption [113], pulsed laser vaporizatid®], MALDI [115], and ESI [112].
Clemmer and Valentine created an injection iont ¢iibe instrument that did not incorporate
an MS prior to the drift tube [116]. This instrumiérad an ESI source, a desolvation region
with the ability to add neutral base moleculesgiaton transfer ion/molecule reactions, a
drift tube, and a quadrupole MS with ion detec@itemical reactivity measurements,
including H-D exchange of cytochromsgcollisional annealing and dissociation, and therm

annealing experiments were performed using thisunmsent [108, 116].
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Following those studies, Clemmer and co-workerehaade several advances in
IMS instrumentation, several of which have beenlidafed by other research groups. An
important improvement was the replacement of tredgupole MS after the drift tube with a
TOF [117]. The disbursement of ions by IMS occurdlee 1 to 10 ms time scale, while TOF
m/z analysis occurs on the microsecond time sddlerefore, several m/z spectra are taken

across each mobility peak. This technique is reteto as nestedkift (flight) time

measurements [117An example of a nested drift (flight) time speatris shown in Figure

7 [118]. Further advancements in IMS instrumentatiave all been based on this initial
ESI-IMS-TOF instrument. The addition of an ion ttzgfore the drift tube as an ion
accumulation/storage device improved the duty cgtkbe IMS-TOF experiments [119-
121]. In previous instrument designs an ion gate used to allow a short packet of ions
from the continuous ESI source into the drift tud&th the addition of an ion trap, the
mobility separation is started by pulsing the ions of the ion trap into the drift tube.
Another important advancement was the additionadlision cell between the drift tube
and TOF for mobility labeling experiments [118, 128 these experiments, ions are
separated by IMS and are sequentially fragmentddecollision cell followed by TOF MS
of the fragment ions. Each of the fragment ionseapp at the same drift time as the parent
ion in the nested drift (flight) time spectrum. Té®re, mobility labeling allows for parallel
CID experiments [118].

A different type of IMS instrument was recently rmagbmmercially available. This
instrument, the SYNAPT HDMS made by Waters Corpesia traveling wave technology
instead of the weak uniform electric field in ti@minal IMS [123, 124]. Experiments have

been done to compare the traveling wave techndgpaditional IMS. The mobility
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characteristics of protein ions in the travelingreanstrument are similar to traditional IMS,
but the relationship between drift time and mopilg different. Some calibrations of the
traveling wave instrument are needed with ionsnafkn cross section to be able to use the
traveling wave technology for cross section meanerds [124].

More recent instrumentation advancements includetmstruction of IMS-IMS-
TOF [125, 126] and IMS-IMS-IMS-TOF [126] instrumerthat are the IMS analogs of
MS/MS and MS/MS/MS experiments. In between theesayg IMS, the ions are mobility
selected (instead of being m/z selected in an MSgkf&riment) and activated to either
unfold protein ions or fragment the ions priorte hext stage of IMS [125, 126]. These
instruments also incorporate ion funnels [127-188}eloped by Smith and co-workers, at
the end of each drift tube segment that re-focagitepersed ion cloud near the end of the
drift tube, increasing the sensitivity of IMS messmuents[129]. An ion funnel placed before

the drift tube is also used as an ion accumulat®nce in place of an ion trap [125, 126].

Dissertation Objectives and Organization

This dissertation focuses on the continued deveéop of MS instrumentation for
novel biological applications, specifically, theveépment of instrumentation that integrates
ion/ion reaction capabilities with IMS-g-TOF anal/SChapter 2 is a manuscript that was
accepted with revisions for publication in thairnal of the American Society for Mass
Spectrometry. This manuscript describes the construction amfbpeance of an LIT made
with primarily commercially available componentf€lLIT has two ion source and ion/ion
reaction capabilities in either dual polarity stgganode or transmission mode. Chapter 3 is a

manuscript that is ready for submission to barnal of the American Society for Mass
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Spectrometry. This paper describes the construction and pedoo® of an IT-IMS-g-TOF
with three independent ion sources. This instruneetite first MS to combine ion/ion
reaction capabilities with IMS-g-TOF analysis. Cteap! is also a manuscript ready for
submission to thdournal of the American Society for Mass Spectrometry. This manuscript
describes experiments performed on the IT-IMS-g-Ti&ument constructed in our lab.

The gas phase conformation of cytochramens in multiple different charge states is

investigated using proton transfer ion/ion reactiand IMS. Chapter 5 summarizes the work

presented in chapters 2, 3, and 4 and discusses fi@search directions.
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Figure 1."ECD spectrum of 15+ ions from cytochromeé [48]
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Figure 2.“(a) Charge-reduced, tandem mass spectrum of [itiguPt(CN) + 7HJ".
Ubiquitin cation injection time = 300 ms; Pt(GN)injection time = 200 ms;

ubiquitin/Pt(CN} reaction time = 200 ms; activation for 300 ms@08&Hz, 570 mV; PDCH
anion injection time = 4 ms; PDCH/complex reactiiome = 120 ms. Note: X = Pt(Cl)and
the asterisk (*) denotes a small neutral moleaass (NH or H,O) from the ion. (b) Pre-
ion/ion MS/MS spectrum of the complex with the freant ions labeled to shown the charge
state of the fragments prior to charge reducti{6s]
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Figure 3.“The three electrodes of the quadrupole ion tragwshin open array.” [78]
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Figure 4.“ The overall instrument configuration along withitygd operating voltages and
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Figure 5.“ Schematic portrayal of the experimental apparaaseth on the ion path of a triple
guadrupole mass spectrometer. The linear ion tragsrepectrometer was created using
either g2 or Q3.” [91]
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Figure 6. “Schematic of steps involved in the operaof the LTQ mass spectrometer for
peptide sequence analysis by ETA). Ipjection of multiply protonated peptide moleczile
(precursor ions) generated by E®H) Application of a dc offset to move the precursos

to the front section of the linear trag)(Injection of negatively charged reagent ions from
the Cl source into the center section of the linesgy. O) Application of a supplementary
dipolar broadband ac field to eject all ions exdbpse within 3 mass-unit windows centered
around the positively charged precursor ions archdgatively charged electron-donor
reagent ions.K) Removal of the dc potential well and applicatadra secondary RF voltage
(100 V zero to peak, 600 kHz) to the end lens platehe linear trap to allow positive and
negative ion populations to mix and react. (F) Tieation of ion/ion reactions by axial
ejection of negatively charged reagent ions whataining positive ions in the center section
of the trap. This is followed by mass-selectiveliabejection of positively charged fragment
ions to record the resulting MS/MS spectrum.” [64]
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ions formed from electrosprayed [D-Afjmethionine enkephalin. These data were recorded
with no gas in the octopole collision cell. The s are shown on a 10-point scale; this
removes all features that contain fewer than 1@cmmts. The distribution includes a series
of a-, b-, and y-type fragment ions that are forrapdn high-energy injection into the drift
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Also shown (left) is the time-of-flight mass spectr obtained by integrating the flight time
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heights can be compared directly with the dataguie 3.) The resolving power along the
flight time axis is typically 200y Am of a peak for a singly charged ion, whete is
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Abstract

A linear ion trap (LIT) with electrospray ionizati (ESI) for top-down protein
analysis has been constructed. An independent ptreas sampling glow discharge
ionization (ASGDI) source produces reagent iongdofion reactions. The device is also
meant to enable a wide variety of ion/ion reacstrdies. To reduce the instrument’s
complexity and make it available for wide dissertimg only a few simple electronics
components were custom built. The instrument fomstias both a reaction vessel for gas-
phase ion/ion reactions, and a mass spectrometey msss-selective axial ejection. Initial
results demonstrate trapping efficiency of 70 t&%nd the ability to perform proton
transfer reactions on intact protein ions, inclgditual polarity storage reactions,

transmission mode reactions, and ion parking.

www.manaraa.com



42

Introduction

Linear quadrupole ion traps (LITs)[1] have beesubject of recent interest, primarily
because of their higher performance compared tor8traps. Until recently, LITs were
mainly used as ion storage devices or as collisghs for tandem mass spectrometry
(MS/MS) preceding another type of mass analyzer [OF[2, 3] or FT-ICR[4, 5]).
Compared to 3d traps, LITs offer higher injectidficeency ( <10% vs. almost 100%,
respectively) and, because of their larger volunigher ion storage capacity, while still
maintaining the ability to perform M3n a single device. More recently, two major
innovations have led to widespread use of LITs assanalyzers: radial[6] or axial[7]
ejection methods. These LIT’s still have high tragpefficiency and storage capacity, with
the added benefits of mass analysis in a singledé8].

For top-down protein analysis, linear and 3d m@p$ cannot achieve the ultrahigh
mass resolution and accuracy of FT-ICR[9] or Odmtmstruments[10] necessary to resolve
and unambiguously identify the isotopic distribagoof highly multiply-charged ions.
However, traps are well-suited to ion/ion reactififs13] like proton transfer to simplify the
resulting complex, overlapping product ion spedalactron transfer dissociation (ETD)[11]
ion/ion reactions also provide an alternative foolprotein ion dissociation. lon/ion reaction
experiments have been carried out in both typédTd, and although ETD capabilities are
becoming more readily available on commercial raps$, proton transfer reaction
capabilities are not yet commercially available.

In addition, many researchers would like greatertiol and flexibility over

instrumental parameters than is typically availableommercial devices, especially for
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fundamental experiments and development of new adstiHere we discuss the
development of an electrospray ionization (ESIgéinion trap mass spectrometer that has
been constructed to enable complete control oVéuradtions of the device. Mass scanning
by radial ejection requires machining an exitatit channel in at least one of the
guadrupole rods. To simplify measurement of masstsp and allow the future addition of
subsequent components, e.g., ion mobility and afrfeght analysis, this device is operated
using mass-selective axial ejection (MSAE) [14]n@oercially available components were
used primarily to reduce the complexity of the depment and allow wide dissemination of
this device to other researchers. Initial perforagacharacteristics for MS and gas phase
ion/ion reactions are described, as well as futiges for this device in bioanalytical MS and
as a source for ion mobility-TOF instruments.

McLuckey and co-workers have demonstrated thet gedae of commercial LITs
with multiple pulsed ion sources, e.g. positive EBlanalyte ion formation plus negative
ESI,[15-18] negative atmospheric pressure chenmocatation,[16, 18-21] or negative
atmospheric sampling glow discharge ionization (AHfE 2, 22] for reagent ion formation.
The present paper demonstrates the first work wming T with multiple continuous ion
sources interfaced through a turning quadrupolehtaa proven valuable with 3d ion traps

[23, 24].

Experimental
Cytochromec, ubiquitinand trypsin were purchased from Sigma-Aldrich (8uis,
MO) and were used without further purification. @@ns of proteins were prepared at 20 to

30uM in 1% aqueous acetic acid solutions for positia@o-ESI. Nano-ESI ionization
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emitters were pulled from glass capillaries (1.5 mah, 0.86 mm i.d.) with a micropipette
puller (Model P-97, Sutter Instruments, Novato, CH)e nano-ESI voltage was +1 kV to
+1.2 kV applied to a stainless steel wire throughldack of the capillary. Perfluoro-1, 3-
dimethylcyclohexane (PDCH) was purchased from Sigidaich (St. Louis, MO) and was
used as the reagent ion for proton transfer iorméactions. The PDCH was ionized using an

ASGDI source identical to that described by Zhat @mworkers [25].

Instrumentation

Figure 1 shows a schematic diagram of the LIT wwtb ion sources: one ESI and
one pulsed ASGDI source that are interfaced td_the¢hrough a quadrupole deflector. It
should be noted that a third ion source could lmeddo the blank flange of the ion source
cube shown in Figure 1. The LIT is a standard quaale mass filter modified to enable LIT
functionality. lons are detected with a convergdgnode/electron multiplier. Instrument
control is via a commercially available ion traptioller and software. Figure 2 shows a
schematic diagram of how the ion trap controlled aaftware communicate with and control

all components of the LIT. Details about each péthe instrument are given below.

Vacuum System. The two ion sources and ion optics are housed B’ @onflat
cube, and the LIT is housed in an 8” conflat 5-weyss. One turbo pump (Turbo-V550
MacroTorr, 550 I/s B Varian Inc., Palo Alto, CA) is attached to the tf the cube that
houses the ion sources, and a second, identi¢cad pump is attached to the 5-way cross that
houses the LIT. The turbo pump on the source csibacked by a SD-301 mechanical pump

(Varian Inc., Palo Alto, CA), and the turbo pumptbe LIT 5-way cross is backed by an
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E2M40 mechanical pump (BOC Edwards, Wilmington, MA)e chamber pressure is
measured by a Micro-lon Gauge (Helix Technologyndmmont, CO). The baseline pressure

of the system is ~5 x 1Ombar.

lon Sources and lon Optics. Both ion sources have been described [24, 25].CBYpi
pressures in the ion source interface regionsliekind the first 254m aperture to
atmosphere and before the second j3®&laperture to the high vacuum region) are 0.90 mbar
and 0.80 mbar for the nano-ESI and ASGDI sourapeetively. Each is pumped by a
separate E2M40 mechanical pump. The pulsed ASGBIlimated via a -400 V high
voltage pulse supplied via a power supply (Mode,35rtec, Oak Ridge, TN) through a fast
pulser (Model PVX4150, Directed Energy Inc., Fodllfds, CO). Voltages for the interfaces
and the first three lenses are supplied via 9 dygpwer supplies (Model TD9500, Spectrum
Solutions, Russelton, PA). The voltages on the qumade deflector (Model 81989, Extrel
CMS, Pittsburgh, PA) and on the three lenses betweequadrupole deflector and the LIT
are supplied via additional 9 output power supploes are switched using a computer-
controlled fast relay switch to enable ions fromteaource to be focused separately to the
LIT as required. The ASGDI source is the defaultsource. A single TTL trigger is used to
switch the optics to allow ESI ions to enter ttaptrand a second TTL trigger is used to pulse

on the ASGDI discharge.

Linear lon Trap. The LIT is a commercially available tri-filter quagbole in a

collision cell housing ¢g= 9.5 mm, Extrel CMS, Pittsburgh, PA). The rf fpamm voltage is

supplied by a standard Extrel 300 W rf only powsgsdy providing 3600 Y., (pole to
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ground) at 880 kHz. In order to operate the quanlaups an LIT, and perform MSAE [14]
and MS/MS experiments, modifications were madé&éogquadrupole and rf electronics.

As described by Paul,[26] additional waveforms baradded to quadrupole rods to
resonantly excite ions. Douglas and coworkers J2d8 dipolar excitation across a pair of
opposite quadrupole rods to excite trapped ionsdbision-induced dissociation and
MS/MS. We implemented dipolar excitation by cuttthg connections between one set of
rods and add an extra rf post and hole througlealission cell housing. To add the dipolar
excitation voltage to the rf trapping voltage ore @et of rods, a toroidal transformer was
used. The toroid (Model 5977003801, Fair-Rite, RIKJINY) was housed in a metal casing
outside the vacuum chamber. The turn ratio betwleeprimary and secondary was 1:1
using 16 turns of 22 gauge magnet wire (Belden Qatpn, Chicago, IL). One of the
outputs of the rf power supply was connected tactger tap of the secondary. The outputs
of the secondary are then fed to the quadrupolg ttwdugh rf feedthroughs (Model 810998,
Extrel CMS, Pittsburgh, PA). One side of the priynaas grounded, and the other was
connected to the waveform generator.

The MSAE and MS/MS waveforms were generated froendh trap controller. The
original 5 \p., was amplified to 35.5 y/, using a custom amplifier (PA09 op-amp, Apex
Microtechnology, Tucson, AZ) and applied to thenary of the transformer through a 80
51 W resistor.

Two additional modifications to the quadrupole wexquired for effective trapping
and m/z analysis. The post-filter was removed, thedre-filter was shorted to the center
qguad section. The center rod section is the ordyi@ethat is aligned with high precision.

Therefore, removing the post-filter ensures thatftinge fields necessary for MSAE occur
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between the optimally-aligned center rod sectich the exit aperture 1Q2. Shorting the front
and center sections together applies the full itge to the entire trapping length and
minimizes ion loss (from unequal potential well they) as ions are trapped. This
modification is especially important during chargduction ion/ion reactions. As ions with a
lower z —and correspondingly higher m/z—are forntedy will reside in increasingly
shallower potential wells. Without the full rf valie on both the center and the pre-filter
section, ions at high m/z are no longer trappedaaadost.

DC voltages (0-4 V) from an Argos ion trap conteol{described in detail below) are
amplified to £ 200 V (PA97 op-amp, Apex Microtechogy, Tucson, AZ), and controlled in
the scan function with the ion trap controller. $aelc voltages are applied to the entrance
and exit lenses (1Q1, 1Q2) and LIT rods (Q). Thd land 1Q2 lenses are 8 mm diameter and
both are covered with nickel mesh (90% transparen@yines per inch, InterNet Inc.,
Anoka, MN) on the interior side of the lenses. Tmtance from the 1Q1 lens to the end of
the quadrupole rods is ~5 mm. The 1Q2 lens was nasatlib make the distance from the lens
to the end of the quadrupole rods ~2 mm.

In order to fully resonate the rf power supply afidding the toroidal transformer and
changing the arrangement of the quad sectiongvéeall capacitance of the load was
reduced by the following measures. 1) The origihalble between the power supply and
the transformer was shortened by 53 cm, from 16630 113.3 cm. 2) the magnet wire
used in the toroidal transformer was covered weHon tubing (1.7 mm O.D., 1.1 mm L.D.).
3) A 3 pF capacitor in the rf power supply neardhgut on both the toroid and non-toroid

sides was removed. 4) The tap of the rf coil waseddo remove 2.25 turns on the toroid
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side and 1 turn on the non-toroid side. By perfoigrthese steps, the power supply could
generate nearly the maximum original rf voltageseasl by the internal feedback circuit.

To make sure similar rf voltages were applied tchea the quadrupole rods, two
duplicate rf detector circuits identical to thosed by the Extrel power supply were built.
These devices convert the rf voltage to a curtesit¢an be read with a digital multimeter.
Using this method, the two sides of the rf outpuild be tuned to be within 1.99 + 0.25% of
each other, limited by the accuracy of the dignaltimeter.

The nitrogen buffer gas pressure in the LIT isuatfd using a variable leak valve
(Model 203, Helix Technology, Longmont, CO) and swad by the pressure in the main
chamber using the Micro-lon Gauge. During a typealeriment, the chamber pressure is
maintained at ~1.3xIbmbar with both sources open and nitrogen gas anidé LIT. Of
course, the pressure inside the LIT is higher thahmeasured by the ion gauge. From the
sizes of the IQ1 and 1Q2 lenses (8 mm diameteg)90% mesh covering the lenses, the
measured pressure in the vacuum chamber (13xthr), and the pumping speed (550 I/s),
the pressure inside the LIT is estimated to be Bxfibar, assuming effusive flow out of Q1
and 1Q2.

Mass spectra are acquired using MSAE by rampiagftiioltage while applying a
dipolar resonance excitation frequency and a smoafistant, repulsive voltage to 1Q2
(typically +1 to +3 V for positive ions), while thde voltage on the LIT rods is kept at
ground. Ejected ions are detected with an electrohiplier with conversion dynode (402A-
H, Detector Technology Inc., Palmer, MA). Scansengeasured only in the forward

direction, from low m/z to high m/z.
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Modifications for lon/lon Reactions with Dual Polarity Trapping. In order to
perform dual polarity storage mode ion/ion reacticand store both positive and negative
ions simultaneously, AC voltages are applied to éRd 1Q2 during PDCH injection and
subsequent reaction time [11]. This axial trappialjage is generated via a multifunction PC
card (Model 6251, National Instruments, Austin Wd)h custom software written in
Labview 8.0. The frequency and amplitude are s#tersoftware—and are, therefore, fixed
during an experiment—and the waveform is switchedid off via a TTL trigger (ks
delay). The initial 0-5 ¥., sine wave is amplified via a custom amplifier (RABpex
Microtechnology, Tucson, AZ) up to 175 Y¥and split into two 180out-of-phase signals.
The ac voltages are added to the dc voltage foral@illQ2 using a simple mixer circuit.
Typically, the waveform is applied at 100 kHz, wéth amplitude of ~50 34, empirically
determined to minimize ion loss during the reacpenod. The amplitude and frequency of
this waveform are lower than those used by McLuckay coworkers [17].

In the first scan function segment of a dual ptyarapping ion/ion reaction, three
processes are done simultaneously—the dc potentidise 1Q1 and 1Q2 lenses are set to 0V
(the same potential as the quadrupole rods), tia taapping waveform is turned on, and the
ASGDI source is pulsed on. In the second segmeatASGDI source is turned off, and the
analyte and reagent ions are allowed to reactntidlee reaction, the axial trapping
waveform is turned off and the dc potentials onl®& and 1Q2 lenses are, simultaneously,
set to repel (i.e., trap) the positive analyte jamisile excess negative reagent ions are ejected

out both ends of the LIT.
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lon/lon Reactionsin Transmission Mode and Ion Parking. Another method for
enabling ion/ion reactions, transmission mode reast has been described previously [15,
19]. Transmission mode reactions are enabled Ippitng the analyte ions using small
repulsive dc voltages (typically 2 to 5 V) on tl@glland 1Q2 lenses and passing the reagent
ions, continuously generated by the ASGDI souragenduhe reaction time, through the
population of trapped analyte ions. Any unreacteajent ions pass completely through the
LIT and are lost. Ending the transmission modetreas simply requires turning off the
ASGDI source, thus turning off the reagent ion be@he reaction product ions remain
trapped in the LIT because they are the same ppksithe unreacted analyte ions.

lon/ion reactions carried out using this methoddbrequire the use of the axial
trapping waveform, and there is only one scan sagfoe the reaction period. Therefore, the
scan function for transmission mode ion-ion readis simpler than that for dual polarity
trapping ion-ion reactions. Additionally, the d@l@nics required to add the dual polarity
trapping waveform to the containment lenses areeauptired, making the LIT hardware for
transmission mode reactions much simpler thanfthatual polarity storage mode reactions.

lon parking [27] is a technique that was developgd/cLuckey and co-workers in
which the rate of reaction for ions at a single rdlue [27] or multiple m/z values [28, 29]
are selectively reduced. Increasing the relativecry of reactant ions, which reduces the
ion/ion reaction capture cross section, during»atreermic ion/ion reaction decreases the
rate of reaction between those ions [27]. To enalnigoarking, a low amplitude auxiliary
sine wave (~1¥,, ~ 40 kHz for the ions chosen here) is added totfwels of the LIT
during the ion/ion reaction period. The auxiliangeswave resonantly excites a particular

product ion formed during the ion/ion reaction. Treguency and amplitude of the sine
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wave are chosen so that the ion being parked iseeixenough to inhibit the reaction rate but
not so much that it is ejected from the LIT. Theakies are fine-tuned empirically to
produce the desired results. As the reaction pagxand the ion chosen to be parked is
formed, it is resonantly excited by the appliedibary sine wave. The velocity of the

excited ion relative to the reagent anion increatbeseby reducing its ion/ion reaction rate
and minimizing further reaction. For the protomster ion/ion reactions on intact protein
ions studied here, the result of an ion parkingeexpent is the concentration of most of the

ions into a single charge state below that of tingirtal ions.

Electronics. An Argos ion trap controller (Griffin Analytical Tanology, West
Lafayette, IN) controls the entire instrument andlares data. The scan function is
generated by the Argos software. TTL pulses (“r&lprigger the ASGDI source, switch the
fast relay switch to enable injection of opposkeharged ions, and toggle on the ion/ion
trapping voltage. The two waveform outputs contine! rf level (0-10 V control 0-36000\
of rf) and generate MS/MS waveforms, respectivBifferent from previous versions of the
Argos software, this version provides time dependervoltages (0-4 V “registers”) that
control the voltages applied to 1Q1, 1Q2, and thE tods.

Data are acquired using the Argos data input 2&0akHz sampling rate), but as a
result, the data acquisition time is limited to 268 or less. Primarily, this limits the ability

to perform slow mass scans over a wide mass range.
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Results and Discussion

LIT Performance. Initial characterization of the LIT includes detenation of
trapping efficiency, ion capacity, mass analysfiecy, and measurement of mass
accuracy. To determine the trapping efficiencysiare gated into the trap for a specified
time, cooled, and then dumped to the detector laremass selective manner) by dropping
the 1Q2 voltage. The response from the trappedi®ti'en compared to the response
acquired during operation of the quadrupole ad-anly ion guide for the same time as the
trap fill time at the same rf level.

Table 2 shows trapping efficiencies at 4 differidhtimes for positive ions of
cytochromec and trypsin generated by ESI. Efficiencies ave@® with a range from 68
to 92%. These values agree with those determiredqursly from other LIT instruments [6,
7].

Figure 3 shows a plot of total ion current (TIC) LT fill time for cytochromec that
is used to measure the ion capacity of the LIT. fE@sponse is nearly linear from 5 to 40 ms,
after which the signal levels off. The ion currentlQ1 was then measured—with all LIT
and ion detector voltages turned off—using a pico@ter (Model 6485, Keithley
Instruments, Cleveland, OH) to determine the reahlmer of ions delivered to the trap. It
was assumed that the rate of ions that strike theswef the Ni mesh covering 1Q1, after
accounting for the 90% transmission, approximdiegate at which ions are delivered to the
LIT during the fill step of a trapping experimehksing the average measured ion current
from the 1Q1 Ni mesh (7.97 pA), the correction floee 90% transmission, the fill time at
which the response levels off (40 ms), the measuegging efficiency (83%), and the

average charge state of the cytochramns used for the measurement (+8.5), it was
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determined that approximately 1.9X16ns can be trapped in the LIT. The maximum total
charge in the LIT is thus ~ 1.6x¢harges. In order to avoid space charge effead, Iffiis

not filled to this capacity during normal operation

Mass Spectra. A typical protein mass spectrum taken using MSAEhiswn in

Figure 4. The inset of Figure 4 shows the peakeslapthe +9 charge state of cytochrome
This peak has a full-width at half maximum (fwhnf)lol1 Th, corresponding to a resolution
of 1230. The measured fwhm from the LIT is abodklarger than the calculated width of
the isotopic envelope (0.77 Th, fwhm). Of courgspiving the isotopic distribution of this
peak requires resolution in excess of ~18000 (508éywa

Table 1 shows the trapping voltages and ejecimaitions used to take the
spectrum shown in Figure 4. These operating canditare typical for mass spectra taken
with the LIT. The spectrum in Figure 4 shows addudmpurity peaks at 54 Da, 90 Da, and
130 Da above each protein peak. The scan functied to generate this spectrum includes a
heating ramp in which a 1.9 ¥, 150 kHz sine wave is applied to the x-rods wihike rf
amplitude is ramped to bring the protein ions msonance with the applied sine wave. Thus
the ions are heated, and the adducts/impuritiediaseciated. Without this heating ramp, the
overall protein peak is very wide, encompassingptiméein and all the adduct/impurity ions
into a single wide peak. The adduct/impurity peadsld not be totally eliminated without
severely reducing the intensity of the protein pdaghould also be noted that these same
adduct peaks are seen from the same protein sampkasother home-built MS in our lab

[25].
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The mass analysis efficiency is measured usingdagiprocedure as the trapping
efficiency measurement. Protein ions are gatedthmed_IT for a specified time, cooled, and
non-mass selectively emptied to the detector bpping the potential on 1Q2. In a second
experiment, protein ions are gated into the LITtfer same specified time—ensuring that the
number of ions inside the trap is approximatelysame for both experiments—cooled, and
mass analyzed using MSAE. The ratio of the TIChefibns ejected under MSAE conditions
to the TIC of all the ions trapped (measured by-m@ss selectively ejecting ions) yields an
average measured MSAE efficiency of 7.4+2.2%. Usinegaverage measured MSAE
efficiency and the overall length of the LIT (1&n), it was calculated that the extraction
region is 18.7 x 0.074 = 1.4 cm long. The measefédiency and extraction region length
are less than the results obtained by Hager [Fihatar LIT pressure. Conversely, the
measured MSAE efficiency is slightly higher thanawt results obtained by Douglas and co-
workers [30]. Our measured efficiency may be highes to higher pressure in the LIT and
the lower spectral resolution than in the res@dtorded by Douglas.

Table 2 shows MSAE efficiency measurements foreddft fill times of cytochrome
c and trypsin. The data shows that as fill time @ases the MSAE efficiency decreases.
Space charge effects may degrade the MSAE effigiahtonger fill times.

Mass accuracy was determined by spraying a 50:%tureiof cytochrome and
ubiquitin. The peak maxima for [M+9Bf]and [M+8HF* of the cytochrome ions (m/z ~
1360 and 1530) were used to calibrate the m/zamdsthe m/z at the peak maxima of
[M+7H]"* and [M+6HF" ions of ubiquitin (m/z ~ 1224 and 1429) were meesuMeasured
mass accuracies range from 900 to 2200 ppm. Theamclimitations are likely due to

voltage stability for the rf trapping voltage, resoce excitation voltage, and/or 1Q2 dc
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voltage. The use of calibrant ions in a m/z windbat span that of the analyte may also
improve mass measurement accuracy.

To illustrate the performance of the LIT as a masslyzer at moderate m/z values, a
spectrum of the PDCH reagent anions from the glmehdrge source is shown in Figure 5a.
These ions are a mixture of [M-Fnd M [31]. The inset shows the peak shape and
resolution for the [M-FJion. The'*C isotope peak is cleanly resolved from the maakz
m/z 381. The nominal resolution valueAni = ~1080 at fwhm.

It should be noted that nonlinear resonance ejeg@aks can be seen under certain
conditions. These “ghost peaks” [32] occur at &ajue of 0.64=0.5 or 220 kHz in this
system) consistent with octopolar field ejectioB][3Jse of resonance ejection frequencies
near this nonlinear resonance can produce asynmoetsplit peaks. Therefore, the

resonance ejection frequency is selected to alisdibnlinear resonance value.

Dual Polarity Trapping Mode lon/lon Reactions. The application of the dual
polarity storage mode waveform used for ion/iorctieas is similar to that described
previously [11]. The dual polarity storage modetpnotransfer ion/ion reaction scan function
consists of the following steps: filling the trajithvprotein cations, a cooling segment, a
heating ramp to eliminate adduct peaks from théeprpanother cooling segment, a PDCH
fill segment, an additional reaction segment, alfaooling segment, and mass analysis.
The results of such a dual polarity storage modetien between trypsin positive
ions and negative PDCH ions are shown in FigufEh®.mass spectrum of the trypsin ions
formed directly from ESI is shown in Figure 5b. Trhain ions observed under these sample

and source conditions are the [M+11HJand [M+10H{°" charge states, with small amounts
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of the [M+9HT* and [M+12H}?* charge states. In the subsequent parts of Figuhe&.I1T
is also filled with negative ions from PDCH (Figa) for either 15 or 20 ms. The PDCH
fill step is followed by a period of dual polargyorage where the positive trypsin ions and
negative PDCH ions are allowed to react furthee @mplitude of the LIT rf voltage during
the ion/ion reaction periods is set at 36, Meaving the most abundant PDCH ion ([M)F]
at g=0.74. This amplitude rf was empirically chos@maximize the amount of high mass
product ions that are trapped while still trappihg PDCH reagent ion. The dual polarity
trapping waveform added to 1Q1 and I1Q2 during th#ion reaction periods is a 100 kHz
sine wave with an amplitude of 5G.y

A PDCH fill time of 15 ms and additional reactiomé of 100 ms converts the
trypsin ions shown in Figure 5a to the [M+3H]M+2H]?*, and [M+H] charge states
(Figure 5c¢). Continuing the reaction for times xtess of 100 ms does not result in further
conversion of trypsin ions to lower charge statid not shown). Thus, all the PDCH
anions that were trapped in a 15 ms fill time hlbgen reacted after a 100 ms reaction.

Figure 5d results when this dual polarity storagelerreaction experiment is
repeated with a PDCH fill time of 20 ms and an &ddal reaction time of 100 ms. The
multiply charged trypsin ions from Figure 5b areeerted to primarily [M+H], m/z =
~24,000. The fwhm of the peak for this ion is 673 dind the resolution is 34. At this time,
the [M+H]" ion of trypsin is the highest m/z ion created ajetted from this LIT. To
achieve the mass range extension required toteie¢M+H]" ion of trypsin, a 35 kHz sine
wave was added to the LIT rods during the mass. Sdaamplitude of this resonant
excitation sine wave was ramped from 8 $,% 24.8 \4.,. The dc voltage on the 1Q2 lens

was set to be 2.5 V relative to the LIT rod biad/(6¢c).
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Transmission Mode | on/lon Reactions. Results of proton transfer ion/ion reactions
of multiply charged ubiquitin cations with PDCH ans are shown in Figure 6. During the
transmission mode reaction period, the amplitud&®fLIT rf voltage is set at 3605Y,
leaving the most abundant PDCH ion (MRt g=0.74, an equivalent value to dual polarity
trapping mode experiments. Also, injecting reagamons at high g-values results in the
greatest spatial overlap between the analyte aagkrg ions, maximizing the ion/ion
reaction rate [15, 19]. The dc voltages on 1Q1 @Iwere set at 3 V repulsive relative to
the rod dc bias (0 V).

Figure 6a shows the mass spectrum of ubiquitiniedtadirectly from ESI. The
solution and ESI source conditions yield ubiquitins primarily in the [M+6H]" to
[M+8H]®* charge states. As shown in Figure 6b, transmigsiode reaction with PDCH
anions for 40 ms converts approximately half tHess to the [M+3H{" to [M+5H]** charge
states, while the other half of the ions are IBgtending the reaction period to 70 ms
converts the ions to roughly equal amounts of [M+&fid [M+2HF" (Figure 6¢). In the
latter experiment, continuing the reaction longuggioto reduce the ions to [M+Hand
[M+2H]%* results in peaks that are only ~10% as high astfarshe original spectrum.
Most of this is due to ion losses from the ion/ieaction, but some is attributed to loss in
detector response for ions with lower charge. Hmeseffect is seen in Figure 5 for trypsin
in dual polarity storage mode. Others also reportiosses of similar magnitude as a

consequence of ion/ion reactions, in either 3diaps or LITs [15, 27].

lon Parking. lon parking should alleviate some of the ion Iesgering proton

transfer reactions. Results from such an experinmgotving cytochromes ions are shown
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in Figure 7. Here the vertical scales have been é@pstant so the signals can be compared
more easily. The pre-ion/ion reaction spectrumytbchromec (Figure 7a) shows mostly the
[M+9H]®" and [M+8HF* charge states. A transmission mode reaction eddtyl@assing
PDCH anions through the population of trapped dytoimec ions for 20 ms yields a variety
of peaks from [M+7Hj" to [M+4H]**, all with low abundances (Figure 7b). In Figure&c
waveformselected to excite the [M+7H]ion (1.8 \o.p and 42 kHz) is applied to the x-rods
during the transmission mode reaction period. Wathparking enabled, most of the
resulting product ions remain in the [M+7HEharge state; about 20% react further to form
[M+6H]®" and a small amount of [M+5F] The signal in the [M+7H] charge state after
the reaction with ion parking (Figure 7c) is abbalf of the total ion signal present in the
[M+9H]®" and [M+8HF* charge states created directly from the ESI sofigire 7a),

which is a much less severe compromise of sigraal that shown for ion/ion reactions

without ion parking in Figures 5 and 6.

Conclusion

A research-grade LIT with multiple ion sources wasigned and constructed using
primarily commercially available components. Praftiary experiments show that its
trapping efficiency is similar to that of commeldidl's and its performance as a mass
spectrometer is good compared to the theoretiak pedth of the cytochromecharge
states. lon/ion reaction capabilities in both du@hrity storage mode and transmission mode
were also demonstrated. The device operates uedsatiie computer control that should
facilitate application to various schemes for ion/reactions and other ways to manipulate

ions.
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Future plans for this instrument include: enabtimgrdown protein analysis,
including both collision induced dissociation falled by proton transfer ion/ion reactions as
well as electron transfer dissociation (ETD) [1A]Jsecond plan for this instrument is writing
a data acquisition program in Labview 8.0 to enalalia acquisition with the National
Instruments multifunction PC card mentioned earli¢nis modification should allow
measurement times longer than the 250 ms limih@fArgos data acquisition system.
Another future use for this instrument is to repléfte 3d ion trap as the source for an ion

mobility-time-of-flight (IMS-TOF) device that wasuilt in our lab [25].

Acknowledgments

The authors acknowledge the following individua@dhris Doerge and Don Douglas
for helpful discussions and advice on constructibthe toroidal transformer; Gregg
Schieffer for help with testing of the custom etenics; Dick Egger, the late Steve Lee, and
Terry Soseman (ISU Chemistry Machine Shop) forigres machining; Charlie Burg
(Ames Lab ESG) for vacuum welding; Lee Harker (Arhab ESG) and Chuck Reese (ISU
Chemistry) for custom electronics design, conston¢tand maintenance; Brian Regel and
Brian Lippert at Extrel CMS for helpful discussiahout the rf electronics; Brent Knecht,
Brent Rardin and Mitch Wells (Griffin Analytical Tanologies) for development and testing
of the LIT software; Scott McLuckey for the plams the computer-controlled fast relay
switch; and James Hager, MDS Sciex, for discussatwosit improving the performance of
the LIT. This work was funded by a grant from tbea State University Vice Provost for
Research. MS acknowledges Extrel CMS for the RitiarSchaeffer Memorial Travel

Award to present this work at the 2006 ASMS Confeee MS also acknowledges the

www.manaraa.com



60

Velmer A. and Mary K. Fassel Fellowship (lowa Stdtaversity, 2006-2007), the Conoco-
Phillips Fellowship (lowa State University, 2006620, and the GAANN Fellowship (lowa

State University, 2008) for financial support.

References

1. Douglas, D. J.; Frank, A. J.; Mao, D. M. Lingam traps in mass spectromeiviass
Spectrom. Rev. 2005 24, 1-29

2. Campbell, J. M.; Collings, B. A.; Douglas, DAJInew linear ion trap time-of-flight
system with tandem mass spectrometry capabiRagsd Commun. Mass Spectrom.
1998 12, 1463-1474

3. Collings, B. A.; Campbell, J. M.; Mao, D. M.; Dglas, D. J. A combined linear ion
trap time-of-flight system with improved performaand MSn capabilitieRapid
Communications in Mass Spectrometry 2001, 15, 1777-1795

4. Harkewicz, R.; Belov, M. E.; Anderson, G. A.;s@alolic, L.; Masselon, C. D.; Prior,
D. C.; Udseth, H. R.; Smith, R. D. ESI-FTICR magsdrometry employing data-
dependent external ion selection and accumulatidm. Soc. Mass Spectrom. 2002
13, 144-154

5. Syka, J. E. P.; Marto, J. A.; Bai, D. L.; Homgjrs.; Senko, M. W.; Schwartz, J. C.;
Ueberheide, B.; Garcia, B.; Busby, S.; Muratore Shabanowitz, J.; Hunt, D. F.
Novel linear quadrupole ion trap/FT mass spectrem&erformance characterization
and use in the comparative analysis of histone é#3-fyanslational modificationk
Proteome Res. 2004 3, 621-626

6. Schwartz, J. C.; Senko, M. W.; Syka, J. E. BwéA-dimensional quadrupole ion trap
mass spectrometdr Am. Soc. Mass Soectrom. 2002, 13, 659-669

7. Hager, J. W. A new linear ion trap mass speagtenirapid Commun. Mass
Spectrom. 2002, 16, 512-526

8. Jonscher, K. R.; Yates, J. R. The quadrupoldéragmmass spectrometer - A small
solution to a big challengénal. Biochem. 1997, 244, 1-15

9. Reid, G. E.; McLuckey, S. A. 'Top down' protelraracterization via tandem mass

spectrometryl. Mass Spectrom. 2002, 37, 663-675

10. Hu, Q. Z.; Noll, R. J.; Li, H. Y.; Makarov, AHardman, M.; Cooks, R. G. The
Orbitrap: a new mass spectromeiekass Spectrom. 2005 40, 430-443

11. Syka, J. E. P.; Coon, J. J.; Schroeder, Mshiabanowitz, J.; Hunt, D. F. Peptide and
protein sequence analysis by electron transfeodiagon mass spectrometpyoc.
Natl. Acad. Sci. U. S A. 2004 101, 9528-9533

www.manaraa.com



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

61

Yu, X.; Jin, W.; McLuckey, S. A.; Londry, F. Adager, J. W. Mutual storage mode
ion/ion reactions in a hybrid linear ion trdpAm. Soc. Mass Spectrom. 2005 16, 71-
81

Stephenson, J. L.; McLuckey, S. A. Simplifioatof product ion spectra derived
from multiply charged parent ions via ion/ion chetny Anal. Chem. 1998 70, 3533-
3544

Londry, F. A.; Hager, J. W. Mass selective bixa ejection from a linear quadrupole
ion trapJ. Am. Soc. Mass Spectrom. 2003 14, 1130-1147

Liang, X. R.; McLuckey, S. A. Transmission made/ion proton transfer reactions
in a linear ion tra@. Am. Soc. Mass Spectrom. 2007, 18, 882-890

Liang, X. R.; Han, H. L.; Xia, Y.; McLuckey, 8. A pulsed triple ionization source
for sequential ion/ion reactions in an electrodyitaion trapJ. Am. Soc. Mass
Spectrom. 2007, 18, 369-376

Xia, Y.; Liang, X. R.; McLuckey, S. A. Pulsedal electrospray ionization for
ion/ion reactionsgl. Am. Soc. Mass Spectrom. 2005 16, 1750-1756

Xia, Y.; Chrisman, P. A.; Erickson, D. E.; Lil; Liang, X. R.; Londry, F. A.; Yang,
M. J.; McLuckey, S. A. Implementation of ion/ioraions in a quadrupole/time-of-
flight tandem mass spectromeferal. Chem. 2006 78, 4146-4154

Liang, X. R.; Hager, J. W.; McLuckey, S. A. fismission mode lon/lon electron-
transfer dissociation in a linear ion trapal. Chem. 2007, 79, 3363-3370

Liang, X. R.; Xia, Y.; McLuckey, S. A. Alterrelyy pulsed nanoelectrospray
ionization/atmospheric pressure chemical ionizattnon/ion reactions in an
electrodynamic ion trafnal. Chem. 2006 78, 3208-3212

Han, H. L.; Xia, Y.; McLuckey, S. A. lon trapltsional activation of ¢ and z(center
dot) ions formed via gas-phase ion/ion electrongfer dissociatiod. Proteome Res.
2007, 6, 3062-3069

Wu, J.; Hager, J. W.; Xia, Y.; Londry, F. A.cMuckey, S. A. Positive ion
transmission mode ion/ion reactions in a hybriédinion trapAnal. Chem. 2004 76,
5006-5015

Wells, J. M.; Chrisman, P. A.; McLuckey, S."Bueling" ESI: Instrumentation to
study ion/ion reactions of electrospray-generatgns and anionk Am. Soc. Mass
Spectrom. 2002 13, 614-622

Badman, E. R.; Chrisman, P. A.; McLuckey, SAAquadrupole ion trap mass
spectrometer with three independent ion sourcethtostudy of gas-phase ion/ion
reactionsAnal. Chem. 2002 74, 6237-6243

Zhao, Q.; Soyk, M. W.; Schieffer, G. M.; Holk, S.; Badman, E. R.; Fuhrer, K.;
Gonin, M. An lon Trap-lon Mobility-Time of Flight lélss Spectrometer with Three
lon Sources for lon/lon ReactiodsAm. Soc. Mass Spectrom. 2008 Submitted

www.manaraa.com



26.

27.

28.

29.

30.

31.

32.

33.

62

Paul, W.; Reinhard, H. P.; Vonzahn, U. The tledlass Filter as Mass
Spectrometer and Isotope Separafettschrift Fur Physik 1958 152, 143-182
McLuckey, S. A.; Reid, G. E.; Wells, J. M. Iparking during ion/ion reactions in
electrodynamic ion trap&nal. Chem. 2002 74, 336-346

Chrisman, P. A.; Pitteri, S. J.; McLuckey, S.Parallel ion parking: Improving
conversion of parents to first-generation productslectron transfer dissociation
Anal. Chem. 2005 77, 3411-3414

Chrisman, P. A.; Pitteri, S. J.; McLuckey, S.Parallel ion parking of protein
mixturesAnal. Chem. 2006 78, 310-316

Moradian, A.; Douglas, D. J. Mass selectivakixin ejection from linear
guadrupoles with added octopole field#&\m. Soc. Mass Spectrom. 2008 19, 270-
280

Stephenson, J. L.; McLuckey, S. A. Adaptatibthe Paul Trap for study of the
reaction of multiply charged cations with singlyacged anionsnt. J. Mass
Spectrom. lon Process. 1997 162, 89-106

Mo, W.; Langford, M. L.; Todd, J. F. J. Invegtiion of '‘Ghost' Peaks Caused by
Non-Linear Fields in the lon Trap Mass SpectromBagid Commun. Mass
Soectrom. 1995 9, 107-113

Franzen, J.; Gabling, R. H.; Schubert, M.; Wafdn Practical Aspects of lon Trap
Mass Spectrometry; March, R. E.;Todd, J. F. J., Eds.; CRC PressaBgaton, FL,
1995; Vol. 1, pp 49-167.

www.manaraa.com



63

Table 1. Typical LIT conditions used to trap anecejons over 1100-1800 m/z

range.
Scan Step Q1 1Q2 RF Resonance| Resonancel Scan Rate
V) (V) | Amplitude | Amplitude | Frequency (Dals)
(Vo) (Vo-p) (kHz)
Fill (10-20 ms) -10 10 360 -- -- --
Cool (30 ms) 10 10 360 -- - --
Heating Ramp | 10 10 540 to 1.9 150 12,300
(100 ms) 1260 (9=0.46)
Cool (30 ms) 10 10 1080 -- -- --
Mass Scan (250 10 2 1080to | 2.8t03.7 275 3000
ms) 1800 (9=0.75)

Table 2. Trapping efficiency and MSAE efficiencyatious ion fill times for cytochrome

and trypsinons. Uncertainties represent the standard dewisitof four to six such

measurements.

Fill Time (ms) Trapping Efficiency (%) MSAE Efficrey (%)
5 68.9+11.1 9.6+1.8
10 85.3+4.6 7.7+16
15 84.9+8.2 6.4+1.7
20 92.0+4.38 5.1 +0.86
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Figure 4. Cytochrome mass spectrum. A heating ramp (100 ms, 540 to
1260 \o.p rf, 1.9 Vo.p, 150 kHz sine wave) reduced the intensity of théuat peaks

that are visible at 54 Da, 90 Da, and 130 Da aleawoh protein peak.
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Figure 5. Mass spectra taken from dual polaribtyagje mode proton transfer ion/ion

reactions of intact protein trypsin. (a) Negaiime mode spectrum of the proton transfer

reagent ion, PDCH. (b) Pre-ion/ion reaction speutof trypsin ions generated directly from

ESI. (c) Post-ion/ion reaction spectrum of ionsveh in (a) and (b) with a 15 ms PDCH fill

and 100 ms reaction. (d) Post-ion/ion reaction spetof ions shown in (a) and (b) with a

20 ms PDCH fill and 100 ms reaction.
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Figure 6. Mass spectra taken from transmissionenpodton transfer ion/ion reactions of
intact protein ubiquitin. (a) Pre-ion/ion reactigmectrum of ubiquitin ions generated directly
from ESI. (b) Mass spectrum resulting from a traission mode proton transfer ion/ion
reaction enabled by passing PDCH anions througpdpelation of trapped ubiquitin ions
from (a) for 40 ms. (c) Mass spectrum resultingrfra transmission mode proton transfer
ion/ion reaction enabled by passing PDCH anionsuidin the population of trapped ubiquitin

ions from (a) for 70 ms.
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Figure 7. Mass spectra taken from an ion parkingearment during a transmission mode

proton transfer ion/ion reaction. (a) Pre-ion/ieagtion spectrum of cytochroroéons

generated directly from ESI. (b) Mass spectrumltiegufrom a transmission mode proton

transfer ion/ion reaction enabled by passing PD@idre through the population of trapped

cytochromec from (@) for 20 ms. (c) Mass spectrum resultirggrfra transmission mode

proton transfer ion/ion reaction enabled by pasBBgH anions through the population of

trapped cytochromeion from (a) for 20 ms, during which a 1.8.y 42 kHz sine wave was

added to the x-rods of the LIT, enabling the [M+7Hn to be “parked”.
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Abstract

The instrument described here combines the capabibf ion-ion reactions with ion
mobility (IM) and time-of-flight (TOF) measuremerfts conformation studies and top-
down analysis of large biomolecules. Ubiquitingdrom either of two electrospray
ionization (ESI) sources are combined in a 3D rap with negative ions from atmospheric
sampling glow discharge ionization (ASGDI). The-on reaction products are then
separated by IM and analyzed via a TOF mass amaliternatively, protein ions are

fragmented by collision-induced dissociation (CiD}he 3D ion trap, followed by ion-ion

www.manaraa.com



72

reactions to reduce the charge states of the GdByat ions, thus simplifying the tandem
mass spectrum. Instrument characteristics andsbef a new ion trap controller and

software modifications to control the entire instent are described.

Introduction

Despite the widespread use of mass spectromd®y {or biological analyses,
further improvements in MS instrumentation are iddse, particularly in areas like
proteomics [1] and characterization of large mawlecular complexes [2, 3]. These
instrumentation improvements provide analyticalatalities that enable new biological
studies not envisioned previously.

lon mobility (IM) [4, 5] has become a very usetethnique for analysis of biological
ions in the gas phase. IM provides informationwhon size and structure [6], as it rapidly
separates ions based on collision cross-sectitdrerrthan just m/z ratio. The use of IM to
disperse a mixture of ions in time prior to anayda a time-of-flight (TOF) MS, i.e, nested
drift (flight) time measurements, is an importagtent advance. These experiments [7] were
pioneered by Clemmer and coworkers in the mid-1980d have now been used by several
other groups [8, 9]. In a series of instrumentaligies, the Clemmer group has made various
modifications to the initial ESI-IM-TOF, includintdpe insertion of a collision cell between
the IM drift tube and the TOF for mobility labelirxperiments [10, 11], and the addition of
an ion trap prior to the mobility drift tube to imgve the duty cycle from the continuous ESI
source [12, 13]. One publication demonstratedN¥&Ltapabilities with an ion trap prior to
IM-TOF [14], but not with the entire instrument werccomputer control. Therefore, only

relatively simple experiments were possible.
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IM has been used to analyze the products of iolecate reactions [15] including
proton transfer [16, 17], H/D exchange [18], anldat#on [19-22]. In these studies the
desired reactions take place either in the atmag8ppeessure ion source interface region or
in the drift tube itself. Thus, only long reactibmes and certain reagent ions can be used.
In addition, performing reactions in the IM celihcaake spectral interpretation difficult
because the fragmentation and chemistry occueatdme time. In the current experiments,
the ion/ion reaction chemistry is decoupled from shibsequent mobility and mass analysis.
Therefore, the reaction time and chemistry of raagms are controlled more effectively,
including a wider selection of reagent ions fromdapendent ion sources.

Gas-phase ion-ion reactions provide another dimarfsir gas-phase bioanalysis.
Pioneering work by Smith and coworkers [23, 24]evimlowed by a continuing series of
experiments by McLuckey’s group [25]. lon-ion reans are rapid, versatile, and can be
controlled via various ion manipulation schemes. date, the most common type of reaction
has been proton-transfer to manipulate the chdegessof multiply-charged ions [26] and
simplify complex MS/MS spectra [27, 28]. Use of gwiat ions in low charge states can
improve mass accuracy and resolution, especially v resolution mass analyzers. Other
useful reactions include electron transfer, masaloly electron transfer dissociation (ETD)
[29-31], electron capture dissociation (ECD) [32], and complex formation [34, 35]. lon-
ion reactions can also be used to measure cheprmaérties of gas-phase biomolecules.
Various instruments specifically for ion-ion reacts include two [29, 36-38], three[39], or
four [40] independent ion sources arranged aroumndratrap, although use of pulsed

sources and a single ion extraction system is@issible [41, 42].
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Here, we describe the first instrument to incladpabilities for both ion-ion
reactions and IM-TOF-MS measurements. Initial expents and instrument characteristics
are described, including use of a new ion traprotiet and software to contrtthe entire

instrument.

Experimental

Bovine ubiquitin (Sigma-Aldrich, St. Louis, MO) wased without further
purification. Protein solutions were 20 to 30 uMLR6 agueous acetic acid for positive ion
mode. Nano-ESI emitters were pulled from glassliza@s (1.5 mm o.d., 0.86 mmi.d.) by a
micropipette puller (P-97, Sutter Instruments, Noy&A). Nano-ESI was performed by
applying +1 kV to +1.2 kV to the protein solutioia\a stainless steel wire through the back
of the sample capillary. Negative ions from peasflu1,3-dimethylcyclohexane (PDCH,

Sigma-Aldrich , St. Louis, MO) were used as the@naacceptor reagent.

Instrumentation

General. The instrument is shown to scale in Figure 1.ofttains three independent
ion sources: two for ESI and one for ASGDI [48)ns from these sources are stored in the
3D quadrupole IT for reaction. The products apmasated by the IM drift tube, followed by
a quadrupole-time-of-flight mass spectrometer (d=J.O

The vacuum chamber consists of an 8” Conflat cubéch houses the three ion
sources, ion optics, and turning quadrupole defte@iQ, Extrel, Pittsburgh, PA). The cube
is evacuated by a turbo pump (Turbo-V550 MacroTssf) I/s N, Varian Inc., Palo Alto,

CA) backed by a mechanical pump (SD-30, Variang Rdtio, CA) and is attached to a
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custom built rectangular chamber (304 stainless,s38.6 cm wide x76.2 cm long x 33.0 cm
high) that also houses the IT, drift tube, and qupdle collision cell. The TOF is in an
aluminum housing (8.90 cm x 25.4 cm x 66.7 cm)chttd to the back of the chamber; the
TOF tube is oriented vertically. The main vacuumrober is evacuated by two diffusion
pumps (Diffstak 250/2000M and 160/700M, BOC Edwaltmzcked by mechanical pumps
(E2M40 and RV12, respectively, BOC Edwards, Wilntarg MA). The TOF is pumped by
a turbomolecular pump (Turbo-V550 MacroTorr, 550N¢, Varian Inc., Palo Alto, CA),
backed by a mechanical pump (RV12, BOC Edwardshvectron and ion gauges (Series
375 and 358, Helix Technology Corporation, Mansfji@dllA) measure the ion source and
chamber pressures (all are uncorrected). Theprassures are 7.5x¥@nbar in the main
chamber and 3.3xT0mbar in the TOF when the sources are closed.oimal operation,

one ESI source and the ASGDI source are open, @ndrhis added to the drift tube (~1.3 to
2.0 mbar) through a precision leak valve (Model,Z6&anville Phillips, Boulder, CO). The
main chamber pressure is then ~1%h@bar and the pressure in the TOF region is 9x10

mbatr.

lon Sources. The basic design for a three ion source interfaseleen described
previously [40].The three sources are arranged around three fatles &' Conflat cube;
one source is on the ion optical axis of the imagnt, and the other two are orthogonal to it.
The two ESI sources are identical in design. Therface region, which is 5.08 cm in
diameter and 1.59 cm deep, is machined out of &d8iFlat flange. A 254m diameter
aperture separates the interface region from athewspand a 381m diameter aperture

separates the interface region from the high vactagion. Two lenses between the
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apertures focus ions through the interface reghdegative ions from perfluoro-1,3-
dimethylcyclohexane (PDCH, Sigma-Aldrich, St. LQUMO) were used as the proton
acceptor reagent. Each ESI interface region ope@tt~1 mbar during the experiment and is
pumped by a mechanical pump (E2M40, BOC Edwards.rmano-ESI voltages are

provided by 5 kV power supplies (ORTEC 659, OakdeidTN).

The ASGDI source interface region has the samedesid dimensions as the ESI
sources but without the interface lenses. It mped by a mechanical pump (E2M40, BOC
Edwards). PDCH headspace vapors are sampledovétam diameter Nylon tube
connecting the sample container and the outeraeeptate. The source pressure (~0.786
mbar) is regulated by a bellows valve (SS-4BMW, §sak) inserted in the tubing between
the compound headspace and the source region. 3&®RAsource uses a 3 kV power
supply (ORTEC 556, Oak Ridge, TN) and a high vatpglser (PVX-4150, Directed
Energy Corp., Fort Collins, CO) that is trigged@¥TL pulse from the Argos IT controller
(Griffin Analytical Technologies, West Lafayett®&\)| to apply a ~420 V pulse between the
outer and inner (grounded) aperture plates. TR&RBI pulse lasts for the time required to
add reagent anions to the IT, typically 5 to 20 ms.

Each ion source has three lenses attached to theiwveside of the flange to focus the
ions from the exit aperture of the source intoTEe The second lens is split and serves as a
deflector for direction focusing. The TQ was maelifiby severing the electrical connection
between diagonally opposing rods and by applying fiodependent DC potentials to the
four TQ rods. This allows ions to either be detelc9C onto the axis of the instrument or to

be passed straight through.
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After the TQ, three lenses focus the ions intolThé'wo home-built high-voltage
switches, controlled by TTL signals from the Argdscontroller, switch the voltages applied
to the TQ and three subsequent lenses to allowfionsthe desired ion source into the IT.
Six nine-channel DC power supplies (£500 V, TD95BPectrum Solutions, Russellton, PA)

generate the potentials for the ion optics fromdbrces to the ion trap.

lon Trap. The 3D quadrupole IT (ideal geometry=r1l.0 cm, g=0.707 cm, RM
Jordan, Grass Valley, CA) is attached to the tlife; the exit is mounted 0.635 cm from the
front plate of the drift tube. The end caps argratind, and the DC potential on the ring
electrode is zero to prevent any asymmetric fidlaisng ion trapping. The 665 kHz ion
trapping voltage is generated by a home-built LCuit that provides up to 5000y The
maximum low mass cutoff value is ~m/z 1220 (cal@daassuming an ideal ion trap
geometry). A 0to 10 V dc control signal from #gos IT controller determines the rf
trapping voltage. A custom control generates titeallow-level rf voltage, measures
feedback to stabilize the rf voltage, and contaadgbration data. The initial rf voltage is first
amplified to O to 200 ¥, by a 50 W commercial amplifier (AG1020, T&C Power
Conversion Inc., Rochester, NY) and finally by tustom LC circuit to the full 0 to 5000
Vop. Measured stabilities of the full rf voltage ater than £1%. A TTL input allows the rf
wave to be shut off in ~15 us at any rf amplitudée shutoff is not locked to the rf phase.

The ion trap timing and voltages are controllecahyArgos IT controller and
software (Figure 2). The Argos provides the magimek for the entire instrument, as well as
two independent arbitrary waveform outputs, digitaL triggers, and analog control outputs

(0-4 V). One arbitrary waveform output provides 10 V dc control signal for the ion
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trap rf; the other is applied to the front endckgzieode (after being amplified by x17 to 85
Vy-p) to perform mass selection and resonance exaitafioe TTL triggers are used to start
the ASGDI source, control the high voltage switcfueghe ion sources, and start the ion
injection pulse for the mobility experiment. A coist 8-channel driver is used to increase the
power of the TTL signals to enable them to trigg@£2 loads. The ion injection TTL pulse
also enables the high voltage pulser (PVX-4150e@ed Energy Corp., Fort Collins, CO,
applied to the exit endcap) to eject ions fromitdmetrap. Typically this ejection pulse is 80

to 400V applied for 3 to fs. Two analog signals are used to control the quexde collision

cell, described below.

Drift Tube. The drift tube (modified from a design provided\lglentine et al [44,
45]) consists of alternating 12.7 cm diameter 304 stambteel lenses (0.16-cm thick, 12.7-
cm o.d. 4.40-cm i.d.) and Delrin insulating rir(@s27 cm thick, 12.7 cm o.d., 8.26 cm i.d.).
The drift tube is 44.45 cm long (together with tbe funnel) with a 0.5 mm diameter
entrance aperture. A chain of XMesistors connects the lenses, creating an elditidl
(typically 11 to 13 V/cm) down the drift tube. Theltage applied to the front of the drift
tube is typically 30 to 100 V lower—for positiveng—than that of the ion trap. A
capacitance manometer (690A13TRC, MKS InstrumeswthMen, MA) measures the He
pressure inside the drift tube, which is typicaily.33 to 2.00 mbar, controlled via another

precision leak valve.

lon Funnel. To improve ion transmission efficiency, an ionrel [45, 46] is

integrated into the back of the drift tube (Figije The funnel is based on the device
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described by the Smith [46] and Jarrold groups.[4&fter the last ring of the drift tube, a
series of 25 stainless steel electrodes (0.079hik, 12.7 cm 0.d.) with circular apertures
whose inner diameters decrease linearly from 4t@@W8483 cm is attached. The ion funnel
electrodes are sealed together using 0.3175 ci Eretrin spacers and Viton o-rings giving
a funnel length of 11.11 cm. Thus, the helium gues in the drift tube and ion funnel are
the same. The electrodes are connected to eaghwith a series of resistors (Vishay, 500
kQ, 0.6 W,£1%). One voltage applied to the entrance of tiifetdbe, and a second voltage
is applied to the exit of the ion funnel to set &xéal electric field down the drift tube-ion
funnel assembly.

In the ion funnel, alternate lenses are capacitigelipled (Vishay, 1000 pF, 1.5
kVms £20%) to form two lens chains. RF voltages (Ardagahinologies, North Huntingdon,
PA) that are 180degrees out of phase from each other are apglieddh chain with
amplitudes ~90 ), at 360 kHz. A capacitor to ground decouples thes&ltage from the
drift tube lenses. There is one DC electrode fterexit of the ion funnel with a pressure-
limiting aperture (1.0 mm diam).

In this instrument, the ion funnel increases theral total ion signal by a factor of
~7. Here, the basis of comparison is the same nuailedectrodes at the end of the drift tube
all with the same ID and no rf voltage. In thigpexment, signal is measured by extracting
ions from the TOF source directly to the TOF mitracnel plate (MCP) detectors.

Another set of three lenses behind the drift tudrefunnel focuses ions into the
guadrupole collision cell (Figure 1). The voltagegplied to the ion funnel dc lens, the

lenses before the collision cell, the entranceaxitdlenses of the collision cell, and the
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lenses between the collision cell and the TOF laggdd on the drift tube exit voltage using a

nine-output floating power supply (TD9500HV, SpaatrSolutions Inc., Russellton, PA).

Quadrupole-TOF. The quadrupole collision cell (Figure 1) trangmans from the
ion funnel to the TOF. It also provides for CIDiohs labeled by mobility (i.e., a pseudo
MS/MS step) [10, 11], although this capability @ shown in this paper. The quadrupole (r
= 9.5 mm, 880 kHz, 36000y per pole, Extrel, Pittsburgh, PA) is followed by @rthogonal
W-reflectron TOF (TOFWerk, Thun, Switzerland). Tewlision cell and its electronics are
floated using an isolation transformer (SIT 30-1,08tangenes Industries Inc., Palo Alto,
CA). The collision cell is mounted to the vacuuhesof an 8” conflat flange that is attached
to the back of the main vacuum chamber. A capao#ananometer (Model 690A01TRC,
MKS Instrument, Methuen, MA) measures the presswgide the collision cell, which is
typically He at ~8x1d mbar of He and is controlled via another preciseak valve. The
Argos IT controller (Figure 2) supplies two 0 t&/4nalog signals that are amplified to O to
10 and -200 to 200 V, respectively, and used bygtrelrupole power supply to control the
rf amplitude and to supply the dc bias to the sah cell rods to set the collision energy.

After the ions exit the collision cell, they arectsed into the source region of the
TOF by a series of 10 lenses mounted in the holthmad out of the 8” conflat flange
between the collision cell and the TOF, which isumted vertically on the air side of the
flange. One lens is split into half-plates fortieal direction focusing. The ions are pulsed
upwards into the TOF drift region by a1 pulse, and are then accelerated into the drift
region by ~5800V. The voltages on the TOF electr@stesdetector are controlled by the

TOF software, which communicates directly with T@F power supply. The TOF has a W-
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reflectron configuration and can be operated in Mdmor in W-mode. Only the V-mode is
used in this paper; the effective flight path is5-h.

The ion detector is an eight-anode microchannée{MCP, lonwerks, Houston, TX)
that has post acceleration voltage of ~6000 V.digeal is amplified x100 by two four-
channel preamplifiers (XCD quad amplifier/discri@iar, lonwerks, Houston, TX) and then
sent to an 8 channel time-to-digital converter (MB8Clonwerks, Houston, TX). The TOF
software reads the data from the TDC to create &B that contain both mobility time and
mass spectral information.

The timing of the TOF data acquisition is similamhethods described previously[7,
12]. As shown by the bottom three traces in Figyréne TOF timing controller gets signals
from the software and an external trigger and s@fdstriggers to the TDCx8 and to the
TOF pulser. The mobility acquisition is startedtbg ion injection pulse (a trigger from the
Argos), after which the TOF timing controller stasending TTL triggers—at specific
intervals depending on the mass range being acuisenultaneously to the TDCx8 and the
TOF extraction lenses. In a typical experiment a¥s spectra are taken within each 10 ms

mobility spectrum, up to a maximum m/z value of @40

Results and Discussion

IM-TOF after lon/lon Reactions. In early research on proton transfer reactions with
IM, a basic gas was introduced into the sourceoretp create lower charge state ions
through an in-source proton transfer reactionhtngresent instrument, the total reaction
time and reagent ion identity can be controllethe €xperimental timing diagram (Figure 3)

is similar to those previously shown for ion/iomcdons [40], except the usual ion trap mass
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analysis step is replaced by injection of prodagosiinto the IM drift tube. The experiment
scan function shown in Figure 3 includes acquisibbnested flight time - mobility data.

These capabilities are illustrated using chargactan reactions of multiply charged
ubiquitin ions with PDCH anions. The spectrumba ainions from the ASGDI is shown in
Figure 4; note that the main reagent ions are [Malap
[M-CF3] ™.

Charge reduction reactions can be used to proadunsein lower charge states than the
usual ions generated solely by the ESI procesglitibdally, by reducing the charge states
of the protein ions, the IM resolution for ionsdifferent charge states can be improved.
Figure 5a shows a 3D mobility-m/z spectrum of ultigibefore proton transfer reactions.
The main charge states observed for ubiquitin utitese solution and source conditions are
+8 and +9. The mass resolution shown iam/~ 930 at m/z 1071.6. Mass accuracies are
within 28 ppm, using an external calibration.

For a typical ion/ion reaction-IM experiment, ubiuions are injected for 50 to 100
ms, PDCHions are injected for 20 to 40 ms, and both ptylaons are trapped in the IT to
react for 50 to 150 ms depending on the productiarge states desired. A 3 to 5 ps pulse
at -100V is then applied to the back endcap ofdhédrap to inject ions into the drift tube.
For the IM separation the He pressure in the tirife is 1.3 to 1.8 mbar, and the applied
voltages are -150V on the entrance of the drifetabd -700 V on the last electrode of the
ion funnel.

Figure 5b and 5c show spectra after ion/ion chegdaction reaction of ubiquitin
with PDCH. Ubiquitin ions are converted to lowéacge states, and the +1, +2 and +3

ubiquitin ions can now be resolved in the IM dimens Previous attempts at analysis of
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protein mixtures by CID after IM separation suffétecause higher charge states of the
proteins were not resolved in the mobility separaf48]. Thus, mobility labeling for
proteins is not as useful as for peptides. lonveaction combined with IM separations
provides a new technique to make mobility labeliiog on-the-fly MS/MS) possible for
intact proteins. The capability to effectively fragnt proteins behind the drift tube,
especially at these lower charge states, is stdeudevelopment.

Of course, ion cross-sections can be determined the IM drift times:[49]

_aem’? = [1 1 " 1t,E760 T
16 (kT)?’|m m | N L P 2732

where z is the charge state of iongjsrthe mass of ions, yis the mass of the buffer gas, E
is the electric field through the drift cell, Ltise length of the drift cellptis the flight time
through the drift cell, P is the pressure of thdngas, and T is the temperature of the
buffer gas.

Such cross-section measurements for ubiquitin aoedisted in Table 1. These data
show that reducing charge state from +8 througimédces folding, i.e., lower measured
cross sections. Further charge reduction fromo+4ltdoes not change the cross sections
appreciably, as if the protein then remains inlddad state.

The effects of ion-ion reactions and charge statmeasured cross sections and

folding are discussed in more detail in other pag0, 51].

CID on Intact Proteins followed by Charge Reduction. Figure 6a shows a spectrum

obtained after storing only the +7 charge stateboduitin. Additional peaks are seen at m/z
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values above that of the protein. The abundanicdgese “extra” ions vary from day to day.
They are also observed at similar abundances wieesame sample is analyzed on a
commercial triple quadrupole instrument, so wedsaithey are mainly impurities in the
sample, rather than adducts formed inside theumsnt. We discriminate against these
“extra” ions by trapping only the +7 ubiquitin ioirsthe results presented below.

The +7 ubiquitin ions can readily be fragmentethmion trap (Figure 6b). These
CID product ions are in a variety of relatively higharge states and are only moderately
resolved in the IM dimension. Thus, it is not easg@ssign them at first.

Figure 6¢ shows the spectrum resulting from chagdaction of the fragment ions in
the ion trap after CID. The spectrum shifts toheigm/z, and the dispersion in the IM
dimension is greatly improved. Many of the chargguced CID fragments can now be
assigned by comparing the observed m/z valuesthatihof fragments generated from the
known sequence of ubiquitin. The assumption thafithgment ions in Figure 6c¢ are in low
charge states greatly simplifies these assignméitst of the fragments observed here are b
and y ions, in agreement with those found in othtedies [40, 52]; a few ¢ ions may be
present.

The IM plot for the charge-reduced fragments (Fegc) shows distinct groups that
fall along slanted lines of different slopes foppde fragment ions in +1, +2 and +3 charge
states, as noted by Clemmer and co-worké&tss phenomenon provides additional evidence
to help assign charge states. These groups mieggr together at higher charge states
(Figure 6b)[13], which is one reason they are pomtolved in Figure 6a.

Armed with the identities of the charge-reducedfnants (Figure 6¢), many of the

original, more highly charged fragments in Figubec&n now be assigned. For example,
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ys¢~| is in the charge-reduced spectrum, so a moreyhigtdrged version {* in this case)
should appear in the original CID spectrum (Figbiog Here we assume that the peptide
fragment ions do not dissociate further duringagharge reduction reactions, as shown by
McLuckey [27] . A number of other, similar cases atentified in Figure 6b. The unusual
cs2>Fand g¢°* ions tentatively identified in the charge reduspéctrum can also be found in

higher charge states in the original CID spectrwimch helps validate their assignment.

Summary of the Instrument:

From the above instrumentation description andlré&monstration, this instrument
combines ion mobility and ion/ion reaction capaig$i, and it can be operated in variety of
ways for different purposes. Firstly, it is vergvgerful to manipulate charge state and study
the conformation change (folding and unfoldingjlc# large biomolecules. We have done
work on this, and a publication will follow thisstrument paper. Secondly, multiple stage
MS/MS with charge reduction reaction makes top dawalysis more efficient because it
helps to assign fragments by both ion mobility drspon and charge reduction. Thirdly,
other types of ion/ion reaction (ETD, protein anetahions, protein complexes formation)
can also be done on this instrument.

There is a lot of room for instrument developmenth as replacing the 3-D ion trap
with a linear ion trap, exploring the w-mode of tiee-of-flight, and performing one more
step of CID or adding a high-energy CID collisial @fter ion mobility separation. Though
the sensitivity of this instrument is not very higie believe it is a start of a new research

area and will open a broad space to explore.
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Table 1. Measured cross-sections for ubiquitin ions inetéht charge states.

Charge state m/z Cross-sect{d)
+8 1071.6 1444.0
+7 1224.7 1405.3
+6 1482.5 1365.1
+5 1714.0 1054.5
+4 2142.2 960.5
+3 2856.0 938.2
+2 4283.5 945.4
+1 8565.9 944.7

www.manharaa.com



92

o Quadiupoie ioi Tunnei
Electrospray — daflactar ~

B L THTLIY ~

12-0fflinht
Tight

~ ion trap

Figure 1 Scale diagram showing overall instrument, including ESI and one ASGL

sources, ion optics, quadrupdeflector, IT, IM drift tube with ion funnel anc-TOF.

www.manharaa.com




93

Computer

| lon Trap Software |4—T

144 TOF Software |

TOF Timing

A

v

Controller

_| Argos IT Controller W

8-Channel TTL Driver | HV Pulser |

HV Pulser
TTL Inverter

1
1
1
:
1
Source Power v

Amplifier [~
|
1
Quad RF !
1
1
1
1

Quad Bias

TOF Power
Supply

|t lon Trap Front
, Endcap Electrode 1

Supplies | ASGDI | Quad RF |- " TRE 104 electrodes 1

T —_———— gltj)wer [T mmmm i m—— -

| pply | mmmmmmmmm——— o |

lon Trap RF | i "= _*RFrod electrodes_ |
power || switch1 | ! [ switch 2 ettt :
Supply — | —— ! lon Trap Back 1
T o | Endcap Electrode !
S Lol fmmm T .
: lon Trap Ring el o] lon Source Lenses !

1 Electrode ! bmmmmmmm -

Figure 2.Block diagram of instrument control electronicseggext for details). The solid

lines indicate instrument control electronics, dhd dashed lines indicate hardware in the

vacuum chamber.

www.manaraa.com



94

Positive lon
Injection

Negative lon Injection

Eject

anions
RF Amplitude jonflon rxn. £

IT WF T T T T T T !
1
—lle— 3-5us
lon Injection Pulse I
Drift time 10-15ms *t———
lon Mobility

>l 2us
TOF Pulses (UM

Figure 3. A generic scan function for an ion/ion reactiolidwed by nested flight time/ion
mobility experiment. The top and second plots skimevtime during which positive and
negative ions are injected. The third plot shovesaimplitude of the rf trapping voltage
applied to the ring electrode of the ion trap. Tdwer three plots show the times when ions
after ion/ion reaction are injected into the diufibe, ion mobility data acquisition and TOF

extraction pulses.

www.manaraa.com



95

M-F]
4000 -
3000 -
2000
1000 1
0 - ) mwwww

260 280 300 320 340 360 380 400

Figure 4. Mass spectrum of PDCH reagent ions #ASGDI.

www.manharaa.com




2000 4

1500

1000

500 +

(@)

96

+8

+9

800 1000 1200

1400

3000 |

drift time (us)
[\
[=]
[=]
[=]

1000 |

150 -

100 -

50

.iﬂ“rﬂ';uhL
800 1000 1200
m/z

1500 2000

1400

2500

4000 |

3000 |

drift time (us)

1000 |

2000 |

! e ;‘é.m»%ﬁwi“"': i

4
x 10

=

1500 2000
m/z

2500

0 5000 10000 15000

www.manharaa.com



E0+

S0+

40

304

20+

1000

+3

2000 3000

£000

97

g000

7000

8000

+1

10+
0

4000

9000 mfz

9000 |
8000 |
7000 |
6000 |

5000 |

drift time (us)

3000 |

4000

2000 |

]
AR HIE | L]

I .I.P“I I

il
MR LT A
I|:|I|-II 1
MR
I'n

-

1000

2000 3000

4000

5000
miz

6000 7000 8000 9000

0 1000 2000 3000

Figure 5.a) 3D mobility mass spectrum of ubiquitin; b) 3D ity mass spectrum of

ubiquitin after ion/ion reaction with PDCH negatioms for 20 ms; and c) spectrum after

reaction for 200 ms. The ions in lower chargeestaire more readily resolved by IM.

Conditions: 0.30mg/ml ubiquitin aqueous solutiathwl% acetic acid, drift voltage -150V

to -700V, drift pressure 1.045 Torr, IT fill timé3%ns for ubiquitin.

www.manaraa.com



98

G0+ +7
_ sl a)
~
=
o 40+
)
= 3049
=
20 |
10
|||IFH| Ll o ‘llu“ullml \Illll‘l L ||\I 1l |||||\‘ Wil 4 ll\L‘lLl | |\ ||| L ||l ||l
0 T T T T T T T T T
2000 400 600 BOO 1000 1200 1400 1600 1800 2000 2200 m/z
—_—
wn
>
< 4000
= 1
= i
2000 ————
E‘ i
|-
A 0 !
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 ° %% %
m/z Ion Signal
bg; ! +7
4 5
Yag " — Ysg +c 5+ b)
] 59
6+
150_ b 24 \/58 ] 54
. 19 J—\(50
= 5+
4+ b
5 100- D B s
A big? Yes 52
= b. 2+ b, 2t } b, 3+
2 50 16 17 a0

U
m'z

400 600 800 'I(‘)OO ‘IZIOO 1400 1600 1800 2000 2200

e
= 4000
£
=2000
E
— i 5 5 5
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 5000
Ion Signal

m/'z

AR Y. { I
ol Jw)azu
www.manharaa.com




99

big

40+ c)
T 30 e
o 4+ 2+
7 bag /yig oot
= 164 +
2 204 2 b Vaa b

3t 2+
. V73 €52 J
104 Vs bap

0 - : ! : : - .
400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800

w0
o
(=
o

6000 |

Drift Time (ps)
5
S

353
o
(=
o
L

<
L

400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 O 500 1000

n/z Ion Signal

Figure 6 a) 3-D ion mobility spectrum of isolated ubiquitid ions from 3-D ion trap; b)
CID fragments from ubiquitin +7 ions generated D &n trap; c) CID fragments from

ubiquitin +7 ions after charge reduction with PD@s for 30 ms.

o AJLb

www.manharaa.com




100

CHAPTER 4.

Effects of lon/lon Reactions on Conformation of Gag?hase Cytochromec lons

Qin Zhao*, Mathew W. Soyk*t, Gregg M. Schieffer®®, S. Houk*t and Ethan R. Badnan
*Department of Chemistry, lowa State University, ésnlA, 50011 USA
tAmes Laboratory USDOE, lowa State University, Ai&$0011 USA

* Hoffman-La Roche Inc., Non-Clinical Safety, Nutléyd, 07110, USA

A manuscript to be submitted to theurnal of the American Society for Mass Spectrometry,

2008.

Abstract

Positive ions from cytochromeare studied in a 3-D ion trap/ion mobility
(IM)/quadrupole-time-of-flight (TOF) instrument vaithree independent ion sources. The IM
separation allows measurement of the cross seatithre ions. lon/ion reactions in the 3-D
ion trap that remove protons cause the cytochromas to refold gently without other
degradation of protein structure. The conformgspof the product ions generated by
ion/ion reactions in a given charge state are ieddpnt of the original charge state of the
cytochromec ions. In the lower charge states (+1 to +5) dytomec ions made by the
ion/ion reaction have a single conformation withss section of ~ 1110 to 1186, &ven if
the original +8 ion started with two conformatioiifiese cross section values are close to
those of the “most folded” conformation found pasly. The conformation expands

slightly when the charge state is reduced fromotblt. In a given charge state, ions created

www.manaraa.com



101

by ion/ion reaction prefer to produce the more caatgonformation in somewhat higher
abundances, compared to those produced by thecspdy ionization (ESI) source alone. A
variety of related studies that employ ion/ion teats and IM to probe conformations of

biomolecular ions should be possible by these nustho

Introduction

The determination of protein conformation is impoittin many biological
applications. Of the various methods for thesesuesaments, mass spectrometry (MS) has
certain advantages such as speed and the needy@noall amounts of sample. The
variations of MS for the study of protein conforimatinclude ion mobility (IM)[1-3], H/D
exchange [4-8], and native electron capture dissioci (NECD)[9, 10]. Of these methods,
IM provides a direct way to examine the gas-phasd¢armation of the ions by probing the
average cross-section of the protein ions viasioltis with buffer gas [3]. Early research on
protein folding and unfolding was done with an IMaglrupole instrument[1]. To study ions
in lower charge states than those made directin tite electrospray ionization (ESI) source,
a basic collision gas (e.g., acetophenone or 7yh&tl8, 5-triazabicyclo [4,4,0] dec-5-
ene(MTBD)) [11] was introduced into the source oegi The collision gas extracted protons
from the protein ion and created lower charge state through proton transfer reactions in
the source. In these studies, the reactions ttamemnly in the atmospheric pressure ion
source interface region. Thus, control and vamatf the reaction time and extent of

reaction were difficult, and only certain reageris were available.
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Recent instrumentation improvements have greatignebed the type of structural
information and number of possible experimentslalsa in this area. The development of a
3-D trap-IM-time of flight (TOF) instrument allowime dependent studies of gas-phase
protein ions, including folding, unfolding and sttural transitions[12-15]. A multi-stage
IMS-MS instrument[16, 17] provides two importantnfinctions. First, a protein ion in a
specific structure can be selected by IMS, theivatetd and separated in the next drift
region. Second, “state- to- state” structuralgmons can be studied Bgtructureselection-
activation” cycles.

Gas-phase ion-ion reactions provide another dirarier gas-phase bioanalysis by
MS. To date, these reactions have been mainly tosgidhplify complex MS/MS spectra[18,
19] or provide fragments for structural assignnij@ft 21] by methods like electron transfer
dissociation (ETD)[22-24] A three-source-ion trap-drift tube-q-TOF instrumesats
recently developelly our grougo combine ion-ion reactions with IM-TOF
measurements[25, 26]. The present paper desdtrdveproton transfer ion/ion reactions can
be used to manipulate charge state and study fiet ef ion/ion reactions ote

conformation change of cytochroro@ns.

Experimental

The design and general operating conditions fohtimae-built three source-3-D trap-
IM-TOFMS are described in another paper [25]. Beuireart cytochrome (Sigma-Aldrich,
St. Louis, MO) is the test protein because the enhaf its gas-phase ions has been studied
extensively [12, 15, 27]. In most experiments, ghatein was dissolved without further

purification at 20 to 30 uM in water with 1% aquea@cetic acid; water alone was used for
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some of the results shown in the last figure. €hszsmples were introduced through one
nano-ESI source in positive mode. Perfluoro-1,3athglcyclohexane (PDCH, Sigma-
Aldrich, St. Louis MO) was used as the proton tfanseagent. Negative PDCH ions were
created by atmospheric sampling glow dischargezaiiin (ASGDI) in a second source.
Both positive cytochromeions and negative PDCH ions were trapped togethitie 3-D

trap and allowed to react for selected times betv&ems to 200 ms. The product ions were
then injected into the drift tube for IM separatiéollowed by m/z analysis and detection by
TOF-MS. The drift tube is 44.45 cm long, filled tvibelium gas at a pressure of 1 to 1.5
Torr, and the axial electric field in the drift ®ils 12 to 13 V/cm. Cross sections are

calculated from the mass resolved mobility speictthe usual fashion[3, 28].

Results and Discussion

Effect of Charge Reduction Reaction on the Conformation of Cytochrome c lons.
In 1% acetic acid/water solution, ESI produces ciygtomec ions in two main charge states
(+8 and +9), as seen in the 3-D nested drift/flightiM-TOF mass spectrum (Figure 1).
Although their IM drift times overlap, resolved miity peaks for the +8 and +9 ions can be
extracted because these ions are m/z resoNetk that the +8 ion has two resolvable cross
sections, which are generally attributed to differgas-phase conformations.

To study how ion/ion reactions affect the conforiorabf protein ions, either +8 or
+9 ions are isolated in the 3-D ion trap first.eTrhass spectra of isolated +8 and +9 ions and
their cross section distributions are shown in Feg21 The cross section plots are similar to

those obtained when both +8 and +9 ions are stmddejected into the drift tube before m/z
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resolution. Isolatiomn the 3-D trap does not heat and unfold the iguseciably, at least at
time scales up to ~ 200 ms.

PDCH anions are then injected into the ion trapnftbe ASGDI source and react
with cytochromec ions to remove protons for the desired time. pidal spectrum after
ion/ion reaction is shown in Figure 3. The resigjtmoss sections (Table 1) agree well with
those reported in the literature [12[he proton transfer reactions leave the proteis iora
range of charge states, which can be as low adfése reactions do not remove the
covalently-bound heme group, in agreement withratégorts on myoglobin, which does not
lose its noncovalently-bound heme group after pratansfer reactions [29].

Cross-section values for cytochrommns in each charge state, produced by reaction
of either isolated +8 or +9 ions with PDCH aniomghe trap, are summarized in Table 1.
The distributions of cross section observed fohedwarge state are indicated in Figure 4.
These distribution plots indicate the relative atamces of the various folded conformations
of the cytochrome ion in a given charge state.

In general, the distributions of conformations &agiven charge state are similar
whether the ions started as +8 or +9. The didiohbiufor the +7 ion made from +8 (i.e., in
the left plot in Figure 4) has an additional, parésolved peak at low cross section that is
not seen in the distribution for the +7 ion maderfr+9. The wider peaks seen for +7 and
+6 ions after ion/ion reaction suggest that theag bre several additional conformations not
fully resolved by ion mobility. The ions in loweharge states (+5 to +1) have only one
mobility peak, even when the reactant ion was #Biéofm with two mobility peaks

originally.
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It is tempting to assert that observation of just enobility peak means the ions have
only one conformation. The narrowest mobility peakn for the +9 ion of cytochrorodas
a full width at half maximum (fwhm) of~180 us (Figure 1). Calculations indicate the
contribution to the fwhm of this peak from diffusito be only ~ 1us. Under these
experimental conditions, @g " ions or protonated reserpine ions (from ESI of @sl
reserpine in water) yield single mobility peaks +80fwhm, roughly half the width of the
narrowest protein peaks. Thus, each of the “singlability peaks seen for cytochronse
may actually correspond to the juxtaposition ofasotved peaks from ions in several
conformations of similar size. For brevity, we ydeases like “one conformation” or “a
single conformation” in the discussion below, witis caveat in mind.

These results show that the protein ions can fmlohe or more compact
conformations during the charge reduction reactibhis observation is explained as
follows. When the protein ions pass into the vacwaystem, the solvent molecules
evaporate, and the attraction between hydrophaftooms of the molecules diminishes.
Thus, the highly charged protein ion opens rapidisn “unfolded” conformation [11, 12].
The ion/ion reaction then removes protons, whoseges keep the protein unfolded.
Intramolecular charge repulsion becomes weakerdggh bonds become more important,
so the protein gradually refolds as more protoeg@moved.

The cross-section of cytochrorén the crystal structure is 109G f.2, 30] . In the
gas phase, ions with cross-sections from 105A350 & are generally assigned to this
“most compact” conformation[12, 30]. Thus, Figdrehows that the proton transfer

reactions in the 3-D ion trap allow the originahfalded” protein to pass gradually through
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several partially folded conformations and evenyasume the most compact
conformation, with a cross section close to thatydbchromec in its crystal structure.
Close examination of the mobility plots in Figurslbws that the +5 ion has the
smallest cross section, and cross sections foetioos in the “most compact” conformation
increase slightly as charge state is reduced frérto+1. Apparently, as more protons are
removed from the +5 ion, cytochroraetays in one conformation, but the size of the

molecule expands by a measurable amount. Thistdfées not been seen previously.

Conformation of lons Made by I on/lon Reaction Compared to Those Produced
Directly by ESI. To generate ions in lower original charge statgmahromec is sprayed
from water without acetic acid. These ions ar@ tmeasured without ion/ion reaction, and
the results are compared to those obtained by ehadyction reactions of more highly
charged ions from water/acetic acid solutions.

Figure 5 compares cross section distributionsdosiin a given charge state, prepared
either by ion/ion reaction or by ESI directly. $tirconsider the results for the +7 and +6
charge states. Within a given charge state, eitlier +6, the number of conformations seen
and their cross sections are almost the samehbuttative abundances of the various
conformations can be different. More compact canftions are more abundant for the +5,
+6 and +7 ions made by ion/ion reaction than by difictly. For the +5 ions, the “most
compact” conformation is most abundant, and at le@s entirely different, more open
conformation is seen only for the +5 ions made By directly from water. The “closed” +5
conformer made by ion/ion reaction could not beveoted to the more “open” structure by

heating the +5 ions, i.e., by increasing the tragpime (as far as 4 s) or by increasing the
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kinetic energy used to inject ions into the dufb¢. For the +4 ions in Figure 5, a “single”
conformation with cross section ~ 1200 gredominates, although there is some of an even

smaller conformation for the ions produced direbyESI.

Conclusions

Gas-phase ion-ion reactions combined with IM measents provide a new way to
study conformation changes in protein ions. Exaitie processes like these multiple proton
transfer reactions might be expected to simply teatons and unfold them[31] . The
observation of the protein ions in folded stateerabn/ion reaction agrees with McLuckey’s
findings that collisions with the bath gas in th® 3rap cool the ions[32]. Thus, ion/ion
reactions can be performed while the ions remaioriperhaps re-fold into, biologically-
interesting conformations.

In addition to the charge reduction reactions dbedrhere, this three source-ion
trap-IM-TOFMS should facilitate a variety of ionfigeaction studies pertinent to
bioanalysis. The identity and amount of reagentand the reaction time can be controlled
over wide ranges. Other reactions such as elettaosfer dissociation [22, 23], metal
addition [33] , and some sequential reactions ,(&§D followed by charge reduction to
simplify assignment of the ETD fragments) shoulgbssible. The time progression of
kinetic processes that change either the m/z \@itiee conformation of the ions should be
measurable, at least for processes that occun@ndcales long compared to the duration of

the measurement (~ 1 s). These and other studiesyderway in our laboratory.
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Table 1. Average cross-sections of cytochromia different charge states

*Cross-section of ions from charge reduction ofasal +9 cytochromeions

#Cross-section of ions from charge reduction ofdsad +8 cytochromeions

Charge State m/z *Cross-sectiorf(& 56A*>  *Cross-section (3 + 56A2

+9 1359.6 2116.3

+8 1529.6 1601.0, 1847.6 1798.0, 2032.8
+7 1748.0 1616.6, 1832.4 1612.4,1827.6
+6 2039.2 1293.2, 1478.1 1197.6, 1474.3
+5 2446.8 1077.7 1074.9

+4 3058.3 1108.3 1162.4

+3 4077.3 1154.5 1151.5

+2 6115.5 1120.8 1179.2

+1 12230 1185.4 1182.3
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Figure 1. Nested 3-D IM-TOF mass spectrum ofiBDcytochromec in water with 1%
acetic acid. The summed mass and ion mobilitgtspeare in the middle and at the lower
right, respectively. The extracted IM spectra fglochromec +8 and +9 ions are displayed

at the top.

www.manaraa.com



114

+8
150 +
2
0 100
c T T T
..q_); 0 1000 2000 3000 4000
e
50 MM Cross-section (A?)
0 I Lol L 0 gt i l‘ ! b l b s bl bt L m/ VA
400 600 800 1000 1200 1400 1600 1800 2000 2200
+9
30 4
25 +
2
n 20 +
c
w T T T
= 15 4 o 1000 2000 3000 4000
10 - Cross-section (A2)
5 -
o ! \ ] J ”‘ML“ Y m/z

400 600 800 1000 1200 1400 1600 1800 2000 2200

Figure 2. Mass and mobility spectra of +8 and +9 cytochra@rans after isolation in the

ion trap.
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Figure 3. 3D spectrum after isolated +8 cytochroc ions react with PDCH anions in t

ion trap for 100 ms.
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Figure 4. Distribution of cross sections for cytommec ions in each charge state. For the
plots at the left, the cytochronegons were initially in the +8 state; ion/ion reacttime was
50 ms to go to +4 and 110 ms to go to +1. The qibis are for charge reduction of +9

cytochromec ions for 40 ms to go to +4 and 80 ms to go to +1.
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+8 (50 ms). The bottom curves are for the ionhéindicated charge state observed dire
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CHAPTER 5
General Conclusions

This dissertation focused on the development ofind8umentation for ion/ion
reaction studies combined with IMS-TOF measureméetispter 2 described the
construction and characterization of an LIT for/ion reactions made with primarily
commercial components. The LIT's performance chargstics were examined, and its
capability for both dual polarity trapping mode @rmhsmission mode ion/ion reactions were
demonstrated. Chapter 3 described the construatidrperformance of an IT-IMS-g-TOF.
This instrument is the first MS to combine ion/i@actions in an ion trap with IMS-TOF
analysis. Top-down protein analysis of the intact@n ubiquitin was demonstrated using
CID to fragment the protein followed by charge reidg the product ions via proton transfer
ion/ion reactions. The ability of IMS to separdte product ions into charge state groups that
fall on the same diagonal line on the drift plotes this instrument an additional tool to
identify fragment ions in protein MS/MS spectra.

Chapter 4 presented experiments investigatingffeete of proton transfer ion/ion
reactions on the conformation of cytochroaiens. These results show that as protons are
stripped off the protein ions during the ion/ioacgons, the cytochromezions fold to one
resolvable conformation regardless of whether titeal population of ions had one or two
resolvable conformations. Other results for cytoamec showed differences in the gas-
phase conformation of charge states created bypioréaction and that of the same charge
states created directly from ESI. Some chargess{atéand +6) have similar conformations
with different relative abundances, and one chatgte (+5) has a conformation that could

only be seen directly from ESI. No amount of hagteither in the ion trap or during
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injection into the drift tube, could convert the m@ompact conformation of the +5 charge
state into the more elongated conformation thaéen directly from ESI. Further
experiments need to be conducted to determinerihm of this more elongated
conformation of the +5 charge state of cytochram@ne hypothesis is that the more
elongated conformation is a result of differenusioh conditions. The +5 charge state
generated directly from ESI is produced from a 18@8ter solution, and the +5 charge state
produced via ion/ion reaction originated from a 48bieous acetic acid solution. Therefore,
studies should be done to produce the +5 chartg\staion/ion reactions from a 100%
water solution. For example, isolate the +7 chatgée from a 100% water solution, charge
reduce the isolated +7 via proton transfer ionfearctions to create the +5 charge state, and
take an IMS-g-TOF spectrum to see what conformattbis +5 charge state has. These
experiments would provide a basis for comparisomwhich the solution conditions are
equivalent between the ions formed directly from &8I the ions formed via ion/ion
reaction. Also, these experiments would give furthsight into how the gas-phase
conformation of cytochromeions compares to the solution-phase structure.

A major stumbling block in the pursuit of furtheqperiments, like the ones described
in the previous paragraph, is the sensitivity ef lR-IMS-g-TOF instrument. A significant
source of ion loss is inside the drift tube, maidie to radial diffusion. The ion losses in the
drift tube were reduced with the incorporationtud ton funnel at the back end of the drift
tube, as described in Chapter 3. However, a sesigndicant source of ion loss is the 3d ion
trap. The trapping efficiency of ions injected i@d ion trap is typically less than 10%.
Meaning, 90% of the ions delivered to the ion @ap lost. Conversely, the trapping

efficiency of the LIT discussed in Chapter 2 is ¥83 herefore, replacing the 3d ion trap of
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the IT-IMS-g-TOF with the LIT described in Chapfwould increase the sensitivity of the
IMS-g-TOF measurements. While some technical isauiéseed to be worked out, such as
how to efficiently inject the ions from the LIT mthe drift tube, plans are being made to
modify the instrumentation in our lab to create it IMS-g-TOF.

New chemical problems are always presenting therasgéspecially in the field of
protein identification and characterization. Thiuons to these problems greatly depend on
the quality and functionality of the analytical insnents. Therefore, instrumentation

development will always be at the leading edgenalygical problem solving.
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